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due to its high surface area, excellent mechanical performance, 
and easily controllable surface property (wettability). [ 26–31 ]  Some 
have shown extremely large absorption capacity for organic 
absorbate up to ≈1000 times of its weight in vacuum, but with 
limited repeating cycles. [ 28 ]  Though switchable surface wetta-
bility of supported graphene fi lm or aerogel materials between 
hydrophobic and hydrophilic have been reported, [ 29,32,33 ]  these 
materials do not exhibit reversible and repeatable absorption 
between hydrophobic and hydrophilic conditions. Recently, 
we have developed a 3D crosslinked reduced graphene oxide 
material (3DG), which exhibits a super-absorption capacity for 
various hydrophobic liquids due to its high porosity and out-
standing mechanical performance. [ 34 ]  Excitingly, this material 
also exhibits highly reversible compression cycles with Pois-
son's ratio near zero, so it would be very desirable if this mate-
rial can demonstrate reversibly repeatable absorption for both 
hydrophobic and hydrophilic cases. 

 Herein, using this 3DG material, we have demonstrated a 
simple method to achieve such a switchable wettability between 
hydrophobicity (lipophilicity) and hydrophilicity. As shown in 
 Figure    1  , with ozone (O 3 ) treatment of the initial hydrophobic 
material (hydrophobic state), the obtained material could be 
turned to be hydrophilic. Then, with a simple annealing treat-
ment of the obtained hydrophilic material (hydrophilic state) 
under an inert atmosphere, the hydrophobic property could be 
recovered again. Furthermore, a highly repeatable and revers-
ible absorption with hundreds of compressing-releasing cycles 
was demonstrated both under hydrophobic and hydrophilic 
conditions. 

  The material was prepared through a solvothermal method 
described in our previous work (details are provided in the 
Experimental Section), [ 34 ]  exhibiting a near air density, 99.9% 
porosity, and super-compressive elasticity with oil contact 
angle (OCA) of 55.4° ± 0.9° for petroleum ether and water con-
tact angle (WCA) of 118.0° ± 1.8° (Figure S1a,b, Supporting 
Information) measured using the captive bubble method and 
thus exhibiting a strong hydrophobicity as reported before. 
Its hydrophobic absorption with high capability for various 
organic liquids, compared with other reported materials, is 
shown in  Figure    2  a. Note that though the material exhibits 
some water absorption, the capacity is much smaller than 
the absorption capacity for organic liquids. For all the tested 
organic liquids, the material has higher absorption capacity 
than other materials. Note that no leaking was observed for the 
absorption. [ 34 ]  Importantly, such excellent absorption was also 
highly repeatable with retained ≈100% capability during the 

  Materials with reversible and repeatable absorption for hydro-
phobicity and hydrophilicity conditions are highly needed for 
many different applications, such as large scale absorption for 
water or organic liquid, [ 1,2 ]  oil/water separation, [ 3,4 ]  and heavy-
metal ions removal [ 5 ]  at harsh conditions for environmental-
protection purposes, immobilization of proteins, and enzymes 
in biological [ 6,7 ]  and drug control release applications, [ 8 ]  and for 
liquid phase catalyst applications in both chemical and biolog-
ical reactions. [ 9,10 ]  All these require the materials to have high 
structural and chemical stability. While many materials with 
repeatable absorption have been reported, most of them can 
only be applied for either hydrophobic or hydrophilic cases. [ 11,12 ]  
For example, functionalized melamine sponge, [ 13 ]  nanofi ber-
assembled cellular aerogel, [ 14–16 ]  polymer aerogel, [ 17,18 ]  and car-
bonaceous materials [ 11,19–21 ]  have good absorption for organic 
absorbate at hydrophobic conditions because of their chemical 
nature and can be widely used for water purifi cation. Never-
theless, these materials cannot be switched to absorb water at 
hydrophilic conditions. [ 22 ]  Even though external stimulus, such 
as pH, [ 23 ]  temperature, [ 24 ]  and light, [ 25 ]  was used to reversibly 
switch material's wettability between hydrophobicity and hydro-
philicity, these materials were either fi lm or coated on substrate 
that cannot absorb liquid largely to be applied in bulk, either 
under hydrophobic or hydrophilic conditions. To our knowl-
edge, no material so far has been reported for reversible, recy-
clable, and large-scale absorption, in both cases of hydrophobic 
and hydrophilic environments. 

 Graphene materials have been reported for many absorption 
applications in both hydrophobic and hydrophilic environments 
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tested 200 compression cycles for various organic liquids, as 
shown in Figure  2 b, and Figure S2 and Table S1 (Supporting 
Information). Such an outstanding and repeatable absorption 
ability was attributed to its extremely low density, high porosity, 
close to 100%, together with its well-kept entire structure integ-
rity due to the existing 3D crosslinked bonding between the 
graphene sheets. [ 34 ]  Furthermore, the material presents a high 
absorption effi ciency. When the saturated material was com-
pressed, the absorbed liquid was squeezed out almost com-
pletely, and the material can be reused without any damage 
again for absorption–releasing cycle (Figure  1 ). This is due to 
its well-kept structural integrity mentioned above, [ 34 ]  which will 
be discussed below. 

  With such highly repeatable absorption at ≈100% retained 
effi ciency for hydrophobic systems, it would be very desir-
able if such high repeatable absorption could be switchable 
between hydrophobic and hydrophilic systems. Thus, consid-
ering the unique structure of this material and the chemistry 

of graphene, a simple O 3  and annealing treatment was used 
to switch its wettability between hydrophobicity and hydro-
philicity, as shown in  Figure    3  a for such a case with a revers-
ible absorption process between water and petroleum ether. 
More experimental details and observations are shown in 
Video S1 and S2 (Supporting Information). After O 3  treat-
ment to the initial hydrophobic-state material, the obtained 
hydrophilic-state material exhibits excellent water wettability 
and the absorption capacity for water reaches 870 times its 
weight with a WCA of 41.3° ± 3.2° (Figure S1c, Supporting 
Information), compared with that (118° ± 1.8°) before the 
treatment, though it still demonstrates some wetting for 
organic liquid with OCA of 63.8° ± 2.4° for petroleum ether 
(Figure S1d, Supporting Information) and the corresponding 
absorption capacity is much smaller than that of the water 
absorption. The above results of contact angles were meas-
ured using the more reliable captive bubble method because 
it is diffi cult to measure the contact angle using the normal 
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 Figure 1.    The diagram of switching wettability of the 3DG between hydrophobicity and hydrophilicity for reversible absorption. Under O 3  treatment of 
the initial hydrophobic-state material, the obtained material turned to be superhydrophilic. Furthermore, with annealing of the obtained hydrophilic-
state material, the hydrophobic property could be recovered again. And a highly repeatable and reversible absorption under compressing-releasing 
cycles was demonstrated both in hydrophobic and hydrophilic conditions.
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sessile drop method due to the strong capillary effect caused 
by its highly porous structure (>99.9% porosity) (Table S2, 
Supporting Information). Again, when the water-saturated 
hydrophilic-state material was compressed, the absorbed water 
was mostly squeezed out, and then when it is immersed in 
water again, it could recover fully to its original volume with 
same saturation (Figure  3 a; Video S1, Supporting Informa-
tion). Same as the initial hydrophobic-state material, the newly 
hydrophilic-state material exhibits a repeatable high absorption 
capacity with excellent recyclability in water (Figure  3 b). The 
compression stress versus the loss of the absorbed liquid was 

measured for the  N , N -dimethylformamide (DMF)-saturated 
hydrophobic-state material and water-saturated hydrophilic-
state material (Figure S3, Supporting Information), indicating 
higher compression/strain squeezes out more liquid. Again, 
the reversible process (the switch between hydrophobicity and 
hydrophilicity) for the initial hydrophobic-state material can be 
achieved even after 30 times of repeating absorption releasing 
for water (Figure  3 c–e). 

  More remarkably, the O 3  treatment generated hydrophilic-
state material could be switched back to be hydrophobic with 
a simple annealing treatment under inert atmosphere, demon-
strated with its OCA for petroleum ether of 52.4° ± 3.2° and 
WCA of 115.8° ± 2.1° (Figure S1e,f, Supporting Information), 
similar as the initial hydrophobic-state material. The structural 
recovery from hydrophilic state to hydrophobic state was also 
demonstrated by the recovered  I  D / I  G  from the Raman spectrum 
(Figure S4, Supporting Information). More importantly, its high 
and repeatable organic liquid absorption capacity and recycla-
bility was also recovered as shown in Figure  3 c–e, comparable 
with that for the initial hydrophobic-state material (Figure  2 b). 
Strikingly, such reversible process, two way conversion between 
hydrophobicity and hydrophilicity could be repeated at least 
three times and the materials at each state all demonstrated 
similar high absorption for both organic liquids and water with 
high retained effi ciency (Figure S5, Supporting Information). 

 We argue that the excellent reversibility and recyclability per-
formance of this 3DG bulk material was due to its unique and 
stable structure and morphology as reported before, [ 34 ]  where 
3D crosslinked graphene sheets were found, together with the 
intrinsic superior mechanical properties of graphene and its 
high stability. Furthermore, no visible damage of the micro-
structure was observed in the reversible process and the com-
pression cycles from the scanning electron microscopy (SEM) 
results (Figure S6a–c, Supporting Information). 

 We argue that this material's switchable absorption capa-
bility between hydrophobicity and hydrophilicity was mainly 
induced by the surface chemical composition change as sup-
ported below by the chemical composition analysis due to the 
oxygen-containing group change, though it has been pointed 
that the absorption/desorption due to airborne contaminants 
has great impact on graphene's intrinsic WCA. When the initial 
hydrophobic-state material was treated with O 3 , due to its high 
surface area and near 100% porosity, ozone molecules could 
quickly enter the internal of the sample and react with graphene 
sheet to produce signifi cant oxygen-containing groups, such as 
hydroxy, lactol, ester, and ketone groups, on its surface and edge 
as has been well demonstrated widely before ( Figure    4  ). [ 35–37 ]  
These groups could form abundant hydrogen bonds with 
water molecules very quickly once the material contacted with 
water. Also, as has been indicated earlier, [ 32 ]  the possible hydro-
carbon contaminants absorbed on the material surface should 
be removed mostly, which would also improve its water wet-
tability in some extent. With the synergic effect of the enhanced 
intrinsic wetting property for water and the capillary effect [ 38 ]  
resulted from the porous surface topography characterized by 
SEM (Figure S6d,e, Supporting Information), and also pos-
sibility from the contribution of the removal of the surface 
hydrocarbon contaminants from air, the water molecules could 
quickly spread from the surface of the material to its internal 
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 Figure 2.    a) Comparison of absorption capacity for various organic 
liquids of the initial hydrophobic-state 3DG with other reported mate-
rials. [ 11,13,20,21,26–28,30,31 ]  It showed that the material could absorb 697, 600, 
821, 800, and 1050 times of its weight for DMF, hexane, petroleum ether, 
ethanol, and chloroform, respectively. It exhibited much higher absorption 
capacity for any organic liquid than reference materials. b) The absorp-
tion capacity of the hydrophobic-state material versus the compression 
cycles in ethanol, hexane, chloroform, and DMF, respectively. The mate-
rial showed high recyclability with ≈100% retained absorption capacity.
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pores (Figure  4 ) totally, thus a clear water wetting performance 
was observed for the O 3 -treated material. Then, the following 
annealing could remove such added oxygen-containing groups 
without damaging its main structure and thus the structure 
integrity was kept. Note clearly, the impact of the likely airborne 
contaminants could not be ruled out, as this could be a very 
complicated issue and need much studies under rather strictly 
controlled environment also using well-controlled sample for 

a reliable conclusion. [ 32 ]  Such a surface functionality switch in 
the reversible process has been supported by the elementary 
analysis (EA) (Table S3, Supporting Information) and the X-ray 
photoelectron spectrum (XPS) (Table S4 and Figure S7a,b and 
S8, Supporting Information) results. The oxygen content of the 
fresh material after O 3  treatment increased by ≈6.64 wt% from 
EA and 9.27 wt% from XPS, from hydrophobic state to hydro-
philic state. Note, the above results were all obtained using 
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 Figure 3.    a) Photographs of the reversible absorption process between water and petroleum ether. Both in water and petroleum ether, when the 
absorbed liquid was squeezed out, the sample recovered its original volume quickly once immersed in the liquid again. Scale bars, 1 cm. For easy 
observation, the water was stained with bromocresol green and the petroleum ether was stained with Sudan III. b) The absorption capacity for water 
versus compression cycles of hydrophilic-state material obtained by O 3  treatment. c–e) The absorption capacity versus compression cycles of the 
hydrophilic-state material obtained by O 3  treatment for water and the regenerated hydrophobic-state material obtained by further annealing for c) DMF, 
d) hexane, and e) petroleum ether in a reversible process.
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the fresh material after O 3  treatment. Further XPS analysis 
indicates that the oxygen-containing groups on the surface of 
the O 3 -treated sample (hydrophilic-state material) decreased 
slowly due to their slow decomposing/cleavage along with time 
(Figure S9a, Supporting Information), the corresponding time-
dependent study for contact angle (CA) and absorption for the 
O 3 -treated sample (Figure S9b–d, Supporting Information). 
Based on these results, we argue that such abundant oxygen-
containing groups, though the likely surface airborne contami-
nation might have a role too, have changed their surface wetting 
property from hydrophobicity to hydrophilicity as also demon-
strated in the WCA (Figure S1c, Supporting Information). Fur-
thermore, such surface chemical change seems to have smaller 
impact on the OCA due to the well-kept overall topography and 
morphology (Figure S1, Supporting Information). Obviously, 
the exact mechanism behind the wetting performance needs 
further studies under strict environments when considering 
the likely surface airborne contamination. [ 32 ]  

  In conclusion, a bulk 3DG material with switchable capability 
between hydrophobicity and hydrophilicity has been demonstrated 
with high and repeatable absorption in both hydrophobic and 
hydrophilic environments, achieved by a simple O 3  and annealing 
treatment. The well-retained and repeatable absorption during the 
wetting switchable process is due to its unique structure of this 
bulk material, together with the intrinsic properties of graphene. 
During each of the O 3  and annealing treatment, the entire struc-
ture integrity and thus its super elasticity were retained, including 
its near 100% porosity. This excellent and reversible absorption 

performance might make the graphene material highly promising 
for large-scale and reversible absorption under both hydrophobic 
and hydrophilic environments, under even harsh conditions, due 
to the chemical nature of graphene and carbon.  

  Experimental Section 
  Synthesis of 3DG : The material was prepared as following procedures. 

The starting material, graphene oxide (GO), was synthesized by the 
oxidation of natural graphite powder using a modifi ed Hummers’ method 
based on references in work by Chen et al. [ 39 ]  3DG was prepared following 
our previous procedures. [ 34 ]  A low-concentration GO ethanol solution 
(≈0.5 mg mL −1 ) was solvothermally treated in a Tefl on-lined autoclave at 
180 °C for 12 h. Then the as-prepared ethanol-fi lled intermediate product 
was carefully removed from the autoclave to have a slow and gradually 
solvent exchange with water. After the solvent exchange process was 
totally completed, the water-fi lled product was freeze dried. Finally, the 
material was annealed at 800 °C for an hour in argon atmosphere to 
obtain the 3DG. The densities of the 3DG were 0.5–2.0 mg cm −3 . The 
carbon and oxygen element analysis results of samples were shown in 
Table S3–S5 (Supporting Information) obtained from XPS and EA. 

  Switching between Hydrophilic State and Hydrophobic State : The initial 
hydrophobic graphene material (hydrophobic state) was obtained by 
cutting the 3DG into about 10 mm × 10 mm × 10 mm cuboid by laser. 
To switch the material to hydrophilic state, the above hydrophobic-
state material was treated in a UV ozone system for 15 min. To again 
switch back to the hydrophobic state for the O 3 -treated material, the 
hydrophilic-state material was fi rst dried using dry freezing and then 
annealed at 800 °C under argon atmosphere for 1 h to obtain the 
regenerated hydrophobic-state material. 

 Figure 4.    The reversible surface chemical composition change of the graphene sheets in the 3DG. When the initial hydrophobic-state material was 
treated with O 3 , ozone molecules quickly entered into the internal of the material and reacted with graphene sheet to produce lots of oxygen-containing 
groups on its surface and edge, which made the material superhydrophilic. With the synergic effect of the wetting for water and the capillary effect, 
water would quickly spread from the surface to internal pores. Furthermore, with the annealing treatment of the obtained hydrophilic-state material, 
the oxygen-containing groups were mostly removed and the material turned to be hydrophobic again.
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  Cycling Test for Absorption : The recyclability measurement of the 
samples for both water and organic liquid absorption/releasing was 
carried out as follows: The hydrophilic-state/hydrophobic-state material 
was fi rst immersed in the desired liquid and fully saturated, and then 
it was taken out carefully and weighted. Then the absorbed liquid 
was squeezed out by full compression the material. F inally, the fully 
compressed material was put into the liquid again to repeat the cycling 
test. In the cyclic process, the liquid absorbed sample was weighted by a 
balance with 0.01 mg precision. Weight gain was calculated by following 

formula: %1 0

0

−m m
m

, where 0m  is the weight of the dry sample without 

absorption liquid and 1m  is the total weight of the sample and the 
absorbed liquid. 

  Compress Stress Measurement of Samples Saturated with Liquid : The 
sample fi rst fully absorbed liquid and was put on the balance. Then it 
was compressed slowly to a certain strain at a constant strain rate (10% 
strain s −1 ). The stress (compress force) was recorded with the balance 
reading directly. Then, after absorbing the liquid squeezed out with the 
fi lter paper and removing the compress force, the amount of the liquid 
squeezed out was obtained by the weight difference.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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