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3D white graphene foam scavengers: vesicant-assisted
foaming boosts the gram-level yield and forms
hierarchical pores for superstrong pollutant removal
applications

Huijie Zhao1,2, Xiufeng Song1 and Haibo Zeng1,2

Three-dimensional (3D) nanostructures assembled with one- or few-layered ultrathin two-dimensional (2D) crystals have triggered

great interest in energy and environmental applications. Here, we introduce a gas-foaming process in an hexagonal boron nitride

(h-BN) ceramic material to fabricate 3D white graphene (WG) foams without using any catalysts or templates for superstrong

pollutant removal applications. Importantly, the introduction of vesicants guaranteed the reproducibility and yield (4500 cm3).

Interestingly, these 3D WG foams possessed a vesicular structure with hierarchical pores ranging from nm to μm scales and with

ultrathin walls consisting of mono- or few-layered BN membranes with planar sizes as large as 100 μm. Consequently, such

microstructure merits of hierarchical pores and ultrathin walls endowed them not only very low density (2.1mg cm−3) but also

superstrong adsorption ability, illustrated by capacitances up to 190 times its own weight toward a wide range of environment

contaminations, including various oils and dyes. Thus, the 3D h-BN WG foams prepared by vesicant-assisted foaming should

have great potential as outstanding environmental scavengers.
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INTRODUCTION

Two-dimensional (2D) crystals, such as graphene1 and white graphene
(WG, mono- or few-layered hexagonal boron nitride (h-BN)),2,3 have
triggered great interest because of their extraordinary intrinsic properties
and wide range of applications in electronics, optoelectronics, energy
storage and the environment.4 However, for some specific applications,
such as the adsorption of various contaminants and as electrodes in
electrochemical cells, their pristine flat 2D structures have been
recognized to not fully match the practical requirements.5–8 In contrast,
three-dimensional (3D) architectures using 2D crystals as building
blocks can simultaneously provide the virtues of 2D and 3D structures,
such as ultrathin sheets and large specific surface areas from 2D sheets6

and hierarchical pores and ultralight densities from 3D configurations.7

Recently, such novel 2D–3D structure features have been proven to
exhibit new and outstanding performances. For instance, graphene-
carbon nanotube 3D structures had densities as low as 0.16mg cm− 3,
even lighter than air (1.29mg cm− 3);9 3D graphene and BN networks
exhibited excellent mechanical properties;10,11 3D BNC hybrid networks
showed tunable electronic and thermal properties.12

However, the high-yield fabrication of such 3D architectures of 2D
crystals, especially without using any templates or catalysts, remains a
great challenge. Currently, there are two methods for fabricating 3D

WG foams. The first method involves assembling chemically prepared
2D sheets into 3D structures.5–9 Clearly, the yield is limited by the
primal 2D crystals and the assembly process. More importantly, the
artificial and poor connections among the 2D crystals usually degrade
the electrical and thermal transport inside such 3D structures.13–16 To
achieve naturally integrated 3D networks, a second method was
recently developed.17 Chen et al.10 reported the chemical vapor
deposition growth of porous graphene 3D structures with nickel foam
as a catalyst and 3D template. This chemical vapor deposition
approach can provide high mechanical and electrical properties and
hence has attracted much interest in energy devices.11,12,17 However,
the yield and cost is limited by the use of Ni foams. According to the
current state in this field, the realization of high-yield and natural
connections will greatly advance 3D WG foams. However, a facile and
large-yield method without the use of any catalysts or templates is still
absent. Importantly, the introduction of vesicants guarantees the
reproducibility and yield (4500 cm3).
Here, for the first time, we report a vesicant-assisted foaming

method for the high-yield fabrication of 3D WG foams possessing
superhigh adsorption capacities without the use of any templates.
The vesicants were intricately matched to the decomposing thermo-
dynamics of the raw materials to boost the foaming effect, resulting in
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3D architectures consisting of few-layered BN walls and hierarchical
pores with sizes ranging from several nm to several hundred μm. Such
novel structural features endowed the 3D WG foam with the strong
ability to absorb various dyes and organic pollutants. Typically, 3D
WG foam with a density of 2.1 mg cm− 3, which was 1000 times less
than bulk h-BN, could absorb 190 times their weight in pump oil, the
highest capacity achieved when compared with reported BN materials
and commercial activated carbon sorbents. It should be noted that the
method adopted simple heating mixtures of raw materials and
vesicants; therefore, it is very facile and should have a limitless yield.
Hence, this method could be easily scaled up for future industrial
manufacture.

EXPERIMENTAL PROCEDURE

Preparation of the 3D WG foams
The 3D WG foams were synthesized in a horizontal electric furnace with a
fused alumina tube 100 cm in length and 6 cm in diameter. Initially, 200mg
ammonia borane (AB) and 40mg thiourea (or aminothiourea) were mechani-
cally mixed, and the mixed powers as precursors were placed into an alumina
crucible. The alumina crucible with the precursors was loaded into an alumina
tube. The alumina tube was evacuated to 10 Pa, and nitrogen gas was
subsequently introduced into the tube at a rate of 100 SCCM. The precursors
were pretreated at 80 °C for 1 h. Then, the temperature was increased to
1200 °C at a rate of 15 °Cmin− 1 and was maintained at that temperature for
∼ 2 h to synthesize 3D WG foams. After the tube was cooled to room
temperature, the final foamed products with white color were obtained.

Characterizations of the 3D WG foams
Powder X-ray diffraction patterns of the obtained materials were recorded on
Bruker D8 diffractometer (Karlsruhe, Germany) with Cu Kα radiation
(λ= 1.5406 Å) at 40 kV and 20mA. The morphologies of the prepared materials
were examined using field-emission scanning electron microscopy (JSM-6701F,
JEOL, Kawagoe, Japan) and atomic force microscopy (Multimode 8, Bruker).
Transmission electron microscopy images and electron energy loss spectroscopy
spectra were recorded using a FEI Tecnai G2 20 at 200 KV (Hillsboro, OR,
USA). Fourier transform infrared spectra were obtained on a Bruker Vector 22
FT-IR spectrometer in the range of 400–4000 cm− 1 using a standard KBr disk.
Raman scattering spectra were obtained using a Horiba Jobin Yvon LABRAM-
HR800 laser micro-Raman spectrometer (Tokyo, Japan) with a 532 nm laser.
Ultraviolet-visible (UV-vis) absorption spectra were recorded using a UV-3600
UV-vis spectrophotometer (Shimadzu, Kyoto, Japan). Thermogravimetric and
differential thermal analysis were carried out using a thermogravimetric
analyzer (Perki Elimer Pyris 1, Waltham, MA, USA) from room temperature
to 800 °C at a heating rate of 10 °Cmin− 1 under a N2 atmosphere. The specific
surface areas and pore structures were obtained from the adsorption isotherms
of nitrogen at 77K in a Quantachrome Autosorb-6B apparatus using the
Brunauer–Emmett–Teller and Barratt–Joyner–Halenda methods, respectively.

Adsorption performance measurements
Adsorption experiments were carried out to investigate the adsorption
behaviors of the obtained 3D WG foams. In a typical procedure, 100mg BN
was added to a 250ml methyl blue (MB) aqueous solution (120mg l− 1) while
stirring. The MB concentration was examined at different intervals by UV-vis
absorption (Shimadzu UV-3600).
The Langmuir adsorption model was used to characterize the adsorption

capacity of a sorbent for pollutants. The Langmuir isotherm is represented as
follows:

Qe ¼ QmKCe= 1þ KCeð Þ
where Qe (mg g− 1) is the adsorbed amount of dyes at the equilibrium
concentration (mg g− 1), Ce (mg l− 1) is the equilibrium solute concentration,
Qm is the maximum adsorption capacity corresponding to complete monolayer
coverage and K is the equilibrium constant (l mg− 1).
To measure the adsorption capacities for oils and organic solvents, the 3D

WG foams were weighed and then placed into the oils and organic solvents.

After adsorption was complete, the BN was removed from the oil and
weighed again. The adsorption capacity (Q) was calculated using the following
equation:

Q ¼ M �M0ð Þ=M0

where M0 and M are the weights of the WG foams before and after adsorption,
respectively. The weight measurements of the BN with absorbed oil or organic
solvent were quickly performed to avoid evaporation of the oils or organic
solvents.

RESULTS AND DISCUSSION

Foaming effects can be frequently observed in a variety of daily events
(typically the formation of soap and beer foam bubbles) and have been
historically applied to fabricate polymer and metal foams. Normally,
gas bubbles formed by vesicants in a metallic melt tend to quickly rise
to the surface because of the high buoyancy forces in the high-density
liquid, and this rise can be hampered by the surface tension force.18,19

The imbalance between the buoyancy and the surface tension force
determines the size of the gas bubbles in the metallic melts and the
pore size in the final solid foams.19

According to basic principle above, three factors are prerequisite to
produce foams: an intermediate liquid state, energetic gas-releasing
vesicants and thermodynamic matching between the vesicant
and the raw materials. These chemical foaming factors have been
well documented for polymer and metal foams. Typically, for
polymer foams, the in situ decomposition reactions of isocyanate,
hydrazine and sodium bicarbonate are well matched to the solid–
liquid–solid phase changes of various polymers at relatively
low temperature.20 In contrast, for metal foams, titanium hydride
and zirconium hydride decompose to form gases at elevated
temperatures.20,21

However, for ceramic materials, the corresponding foaming process
is far from developed. The main reason is because melting tempera-
tures of ceramics (2050 °C for Al2O3, 3300 °C for h-BN) are much
higher than those of typical polymers (200–400 °C) and metals (660 °C
for Al, 1455 °C for Ni), causing great difficulty in identifying the
appropriate vesicants for the melted matrix materials. In contrast,
ceramic foams formed by impregnating polymer foams with a ceramic
slurry followed by firing have been promising for a variety of
applications, such as acoustic insulation, as substrates for catalysts
requiring large internal surface areas and for adsorbing environmental
pollutants.22,23

According to above foaming factors and difficulties for ceramics, the
foaming process and formation of 3D BN WG foams is illustrated in
Figure 1a. Several issues were the key points for the designed method
here. First, AB was used as the raw material, replacing the direct usage
of matrix materials in traditional polymer and metal foaming
processes.24–26 This precursor selection avoided the unrealizable high
foaming temperature of 43300 °C. AB can be transformed into a B–
N–H polymeric liquid derivate at temperatures as low as 100–200 °C.27

This conversion has been previously reported and was further
evidenced here by thermogravimetry, as shown in Figure 1b.
The mass of AB decreased ∼ 55% below 200 °C because of the release
of H2, leaving behind the polymer-like aminoborane and
polyiminoborane.27 Second, thiourea and aminothiourea were selected
as typical vesicants. Figure 1b demonstrates that the gases (CS2, NH3

and NCNS) released at 200–300 °C reached 65% and 80% weight of
the primal thiourea and aminothiourea, respectively. Such approx-
imate matching temperature was crucial for the formation of
metastable gas bubbles in the intermediate state of the AB precursor.
Furthermore, the sufficient gas release from the vesicants compensated
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for the insufficient decomposition of the AB precursor and hence
guaranteed the large void volume in the intermediate state. As the
temperature was elevated further, the void-impregnated intermediate
products tended to crystallize in situ. Then, they were gradually
transformed into 3D WG foams with a mass of pores and ultrathin
h-BN walls.
Clearly, when compared with previous methods for fabricating 3D

architectures consisting of 2D crystals, either the assembly of 2D sheets
or chemical vapor deposition growth in 3D Ni foams, the foaming
approach achieved by heating the mixtures of AB and thiourea
exhibited remarkably superior yield. The starting materials were all
powders and there was no usage of metal foams, indicating that the
traditional limitations from 2D sheet precursors and 3D templates
were overcome in this vesicant-assisted foaming method. Therefore,
very high yield could be easily achieved, and the only limitation was
the volume of the used container, as shown in Supplementary Figure
S1. Figure 1c exhibits a typical 3D WG foam with a length of 20 cm.
The volume expanded several hundred times when compared with the
raw materials, and hence the density decreased to as low as 2.1
mg cm− 3, near that of air (1.275mg cm− 3). The formed 3D WG
foams were typical ultralight materials (defined as a density of <10
mg cm− 3), and could even freely stand on a dandelion flower, as
shown in Figure 1d.
For solid foams, the details of the inside of the pores are the

most important structural features. Figure 2 reveals Plateau’s laws of
typical foam materials and hierarchical pores in the 3D WG
foams.28,29 Figure 2a presents a typical cross-section that illustrates
the structure inside the 3D WG foam. Clearly, the foams consisted of
20–100 μm pores and interconnected walls. Most of the pores
had an irregular hexagonal structure. Three edges always met in a
so-called Plateau border with an angle of ∼ 120°.28,30 The intact top
surfaces in Figure 2b exhibited another feature of Plateau’s laws:
the walls were complete and smooth surfaces with a mean curvature of
a constant on any point. Furthermore, Figure 2c demonstrates
that the detached sheets had very smooth surfaces and a planar size
of several tens of μm, coincident with Figure 1b. However,
the thickness was very low, indicating ultrathin walls that originated

from the sufficient foaming effect. The foams obeyed Plateau’s
laws because of the requirement for minimal total surface area
that has been mathematically proven by Jean Taylor using the
geometric measure theory.31 Other configurations are unstable and
tend to quickly rearrange the bubbles in the intermediate state during
the foaming process into this type of structure. The matching to
Plateau’s laws strongly evidenced that the designed foaming process
as shown in Figure 1a indeed occurred and resulted in these 3D WG
foams.28,29

Interestingly, in addition to μm-scale pores, nm-scale pores were
also very common in these ultrathin walls when observed by
transmission electron microscopy, as shown in Figure 2d. These pores
had a bimodal size distribution of ∼ 60 and 5 nm. Actually, the
emergence of these small pores was reasonable and even solved an
inconsistency between the foaming principle in Figure 1a and the
Plateau structure in Figure 2a and b. According to Figure 1b, the gas
released from vesicants starts at the polymer-like intermediate state of
the BN precursors and slightly persists until the crystallization stage
above 200 °C. Therefore, the persistent gas releasing should result in
open-cell foams; however, only closed-cell foams were revealed in
Figure 1a and b. Figure 1d proves that a mass of small pores on the
ultrathin walls could provide the releasing channels for the superfluous
gases from residual effective vesicants. The formation of these small
pores was because of the persistent gas release from the residual
vesicant particles that could enlarge and adsorb onto the preformed
ultrathin walls.
The nm-scale pores were further verified by Barratt–Joyner–

Halenda measurements from the nitrogen sorption characterization,
as shown in Figure 2e. Clearly, there were some pores with sizes in the
range of 5–150 nm with a peak at ∼ 10 nm and long tail at 50–120 nm.
These pore features were accordant with the transmission electron
microscopy result shown in Figure 2d. The μm-scale pores were not
revealed by Barratt–Joyner–Halenda because they were not sensitive to
the surface adsorption–desorption process. Taken together, the above
analyses demonstrated that the 3D WG foams had hierarchical pores,
as shown in Figure 2f, with three distribution peaks at 50 μm, 60 nm
and 10 nm (labeled as I, II and III). This is the first report of such

Figure 1 (a) Schematic illustration of vesicant-assisted foaming of three-dimensional (3D) white graphene (WG) foams. The gas released from the vesicants
leads to the bubbles in the intermediate polymeric derivate and then the hexagonal boron nitride (h-BN) foams. (b) Thermogravimetric (TG) curves of BN
precursors (ammonia borane) and vesicants (thiourea and aminothiourea). (c) Photograph of an as-prepared 3D WG foam. (d) A piece of a WG foam standing
on a dandelion.
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hierarchically porous structure in 3D structured BN and graphene.
This structure was because of the vesicant-assisted foam formation and
the slightly different decomposition thermodynamics between the
vesicants and precursors, as discussed above. Importantly, these 3D
hierarchical pores could greatly benefit some applications, such as
pollutant removal, as demonstrated below.
Following the hierarchical pore features, the ultrathin h-BN walls of

the 3D WG foams were characterized in Figure 3. Most separated walls
had layer numbers ˂10, as demonstrated by the typical one-layer sheet
in Figure 3a and the 2–3-layer sheet in Figure 3b. The edges in
Figure 3b showed an interlayer distance of 0.33 nm, consistent with
the (002) crystal planes of h-BN. Figure 3c presents the honeycomb
lattice with a 0.25-nm distance between two atoms and the corre-
sponding fast Fourier transform pattern. These transmission electron
microscopy (Supplementary Figure S2) and X-ray diffraction
(Supplementary Figure S3) results were in agreement with the lattice
structure of layer-structured hexagonal BN. Furthermore, the atomic
force microscopy image and height profile in Figure 3d exhibited
several sheets with thicknesses as low as 1 nm, corresponding to one or
two atomic layers (Figure 3d), indicating the ultrathin characteristic of
the walls in the 3D WG foams. The chemical composition and
stoichiometry of BN were verified using electron energy loss spectro-
scopy, as shown in Figure 3e. The electron energy loss spectroscopy

peaks at 180–220 eV and 400–430 eV corresponded to the character-
istic K-shell ionization edges of B and N atoms with a B-to-N ratio of
1:1. Their split fine superstructures confirmed that the obtained
products were typical sp2-hybrizied h-BN.32 The B–N bonding could
also be well confirmed by the X-ray photoelectron (Supplementary
Figure S4), Raman (Supplementary Figure S5) and Fourier transform
infrared (Supplementary Figure S6) spectra. The optical band-gap
obtained from the UV-vis absorption spectrum (Supplementary Figure
S7) was ∼ 5.98 eV.
Three-dimensional ceramic foams have been considered to be

excellent sorbents for various environment pollutants, such as dyes
and organics.22 However, for nanomaterials, their low yield is usually a
fatal drawback for such applications. Furthermore, pores inside the
sorbents are needed to enhance their adsorption capacity. Here, the
vesicant-assisted foaming strategy resulted in high-yield formation and
hierarchical pores inside 3D WG foams. These two significant aspects
of 3D WG foams led them to be proposed for high-performance
pollutant removal applications.
First, MB, a typical cationic industrial dye, was used as a model

material to confirm the adsorption capacity of the 3D WG foams.
Figure 4a shows the variation of the UV-vis absorption spectra after
dipping the 3D WG foams into a MB solution. Such spectra changes
were transformed into the concentration decrease of the residual MB

Figure 2 Hierarchical pores inside three-dimensional (3D) white graphene (WG) foams. (a) Cross-section and (b) top-view scanning electron microscopy
(SEM) images of freestanding 3D WG foams, showing 20–100 μm pores. (c) SEM image of boron nitride (BN) sheets separated from WG foams, showing
ultrathin thicknesses and similar transverse sizes to the pore walls. (d) Transmission electron microscopy (TEM) image of BN sheets with 30–65 nm pores.
(e) The pore size distribution of WG foams according to the Barratt–Joyner–Halenda (BJH) adsorption. (f) The statistical size distribution of the hierarchical
pores in WG foams, showing three peaks at 6 nm, 48 nm and 45 μm. The data of curves I and II from the statistical analysis of the SEM and TEM images,
respectively. Curve III results from (e).
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in the solution, as shown in Figure 4b. Clearly, the MB adsorption
from the 3D WG foams was not only very fast but also very
thoroughgoing. Most of the MB molecules (∼94%) were adsorbed
within 20min, and all of them were exhausted after 1 h. Actually, this
outstanding adsorption ability of 3D WG foams was visual, as shown
in the inset of Figure 4b. The blue color, corresponding to MB
molecules, rapidly disappeared when the 3D WG foams were
immersed into the solution. At the same time, the color of 3D WG
foams changed from snow white to blue, as shown in the inset of
Figure 4c. The quantized adsorption capacity was shown in Figure 4c
according to the weights of adsorbed MB and the tested foams. The
maximum MB capacity of the 3D WG foams was near 500mg g− 1

(accurately 497mg g− 1). Interestingly, after heating at 400 °C for 2 h
in air, all of adsorbed MB molecules were released, and these 3D WG
foams recovered their white color and high adsorption ability (slightly
reduced to 461mg g− 1, Supplementary Figure S8), indicating their
potential as recyclable environment cleaners. Such strong adsorption
ability was validated again when the MB was changed to another
typical anionic industrial dye, methyl orange (Supplementary Figure
S9). These 3D WG foams exhibited the highest adsorption capacity to
dyes that was much higher than previously reported values, as shown
in Figure 4d, when compared with similar sorbents, including BN
ultrathin hollow spheres (116.5mg g− 1),33 BN ultrathin fibrous
nanonets (219.6mg g− 1),34 BN nanocarpets (272.4mg g− 1)35 and
BN porous nanosheets (313mg g− 1).36

In addition to typical dyes, various organics and oils are more
common daily and industrial pollutants. Surprisingly, these 3D WG

foams exhibited much higher adsorption capacities to these organics
and oils compared with many competitors, as shown in Figure 5. The
rapid and effective adsorption behaviors were directly visualized, as
shown in Figure 5a and Supplementary Movie S1. After dipping the
3D WG foams into an aqueous solution of chloroform, which was
intentionally stained with Sudan III to mark the foams red in color,
these red pollutants absorbed rapidly and completely within 2min. To
confirm the universality of the adsorption ability of the 3D WG foams,
a series of organics and oils, such as toluene, pump oil, ethanol,
chloroform and ethylene glycol, were selected for adsorption measure-
ments. Figure 5b clearly presents the adsorption capacities of the 3D
WG foams to different pollutants in the range of 70–190 times its own
weight, demonstrating an outstanding adsorption ability to all of the
mentioned organics.
For pump oil, a common pollutant, the typical adsorption capacity

of 3D WG foams was as high as 115 g g− 1, as shown in Figure 5b, and
this means that only 1 kg of 3D WG foams is needed to purify 1 ton of
water containing 10% oil pollutant. To more quantitatively evaluate
the adsorption capacity of 3D WG foams, several recently reported
excellent sorbents and commercial activated carbon powders were
adopted for comparison, as shown in Figure 5c. Taking the adsorption
of pump oil as an example, the adsorption capacity (115 g g− 1) of the
3D WG foams was higher than all of these competitors, including BN
porous nanosheets (27 g g− 1),36 graphene aerogels (30 g g− 1),14 gra-
phene sponges (68.5 g g− 1)8 and graphene oxide-polyurethane
sponges (100 g g− 1)16 (see Supplementary Table S1). Compared with
commercial BN and active carbon powders, the adsorption capacity

Figure 3 Ultrathin walls of three-dimensional (3D) white graphene (WG) foams. High-resolution transmission electron microscopy (HRTEM) images of
(a) monolayer edges, (b) few-layer edges and (c) surface lattice fringes and fast Fourier transform (FFT) patterns of ultrathin boron nitride (BN) sheets.
(d) Atomic force microscopy (AFM) image and height profile of BN sheets. (e) Electron energy loss spectroscopy (EELS) spectrum of BN sheets.
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of the 3D WG foams was 420 times larger than these typical
sorbents.
Recyclability, the important characteristic of sorbents, was tested

for these 3D WG foams, as shown in Figure 5d and e. After 7 test
cycles and heat treatments at 100 °C, the adsorption capacities of the
3D WG foams still remained 490% toward both chloroform and
ethanol. For pump oil, the removal efficiency was still maintained at
∼ 85% even after five cycles through direct combustion in air
(Supplementary Figure S10). Clearly, these results demonstrated that
the obtained 3D WG foams could be considered highly effective and
recyclable sorbents for the removal of pollutants in environment
purification.
The superstrong competitive power of 3D WG foams over

other sorbents arose from their two crucial features, large-yield
formation and hierarchical pores, that both profited from the
vesicant-assisted foaming. Just because of the special structure
with hierarchical pores, the 3D WG presented outstanding
pollutant removal properties. First, the superthin BN layers
with many ripples and fluctuations were excellent sorbents for
organic solvents. Second, there were many holes in the surfaces of
the BN walls, and the edges of the holes resulted in high-density
defects that could provide numerous active sites for the adsorption of
pollutant molecules onto the BN surface. Third, the small holes in the
surface of the BN wall provided a transport channel for pollutants in
BN sheets, similar to the opened foam structure. Compared with the
infiltration mechanism from the BN sheets, these channels allow
pollutants to easily enter the 3D WG foams and improve their

adsorption efficiency. Fourth, after the organic solvents entered the
bubbles of the BN foams, the bubble could be considered a vessel to
store the organic solvents. The storage of organic solvents in bubbles
was much greater than that adsorbed on the surfaces of the bubble
walls, the crucial factor for the outstanding pollutant removal proper-
ties of these 3D WG foams compared with other BN
nanosheets.33,35–38 This pivotal role was also why these 3D WG foams
exhibited lower surface-specific surface area (Supplementary Figure
S11) and still resulted in a high adsorption capacity. The storage
mechanism played a decisive role in the removal capacity. Therefore,
two mechanisms could be hypothesized for the removal properties:
adsorption and storage. For these 3D WG foams, the origins of the
pollutant removal properties were not only from the adsorption
capacity but also from the storage capacity. Hence, high-performance
pollutant removal applications must fully utilize the combined effects
of adsorption and storage.
Compared with the limitations of metal template chemical vapor

deposition and ultrathin sheet assembling methods, the one-step
heating of mixed commercial powders according to vesicant-assisted
foaming is unrestricted by templates and rare starting materials,
and hence had macroscopic yield. The intended introduction of
foaming agents is very important for the foaming process. It
not only guarantees the highly reproducible formation of foams
but also results in hierarchical pores because of the matched
decomposition thermodynamics between the BN precursors and the
vesicants. The importance of such matched decomposition thermo-
dynamics was also confirmed by the observed effects of the heating

Figure 4 Strong adsorption of dyes on three-dimensional (3D) white graphene (WG) foams. (a) Evolution of the absorption spectra of the 3D WG-immersed
methyl blue (MB) solution with time. (b) The corresponding adsorption rate and visual variation of the MB solution with time. (c) MB adsorption isotherm and
adsorption–desorption recycling of 3D WG foams. (d) Comparison of the MB adsorption capacities of 3D WG foams with various reported boron nitride (BN)
nanostructures.
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temperature and vesicant type on the final product, as shown in
Supplementary Information (Supplementary Figures S12–S16).

CONCLUSION

We have developed a vesicant-assisted gas-foaming approach to
synthesize vesicular structural 3D BN ceramic foams without any
catalysts or templates. This technique could provide large-scale, high-
yield and ultralight 3D WG foams with hierarchical pores. This free-
supporting BN foam consisted of a bubble wall of ultrathin BN sheets
(single or several atomic layers) that were interconnected with each
other by the framework. Moreover, the 3D WG foams presented
extraordinarily high adsorption for organic solvents and oils. The
adsorption capacity of the 3D WG foams was up to 70–190 times its
own weight for organic pollutants and oils. The results revealed that

the 3D WG foams have great potential as a high-performance
pollutant scavenger for water treatment.
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Figure 5 Outstanding adsorption performances of three-dimensional (3D) white graphene (WG) foams toward various organic contaminations. (a) Visual
variation of the 3D WG-immersed chloroform solution within 1min, showing the effective and rapid adsorption ability. (b) Adsorption capacities of the 3D WG
foams toward various organic contaminations. (c) Comparison of the contamination adsorption capacities of the 3D WG foams with other typical sorbents,
including commercial activated carbon. (d) Chloroform and (e) ethanol adsorption recyclability of 3D WG foams.
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