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Ultralight 3D-γ-MnOOH porous materials fabricated
by hydrothermal treatment and freeze-drying
Yanqiu Wang, Lu Chen, Min Chen, Zhaoxiang Zhong*, Qingwei Meng and Weihong Xing*

ABSTRACT Creating three-dimensional (3D) ultralight
metal oxide using cost-effective precursors and facile ap-
proaches is important. Here, shape-controlled γ-MnOOH
(density lower than 0.078 g cm−3) with a continuously 3D
porous network (3D-γ-MnOOH) was successfully fabricated
with KMnO4, MnCl2 and NaOH via hydrothermal treatment
and freeze-drying. The hydrothermal condition and the
amount of reactants were systematically investigated, and the
optimal procedure occurs at 180°C for 10 h with the molar
ratios of NaOH/KMnO4 and MnCl2/KMnO4 as 5.0 and 3.5,
respectively. Owing to the low density, 3D network, and the
filling of air inside the channel, the new γ-MnOOH can float
on the water for at least 4 months with complete structure.
The formation and floating mechanism of the 3D-γ-MnOOH
were also explored. This new 3D-γ-MnOOH could be utilized
in oil absorption.

Keywords: low-density, 3D-γ-MnOOH, porous material, freeze-
drying

INTRODUCTION
Ultralight three-dimensional (3D) materials have been
attracting tremendous interest, and a number of low-
density 3D materials have been synthesized by carbon
aerogels [1], metallic foams [2], graphene aerogels [3,4],
and carbon nanotube-graphene hybrid aerogels [5]. These
materials possess a continuously cross-linked network,
low thermal conductivity, high porosity and high surface
area, which broadens their applications in oil or heavy
metal adsorption [6,7], catalysis [8], thermal insulating
materials [9], gas storage [10] and supercapacitors [11].
Nyström et al. [12] prepared ultralight 3D hybrid gold
amyloid aerogel via a sol-gel approach for wet and con-
tinuous flow catalysis. Chen et al. [13] fabricated low-
density 3D magnetic foams by calcining a composite
sponge at 400°C. This material exhibited good oil-water

separation performance. Tang et al. [14] synthesized 3D
copper nanowire aerogels using a facile freeze-casting
method, which combined the good mechanical and
electrical properties of metals with the low density of an
aerogel. However, in most cases, these low-density 3D
materials were synthesized by complex technologies or
using expensive materials. Therefore, it is important to
find cost-effective materials to prepare low-density 3D
materials for large-scale production and industrial
applications.

Manganese oxides are abundant, affordable, and
environmentally friendly, and can be used in catalysis
[15–17], adsorption [18,19], electrochemistry [20] and
energy storage, such as lithium batteries [21,22] and
supercapacitors [23,24]. Meanwhile, manganese oxide can
also be used as precursors for the synthesis of spinel-type
lithium manganese oxides [25,26] and several other
phases of manganese oxides [27–29]. Therefore, many
researchers have considerable interest in preparing
manganese oxide with specific structures and morphol-
ogies by controllable synthesis routes. Manganese oxide
currently possesses various shapes: nanoparticles [30,31],
nanorods [32,33], nanowires [29], nanosheets [34], na-
nobelts [20], nanotubes [35], and nanoflowers [36].
However, only a few low-density 3D-structure manganese
oxides have been reported. Jung et al. [37] reported a 3D
K2−xMn8O16 aerogel prepared via direct hydrothermal
method with remarkable density, surface area and por-
osity. Rong et al. [38] reported a pure 3D MnO2 frame-
work by directly freezing a mixture of MnO2 nanosheets
and nanorods, which exhibited good removal perfor-
mance for HCHO. 3D MnO2 exhibits high adsorption of
organic solutions, which indicates that appropriate
method is important to prepare low density manganese
oxides to absorb spilled oil on the water.

Here, we prepared ultralight 3D-γ-MnOOH by simple
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hydrothermal treatment and freeze-drying process. Hy-
drothermal route is a relatively facile procedure under
mild environments. Moreover, hydrothermal products
have high crystallinity and controllable crystal size. It is
easy to adjust the shape of the 3D-γ-MnOOH by chan-
ging the shape of the hydrothermal reaction vessels.
Meanwhile, the unique porous 3D structure enables the
low-density γ-MnOOH to float on water for at least
4 months without changes. Furthermore, the chemical
composition, morphology, synthesis mechanism, and
floating mechanism of the 3D-γ-MnOOH are studied in
detail. The low-density 3D structure and floating prop-
erties of 3D-γ-MnOOH endow the potential application
in oil absorption, catalysis, and flexible electrodes.

EXPERIMENTAL SECTION

Materials
All of the chemicals used for the fabrication of 3D-γ-
MnOOH were of analytical grade and used as received.
Potassium permanganate (KMnO4) was purchased from
Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai,
China). Manganese(II) chloride tetrahydrate
(MnCl2·4H2O) and sodium hydroxide (NaOH) were ob-
tained from Xilong Scientific Co., Ltd. (Shantou, China).
Deionized water was used throughout the experiments.

Preparation of precursor of 3D-γ-MnOOH
MnCl2 solution (25 mL, 0.5 mol L−1) was slowly in-
troduced to a mixture of 0.59 g KMnO4, 0.75 g NaOH
and 30 mL deionized water with constant agitation at
room temperature, and the precursor of 3D-γ-MnOOH
was obtained as a well-dispersed brownish suspension
solution. After collecting the precipitate by filtration,
amorphous manganese oxides were obtained via freeze-
drying, while γ-MnOOH nanoparticles were obtained via
drying in a 60°C oven.

Preparation of 3D-γ-MnOOH
First, the as-prepared manganese oxide suspension solu-
tion was poured into a Teflon-lined stainless-steel auto-
clave, sealed, and then placed in a 180°C air-dry oven for
10 h. Then the reactor was naturally cooled to room
temperature, and the brownish precipitates with ideal
shapes were collected, and dried in a lyophilizer for 48 h
to obtain the low-density 3D-γ-MnOOH. The optimal
condition was investigated to get 3D-γ-MnOOH with
good structure and high crystallinity, including adjusting
the amount of NaOH and MnCl2, as well as the hydro-
thermal time.

Characterization
The chemical composition and crystallographic in-
formation of the fabricated materials were obtained by a
power X-ray diffractometer (XRD, MiniFlex300/600, Ri-
gaku, Japan). The surface structure and morphologies of
the materials were investigated with a scanning electron
microscope (SEM, Hitachi S4800, Japan) and transmis-
sion electron microscope (TEM, TF20, Joel 2100F, Japan).
The average fiber diameter and diameter distribution
were measured by IPP6.0 image analysis software. N2
adsorption-desorption data were measured using a spe-
cific surface analyzer (BET, Micromeritics ASAP 2460,
USA). The specific surface area of the 3D-γ-MnOOH was
obtained from the N2 adsorption data in the relative
pressure range from 0.05 to 0.3 by using the Brunauer-
Emmett-Teller (BET) method. The as-prepared material
was also characterized with Fourier transform infrared
spectrometer (FTIR, Nicolet 8700, USA). The surface
electronic structure of the light materials was performed
using X-ray photoelectron spectroscopy (XPS, Escalab
250XI, Thermo Scientific, USA).

RESULTS AND DISCUSSION

Morphological and structural analysis
The typical low-density 3D γ-MnOOH was fabricated via
hydrothermal reaction and freeze-drying. The overall
fabrication procedure is illustrated in detail in Fig. 1.
First, amorphous manganese oxide suspensions were
synthesized by slowly dropping MnCl2 into a mixed so-
lution of NaOH and KMnO4 at room temperature. The
amorphous manganese oxides first dissolved and then
recrystallized into γ-MnOOH nanoparticles under
hydrothermal conditions. Afterwards, the adjacent
γ-MnOOH nanoparticles orientated themselves to attach
or self-assemble along the specific direction to form
brown cross-linked nanorod precipitates. The 3D-γ-
MnOOH was prepared via freeze drying of the brownish
precipitates. To the best of our knowledge, this is the first
report of a facile method for high-purity, low-density 3D
γ-MnOOH, without the assistance of any template agent
or surfactant. The shape of the 3D-γ-MnOOH can be
easily modified by changing the shape of the hydro-
thermal reaction vessels. Heart-shaped and cylindrical
3D-γ-MnOOH materials could be synthesized via the
shape of the reaction vessels (Fig. 2a, b). The as-prepared
3D-γ-MnOOH has a remarkably low density down to
0.078 g cm−3 as calculated by the ratio of its mass and
volume (i.e., 1.401 g in 17.85 cm3, Fig. 2b, c). This makes
the 3D-γ-MnOOH 52 to 54 times lighter than the tradi-
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tional γ-MnOOH at equivalent volume, confirming the
successful synthesis of a low-density material. Similar to
some low-density aerogels [14,39], the 3D-γ-MnOOH
with volume of 17.85 cm3 can even stand on a Winters-
weet flower without deformation (Fig. 2d).

The structure and morphologies of the low-density 3D-
γ-MnOOH and its precursors were characterized by SEM.
As shown in Fig. 3a, e, the freeze-dried precursors exhibit
irregular features, including nanoparticles, nanorods, and
nanosheets. Fig. 3b, f show that the dried precursors are
composed of homogeneous nanoparticles. The 3D-γ-
MnOOH is composed of nanorods (with a length longer
than 5 µm) that randomly intertwine and form many

mesopores resulting in a 3D network (Fig. 3c, g). The
inset of Fig. 3g shows the nanorod diameter ranging from
30 to 150 nm with the average nanorod diameter 50 nm.
Fig. 3d shows the TEM image of the 3D-γ-MnOOH
nanorod. As shown in Fig. 3h, the nanorod shows well-
resolved lattice fringes with an adjacent interplanar spa-
cing of ~0.34 nm, which can be assigned to the (11−1)
facets of γ-MnOOH. In addition, the SEM and TEM
images also show that the nanorods have a high aspect
ratio with a representative length longer than 5 µm and
diameters less than 50 nm. This feature is conducive to
the fabrication of low-density 3D γ-MnOOH. Meanwhile,
the specific surface area of 3D-γ-MnOOH is 10 m2 g−1.

XRD patterns of freeze-dried precursors, dried pre-
cursors, and 3D-γ-MnOOH are shown in Fig. 4a–c.
Except for the peaks of the MnOOH (2θ=19.20°, JCPDS
Card No. 18-0804), the obtained freeze-dried precursors
also contain MnO2 (2θ=31.59° and 33.28°, JCPDS Card
No. 12-0141) and MnO (2θ=34.91° and 40.55°, JCPDS
Card No. 07-0230). The dried precursor also shows a
main peak that matches the (002) plane of MnOOH
(2θ=19.20°, JCPDS Card No. 18-0804) (Fig. 4b). Based on
the SEM and TEM images and the XRD patterns, the
amorphous MnO2 and MnO dissolve and subsequently
condense and recrystallize to form a (002) plane of
γ-MnOOH under hydrothermal conditions. Fig. 4c shows
that the XRD pattern of 3D-γ-MnOOH matches the
single monoclinic phase of γ-MnOOH, with lattice
parameters a=5.300 Å, b=5.278 Å, and c=5.307 Å and
space group P21/c. The diffraction peaks at 2θ=26.15°,
33.94°, 35.54°, 37.17°, 39.65°, 41.07°, 51.22°, 53.78°,
54.94°, 55.55°, 61.60°, and 64.83° correspond to the
(11−1), (020), (111), (002), (12−1), (012), (022), (22−2),
(31−1), (031), (131), and (202) phase of γ-MnOOH, re-
spectively (JCPDS Card No. 41-1379). The diffraction
peaks also suggest that the 3D-γ-MnOOH has high

Figure 1 Schematic of the preparation of 3D-γ-MnOOH via hydrothermal reaction and freeze-drying.

Figure 2 (a) Heart-shaped and cylindrical 3D-γ-MnOOH. (b, c) Weight
measurement of 3D-γ-MnOOH, with an estimated density of
0.078 g cm3 (i.e., 1.401 g in 17.85 cm3); and (d) digital photo of a cy-
lindrical 3D-γ-MnOOH standing on a Wintersweet flower.
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crystallinity.
As shown in Fig. 5a, FTIR spectrum of the 3D-γ-

MnOOH shows the absorption bands at 447, 490, 592,
and 644 cm−1 derived from the vibration of Mn—O.
Moreover, the three peaks at 1,080, 1,120, and 1,150 cm−1

are representative of the bending mode γ-OH, δ-2-OH
and δ-1-OH, respectively [39]. As expected, the FTIR
spectrum shows a broad band between 2,600 and
2,700 cm−1 that results from the O—H stretching related
to the hydrogen bonding with an O—H···O length of
approximately 2.60 Å in the structure of manganite
[40,41]. The absorption band located near 2,080 cm−1 is
ascribed to 2,670 cm−1 (the –OH stretching band) minus
592 cm−1 (the excited lattice). This FTIR spectrum re-
sembles that of manganite [20,40].

The surface chemical compositions of the products

were further studied by XPS (Fig. 5b). All of the mea-
surements were performed with reference to the binding
energy (BE) of C (1s) (284.5 eV) as an internal standard.
The signals of manganese, oxygen, and carbon were re-
corded as the Auger peaks of Mn(LMM) and O(KLL).
The existence of the C (1s) photoelectron peak can also be
observed, because the carbon dioxide in the air is trapped
on the surface of the materials. Fig. 5c, d exhibit the XPS
spectra of Mn (2p) and O (1s) peaks. Fig. 5c shows that
the Mn (2p) was deconvoluted into Mn (2p3/2) and
Mn (2p1/2) peaks at approximately 642.4 and 654.1 eV,
respectively, in agreement with the characteristics of
γ-MnOOH [42,43]. The multiplet splitting energy of
Mn (3s) in the product is 5.2 eV, while the smaller
Mn (3s) splitting energies for tetravalent and bivalent Mn
were 4.6 and 5.8 eV [44,45], respectively. The splitting
energy of Mn(3s) increased with decreasing Mn oxidation
state, and the manganese oxidation state of the synthetic
materials corresponds to trivalent manganese. In addi-
tion, the O (1s) spectrum of the materials in Fig. 5d is
parsed into three functional groups, corresponding to
O2−, OH−

, and O (1s), which are consistent with oxygen
types in ideal γ-MnOOH. The O2− only bonds to Mn3+

and OH− directly bonds to hydrogen. Meanwhile, O (1s)
receives equal contributions from O2−, OH−, as well as
H2O (water is from the physical and chemical adsorption
of the obtained materials). In this work, we assign the
deconvoluted peaks at 529.9, 531.1, and 532.5 eV to O2−,
OH− and H2O species, respectively. The characterization
is very close to the results reported by Gao and Banerjee
et al. [42,43].

Floatation performance
Fig. 6a, b show that the heart-shaped and cylindrical 3D-

Figure 3 SEM images of freeze-dried precursors (a, e), dried precursors (b, f), and 3D-γ-MnOOH (c, g), and the diameter distribution diagram of 3D-
γ-MnOOH nanorods (inset of g); TEM images of 3D-γ-MnOOH nanorod (d, h).

Figure 4 XRD patterns of freeze-dried precursors (a), dried precursors
(b), and 3D-γ-MnOOH (c).
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γ-MnOOH can float on water. This feature is due to the
low-density 3D structure of 3D-γ-MnOOH, and the
trapped air in the channels of 3D-γ-MnOOH. When 3D-

γ-MnOOH is placed in water, there are many small
bubbles entrapped on the interface of 3D-γ-MnOOH
(inset of Fig. 6b). Accordingly, we see that the inner

Figure 5 (a) FTIR spectrum of 3D-γ-MnOOH; XPS spectrum of 3D-γ-MnOOH (b); XPS spectra of the Mn (2p) (c) and O (1s) (d).

Figure 6 Digital photos of (a) heart-shaped and (b) cylindrical 3D-γ-MnOOH floating on the water; (c) more than 100 syringe needle holes were
created on the surface of 3D-γ-MnOOH; (d) 3D-γ-MnOOH with 100 holes that can still float on water; SEM image of (e) as-prepared 3D-γ-MnOOH
and (f) submerged 3D-γ-MnOOH; and (g) schematic of the formation process of the floatable porous 3D-γ-MnOOH.
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channel of 3D-γ-MnOOH is filled with air, and water
slowly drives the bubbles out. 3D-γ-MnOOH was still
able to float on the water even after more than 100 holes
were made in the 3D-γ-MnOOH with needles (Fig. 6c, d).
This confirms that 3D-γ-MnOOH has a very stable por-
ous spatial structure. The formation mechanism of floa-
table porous 3D-γ-MnOOH filled with air is shown in
Fig. 6g. The precipitate with cross-linked nanorods sur-
rounded by water can offer phase separation during
freezing. That is, the low temperature changes the water
into ice, and water is separated from the nanorods. Ice
crystals are sublimated during the vacuum drying pro-
cess. After ice crystals sublimate, holes are formed in the
material, resulting in a continuous porous 3D network
structure, and air enters the channels. The 3D-γ-MnOOH
can still float on water for at least 4 months until the air in
the channels is completely driven away by water. After
3D-γ-MnOOH sank under the water, it was removed and
dried. The re-dried 3D-γ-MnOOH could then float on
water again. In contrast to the original 3D-γ-MnOOH
(Fig. 6e), the porous network of the submerged 3D-γ-
MnOOH (Fig. 6f) was not destroyed reconfirming the
good mechanical stability of 3D-γ-MnOOH.

Oil absorption performance
3D-γ-MnOOH has good potential for absorbing oil
because of its uniform macroporous structure and ex-
cellent oleophilicity (Fig. S1). The capacity for oil ab-
sorption can be referred to as the oil absorption rate
(g g−1 s−1), which is defined as the quantity of absorbed oil
per gram of dry 3D-γ-MnOOH per second. The series of
photographs in Fig. 7a illustrate that when a small piece
of 3D-γ-MnOOH was placed on oil (1,330 mg, strained
with oil blue N dye), the oil was immediately absorbed by
3D-γ-MnOOH and completely disappeared within 5 s.
The average oil absorption rate of 3D-γ-MnOOH can
reach ~1.52 g g−1 s−1, which is nearly 3 times higher than
that of previously reported graphene aerogels
(~0.57 g g−1 s−1) [46]. This clearly indicates the great po-
tential of using 3D-γ-MnOOH to remove oil spills and
leaks. In addition, the oil can be quickly ignited and burnt
off after being absorbed by 3D-γ-MnOOH (Fig. 7b). After
combustion, 3D-γ-MnOOH still maintains its original
shape, size, and 3D network structure, except for a color
change from brownish black to yellowish brown. This
indicates that it has good stability under combustion. 3D-
γ-MnOOH has excellent oleophilicity and floatability.
The 3D network structure of 3D-γ-MnOOH may help to
remove the heat generated from combustion. When 3D-
γ-MnOOH was contacted with 10 drops of oils floating

on the surface of water, it absorbed the oils completely
and rapidly and remained floating on the water. There is
basically no oil residue when 3D-γ-MnOOH is removed
from the water (Fig. 7c). Accordingly, 3D-γ-MnOOH also
shows great potential for removing oil from the water
surface.

Optimum synthesis procedures
XRD and SEM were used to investigate the crystal-
lographic information and morphologies of hydrothermal
products while considering the influence of NaOH on the
fabrication process of 3D-γ-MnOOH. When the mole
ratio of NaOH/KMnO4 is between 4.0 and 6.0, the dif-
fraction peaks correspond to the characteristic single
phase of γ-MnOOH (Fig. S2c–e). However, when the
ratio of NaOH/KMnO4 is outside the range of 4.0 and 6.0,
the products consist of a variety of manganese oxides,
including γ-MnOOH (2θ=37.28°), MnO2 (2θ=19.76°),
and Mn(OH)4 (2θ=37.60°) (see Fig. S2a, b and f).
Meanwhile, when the NaOH/KMnO4 ratio is 5.0, the
crystallinity of the γ-MnOOH is the highest. SEM images
in Fig. S3 show the structures and morphologies of pro-
ducts fabricated using different ratio of NaOH/KMnO4.
When the NaOH/KMnO4 ratio is 5.0, these uniform
nanorods are cross-linked to form a continuous network.
The SEM images show that the hydrothermal products
are consistent with the XRD analysis, namely that the

Figure 7 (a) Absorption process of oils (strained with oil blue N dye) of
3D-γ-MnOOH within 5 s. (b) Photos showing the process of recycling
3D-γ-MnOOH via combustion. (c) 3D-γ-MnOOH removes the oils on
water surface.
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optimal ratio of NaOH/KMnO4 is 5.0.
The effect of the amount of MnCl2 on the composition

and morphologies of hydrothermal products was con-
sidered while keeping the ratio of NaOH/KMnO4 at 5.0
and the hydrothermal temperature at 180°C. The XRD
data (see Fig. S4) show that when the ratio of MnCl2/
KMnO4 was up to 2.5, similar XRD patterns were de-
tected, and the peaks correspond to γ-MnOOH. The
crystallinity of the γ-MnOOH is the best, when the ratio
of MnCl2/KMnO4 is 3.5. The morphologies of the as-
prepared materials were further studied in Fig. S5.
Nevertheless, only Fig. S5d appears to have pure and
relatively uniform nanorods that are cross-linked to form
a 3D network. The others have nanoparticles attached to
the surface of the nanorods. The SEM results nicely
match the XRD measurements, confirming that the op-
timal ratio of MnCl2/KMnO4 is 3.5.

The effect of hydrothermal time on the synthesis pro-
cess of 3D-γ-MnOOH was considered. The reactions
were carried out with hydrothermal times ranging from 0
to 5.5 h. The diffraction peaks in Fig. S6a exhibit main
peaks (0 h) that match the (002) plane of MnOOH. After
0.5 h, almost all of the diffraction peaks match a mono-
clinic phase of γ-MnOOH (Fig. S6c–e). Moreover, the
growth of γ-MnOOH transformed from (002) to (11−1),
and the crystallinity of γ-MnOOH was constantly in-
creasing. In addition, an extra peak appears in Fig. S6c
and d that matches potassium chloride (KCl) (2θ=28.31°,
JCPDS Card No. 04-0587). This peak disappears as the
hydrothermal treatment time extends to 5.5 h, indicating
KCl contributes to the formation of 3D-γ-MnOOH. SEM
images were further analyzed for morphologies of the
products. Fig. 8a shows that only uniform particles were
observed in the products (0 h). The nanoparticles self-
assemble along a specific direction, and the number of
nanoparticles continues to decrease with longer hydro-
thermal times and they disappear completely when the
hydrothermal time approaches 5.5 h (Fig. 8b–d). The
number, diameter, and length of the nanorods increase
with hydrothermal time and eventually form a con-
tinuous 3D network. The XRD and SEM results show that
the γ-MnOOH nanoparticles self-assemble along a [11−1]
direction to form cross-linked γ-MnOOH nanorods.

CONCLUSIONS
In conclusion, low-density 3D-γ-MnOOH with porous
3D network and well-defined shape was successfully
fabricated via the hydrothermal reaction of KMnO4,
MnCl2 and NaOH. 3D-γ-MnOOH can float on water for
at least 4 months. The ratio of NaOH/KMnO4 and

MnCl2/KMnO4, as well as the hydrothermal time on the
hydrothermal crystallization of products were optimized.
Cross-linking γ-MnOOH nanorods follows a dissolution–
recrystallization mechanism, i.e., amorphous MnO2 and
MnO dissolve and recrystallize onto a (002) plane of
γ-MnOOH nanoparticles. Subsequently, the adjacent
MnOOH nanoparticles will self-assemble along the
[11−1] direction; thereafter, the gaps between the nano-
particles will disappear and eventually fuse together to
form nanorods. After that, the air will drive away the
condensed water inside the precipitates to produce low-
density 3D-γ-MnOOH during the freeze-drying step. The
novel ultralight 3D-γ-MnOOH has significant potential
applications in oil absorption.
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水热合成和冷冻干燥相结合制备超轻三维多孔γ-MnOOH材料
汪艳秋, 陈璐, 陈敏, 仲兆祥*, 孟庆伟, 邢卫红*

摘要 超轻三维多孔金属氧化物材料在许多应用中起着重要作用, 因此采用低成本的材料和简便的方法制备它们显得非常重要. 本文以
高锰酸钾、氯化锰和氢氧化钠为原料, 结合水热合成法和冷冻干燥法首次制备出超低密度(<0.078 g cm−3)、形状可控和连续多孔的三维
氢氧化氧锰(3D-γ-MnOOH). 系统地研究了反应物添加量和水热反应时间对3D-γ-MnOOH合成过程的影响, 得出制备3D-γ-MnOOH 的最
优工艺条件: NaOH/KMnO4和MnCl2/KMnO4的摩尔比分别为5.0和3.5, 水热温度和时间分别为180°C和10 h. 由于γ-MnOOH具有低密度和
充满空气的三维孔道结构, 使其可以在水中漂浮4个月以上, 并保持微结构不变. 分析探讨了3D-γ-MnOOH的微结构形成机制和漂浮机理.
超轻3D-γ-MnOOH的成功制备将促进其在吸油、储能、催化剂载体等领域的应用.
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