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Robust Superhydrophobic Foam: A Graphdiyne-Based
Hierarchical Architecture for Oil/Water Separation

Xin Gao, Jingyuan Zhou, Ran Du, Zigian Xie, Shibin Deng, Rong Liu,

Zhongfan Liu,* and Jin Zhang*

Exploitation and design of functionalized materials with supe-
rhydrophobicity have stimulated many interests owing to their
intriguing potential applications, ranging from self-cleaning,"-?!
antifogging 3! oil/water separation,l®® and even energy-
related applications.”! Inspired by nature (e.g., lotus leaves,*%!
enormous artificial superhydrophobic materials have been
designed and fabricated by combining rough surface struc-
tures and low-surface-energy coatings.'12l Of all these, 3D
porous architectures were believed to be beneficial for pro-
longing working life and enhancing separation efficiency in
the field of oil/water separation, for their intrinsic microlevel
porous structures, and longer size along the z-direction than
2D substrates.’3l Although several methods have been uti-
lized to fabricate superhydrophobic 3D porous architectures,
including bottom-up type (e.g., sol-gel methods,'*13) chemical
vapor deposition['®”! and top-down type (e.g., modification
of as-obtained polymer foams!'®2% or metal foams,?!"?2] most
products such as graphene-based foams and modified sponges
are fragile or unable to withstand abrasion. More importantly,
without effective control means, few methods could generate
ordered microstructures on 3D porous substrates, which
brings great difficulties in predicting the wettability and thus
designing desirable superhydrophobic materials. Therefore,
fabricating ordered microstructures on mechanically robust 3D
porous substrates is of great importance.

Graphdiyne, as a new member of carbon family, has aroused
many interests due to its extraordinary physical and chemical
properties. Its unique sp-sp? carbon atoms, uniform pores,
and highly n-conjugated structure result in numerous applica-
tions including Li storage,?>?4 hole-transporting materials,?’!
catalysis,[?*28 and field emission devices.[?>*% Previously, it was
found that the morphology of graphdiyne can be readily con-
trolled on 2D copper foils.3% Inspired by this, we hypothesize
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that if the ordered microstructures based on graphdiyne could
be transferred to the 3D porous foams, great superhydrophobic
materials can be fabricated for both practical applications and
theoretical analysis.

Herein, a commercially available and low-cost copper foam
was utilized as both the catalyst for the graphdiyne synthesis
and the robust 3D substrate to support the nanostructures.
By a simple and mild in situ Glaser-Hay coupling reaction,
ordered vertical honeycomb-like nanosize graphdiyne was cre-
ated throughout the whole surface of 3D copper skeletons,
providing the nanolevel structure. Combining with inherent
microlevel pores of foams, a micro/nano two-tier structure was
successfully constructed to provide high surface roughness.
After a simple poly(dimethylsiloxane) (PDMS) coating process,
the as-prepared foam showed not only extraordinary superhy-
drophobicity both in air (=160.1°) and in oil (=171.0°), but also
high resistance toward abrasion cycles. Based on these fea-
tures, it showed excellent performance in oil/water separation,
promising for water remediation.

The overall fabrication process of graphdiyne-based super-
hydrophobic foam is illustrated in Figure 1a, mainly including
two steps. First, graphdiyne was directly synthesized on the
copper foam via Glaser-Hay coupling reaction. The copper
foam served as both the robust and porous 3D substrate to
support the nanolevel structures and the catalyst to initiate
polymerization. Hexakisbenzene (HEB) served as precursor
for the synthesis of graphdiyne. The catalyst distribution and
precursor concentration were well controlled in the process
of the Glaser-Hay coupling reaction to obtain the ordered
microstructures. As a result, ordered vertical honeycomb-like
nanolevel structures based on graphdiyne were grown on the
copper foam. In this way, a micro/nano two-tier structure was
successfully constructed providing high surface roughness.
Subsequently, the graphdiyne-grown copper foam (GDCF) was
covered with low-surface-energy PDMS coating by a simple
vapor deposition process described elsewhere,?!l yielding a
robust superhydrophobic foam (denoted as PGDCEF).

Scanning electron microscopy (SEM) was used to investi-
gate the morphology information. The copper foam has a 3D
porous structure with the pore size of =200 ym and displays
approximately the same microlevel structures (Figure 1b-d)
during the overall fabrication process. The successful prepara-
tion of graphdiyne was evidenced from the Raman spectra in
Figure 2a. Four prominent peaks around 1389.8, 1576.1, 1932.6,
and 2175.1 cm™! are consistent with the results previously
reported.l3%32l The peak at 2175.1 cm™ can be attributed to the
vibration of conjugated diyne links, indicating successful cou-
pling reaction. After graphdiyne synthesis, it is clearly observed
that the smooth copper foam skeletons (Figure 1e) are covered
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Figure 1. Fabrication process of graphdiyne-based superhydrophobic foam. a) Schematic illustration, including: 1) graphdiyne was synthesized on copper foam
using a modified Glaser-Hay coupling; 2) PDMS coated the entire surface of the graphdiyne-based hierarchical structure via a vapor deposition technique.
Typical SEM images of: b,e) the pure copper foam, ¢,f) the graphdiyne-grown copper foam, and d,g) the PDMS-modified graphdiyne-grown copper foam.

with ordered honeycomb-like graphdiyne (Figure 1f). In this  nanostructures uniformly possessing the entire interconnected
way, a micro/nano hierarchical porous texture was success- 3D scaffolds of copper, with an average pore size of 150 nm. The
fully created. Furthermore, several close-up images of copper  cross section (Figure S2, Supporting Information) view sug-
skeletons in Figure S1 (Supporting Information) show ordered  gests that the honeycomb-like graphdiyne constituted of vertical
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Figure 2. Characterization of as-prepared foams. a) Raman spectra of GDCF. b) XPS spectra of GDCF before and after coating with PDMS. ¢) Optical
images of water droplets on different modified copper foams. The static contact angle (CA) of PDMS coated copper foam (PCF) is 130.8°; the static
CA of graphdiyne-grown copper foam (GDCF) is 141.5°; the static CA of PDMS coated GDY-foam hierarchical texture (PGDCF) is 160.1°, exhibiting
superhydrophilicity. d) Water CAs were measured at multiple points to give an average value which is representative of the entire surface; square,
triangle, and star show the water CAs of PGDCF, GDCF, and PCF, respectively.
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walls is =200 nm high. The introduction of PDMS during vapor
modification can be evidenced from the appearance of sil-
icon element in PGDCF in X-ray photoelectron spectra (XPS)
(Figure 2b). Figure 1g shows that the copper foam skeletons are
wrapped by a composite coating where ordered honeycomb-like
graphdiyne are embedded in the PDMS matrix.

It was believed that for a rough foam, an intermediate state
between Wenzel's and Cassie’s states was always presented,
where the droplet penetrates to some extent into the pores
leaving air pockets below, as shown in Figure S3 (Supporting
Information). On this condition, the contact angle can be
expressed by following equation:**!

cos®” = f(Ry cosf+1)-1 (1)

where 6+ is the static water CA, fis the apparent area fraction of
solid-liquid interface, Ryis a factor of surface roughness which
is defined as the ratio of the actual area of roughness surface to
the geometric projected area, and 6 is the water CA of a flat sur-
face with the same material. Obviously, the optimization of the
geometric structures (Rj) and the chemical compositions (6) are
two crucial pathways that can be directly controlled to improve
the surface wettability of samples. For the first term, the Rrcan
be significantly enhanced by hierarchical microstructures in
our system. Thanks to the ordered structures, the theoretical
model can be easily established for surface roughness calcu-
lation (Figure S4, Supporting Information), where the graph-
diyne-based nanolevel structures were modeled as a series of
vertical-aligned hollow cylinders packing in a hexagonal close-
packed style on the copper foam surface. In this way, a surface
roughness (5.25) much higher than the pure microlevel porous
foam (e.g., Ry= 2.5 in as-prepared graphene foam['”! has been
acquired. Combining with inherent microlevel pores of foams,
the surfaces with micro/nano porous structures which can pre-
serve air will also make a great contribution to the factor of f.
On the other hand, hydrophobicity can be predicted to be fur-
ther improved via a low-surface-energy PDMS coating owing
to its higher 6 compared with carbon (PDMS as =108° and
carbon as =86°"7)). In this way, graphdiyne-based foam coated
by PDMS was expected to exhibit the best superhydrophobic
behavior.

Experimentally, static contact angles (CAs) were first meas-
ured to evaluate the hydrophobic performance of different
samples (Figure 2c). For PCF, the copper foam skeletons were
only covered with a smooth PDMS film (similar morphology
to the original copper foam) and showed a lower water CA
of =130.8°, which proved that ordered vertical honeycomb-
like nanostructures based on graphdiyne may play a vital role
in the fabrication of the superhydrophobic foam. In contrast,
the GDCF exhibited much higher water CA of =141.5°. It can
be attributed to the roughness and the air pockets induced by
3D honeycomb-like graphdiyne and porous copper foam. The
optical image (Figure 2c, right) shows a water droplet depos-
ited on the PGDCF formed an almost perfect sphere and the
water CA of PGDCF is =160.1°, which means that the surface
wettability of GDCF transformed from hydrophobicity to super-
hydrophobicity because of low-surface-energy PDMS modifica-
tion. Moreover, the as-prepared foam can maintain its super-
hydrophobicity (>150°) after storing in air for 3 months.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Dynamic hydrophobic performance was also assessed by
advancing/receding (A/R) and sliding angle. As shown in
Figure 3a, 0pq,/6rec is 154.6°/98.7° which shows a high CA
hysteresis (=55.9°) and high adhesion. It could be contributed
to typically two-level porosity and low carbon hydrophobicity,
which can cause pinning of the water droplet front particu-
larly during the receding of the droplet.l'”l After low-surface-
energy PDMS coating modification, Figure 3b shows that the
advancing CA and receding CA of PGDCF are =161.2° and
=153.9°. The PGDCF exhibited slight CA hysteresis (=7.3°) and
low adhesion. It can be easily understood from Equation (1)
that a PDMS coating with a higher 6 (=108°) results in a higher
water CA (6%) and thus more repellence was induced by air
pockets (low f). The water droplets can be pumped easily due
to these air pockets between water droplets and substrates. The
low water adhesion of PGDCF was further supported by water
roll-off experiments, where a sliding angle of ~8° is obtained,
much smaller than that of PF and GDCF (>40°, Figure S5Db,
Supporting Information). Additionally, the water droplet
(=5 pL) could quickly roll off from the surface (about 0.20 s)
when PGDCEF was tilted by 5° (Figure S5a, Supporting Informa-
tion). Moreover, the effect of supporting substrate was investi-
gated by replacing the 3D copper foam with 2D copper mesh
(PGDCM) or copper foil (PGDCP) (see Figure S6 in the Sup-
porting Information). It turned out that copper foam exhib-
ited significant advantages in surface wettability, which was
attributed to its typical 3D porous structure and numerous
superhydrophobic surfaces.

Water droplets impinging such a surface of high water repel-
lence and low water adhesion tended to bounce instead of being
pinned. Ultrahigh speed video capture was used to monitor the
interaction of water droplets with the surface of PGDCF. As
shown in Figure 3c, a water droplet impinged on the PGDCF
with a velocity up to 77 cm s7!. As a result, the drop could
bounce three times before resting on the surface. In contrast,
the droplet of n-hexane could quickly spread and was then com-
pletely sucked into the PGDCF within =19.9 ms (Figure 3d),
suggesting superoleophilicity (evidenced by an oil CA = 0°).

Abrasion resistance is another important index to evaluate
the value of superhydrophobic materials for practical applica-
tions.B Herein, copper foam, which not only has enough
high mechanical strength but also numerous replaceable sur-
faces along the z-direction,3 providing a good choice for a
robust supporting substrate for superhydrophobic materials.
As shown in Figure 4a,b and Figure S7 (Supporting Informa-
tion), the sandpaper abrasion test was adopted to evaluate the
abrasion resistance of several substrates, including PGDCEF,
PGDCM, and PGDCP.

The water CAs after every abrasion cycle are shown in
Figure 4c. Compared to PGDCM and PGDCP, PGDCF shows
the highest robustness attributed to its typical interconnected
3D scaffold of copper foam. Further analysis established that
the water CAs of PGDCF decreased from =157.6° to =147.7°
after 5th cycle abrasion, but there was no obvious decreasing
tendency in the subsequent multiple abrasion cycles. For fur-
ther explanation, the images after 40th cycle abrasion were
shown in Figure S8 (Supporting Information). The coating on
the surface of copper foam was not sufficiently robust to com-
pletely resist cycle abrasion. Part of the honeycomb-like texture
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Figure 3. Measurements of foams with superwettability. a) Right: advancing liquid front for the GDCF sample indicating an advancing water CA of
~154.6°. Lift: Receding liquid front on the same sample indicating a receding water CA of =98.7°. b) Corresponding advancing and receding CA on the
PGDCF sample measured to be =161.2° and 153.9°. ) Time-lapse images of a water droplet bouncing on the PGDCF surface. Droplet sizes: =6.7 + 0.2 pL.
The impact velocity just prior to the droplet striking the surface was =77 cm s7'. d) Time-lapse images of a hexane droplet sinking in the PGDCF surface.
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Figure 4. Mechanical resistance of PDMS/graphdiyne modified different substrates (copper foam, copper mesh, and copper foil) quantified by sandpaper
abrasion tests. a) Schematic drawing of a sandpaper abrasion test. b) Process of the sandpaper abrasion cycle. c) Plot of sandpaper abrasion cycles and water
CAs (measured at five different positions, taking the average) after every abrasion test. d) Water CAs taken from several positions after 20th cycle abrasion.
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was eroded (Figure S8a, Supporting Informa-
tion), which caused a decrease of the water
CA. However, for a 3D structure, the layer
beneath the top layer was well protected
without any loss of superhydrophobicity, thus
the material can still maintain good hydro-
phobicity even after many abrasion cycles
(Figure S8d, Supporting Information). For
PGDCP (Figure 4c, circular data points), a
flat hard substrate, the nanostructures are
easily destroyed (Figure S8c and S8f, Sup-
porting Information), thus the water CAs
showed an obvious decreasing tendency
during the sandpaper test (from =146.4° to
76.8°). Furthermore, after 20th cycle abra-
sion we could find an obvious decrease of the
water CAs PGDCP (reduced to =121.3°), but
an average water CA of PGDCF remained
more than 140° (Figure 4d). Meanwhile, SEM
and optical images provide further evidence
of high mechanical strength of copper foam.
As shown in Figure S8a and S8b (Supporting
Information), copper mesh was worn out
after abrasion. But there is no visible damage
in the internal space of copper foam during
the sandpaper test.

More importantlyy, PGDCF exhibited
improved  superhydrophobicity in oils
either lighter (n-hexane) or heavier (dichlo-
romethane) than water (Figure 5c). A static
water CA under n-hexane is =171.0°, and
under dichloromethane is =167.2°. It can
be easily understood that when it was sub-
jected to oil/water mixture, hierarchical
structures of PGDCF could trap oils and
form a composite interface (oil is also highly
hydrophobic) to replace original PDMS
coating, thus remaining superhydropho-
bicity that was required in oil/water separa-
tion. Optical images (Figure 5a,b) show the
dichloromethane/water separation process
using the as-prepared foam (PGDCF) as separation mem-
brane (water was labeled by orange with xylenol orange). It can
be observed that when subjected to the oil/water mixture, the
PGDCEF can selectively block the water and allowed oil to pass
by, with a high separation efficiency (>98%) estimated by pre-
vious method.’> The separation mechanism was based on the
superhydrophobicity and superoleophilicity of PGDCF. Owing
to the existence of large microsize pores and excellent water
repellency, the PGDCEF allowed oils to quickly pass through the
pores by gravity while the water would remained on the sur-
face by the high water repulsive forces. Based on this mecha-
nism, after use, the device can be regenerated easily by cleaning
with the appropriate solvent (e.g., ethanol) for exhibiting good
recyclability.

To further study the separation ability of the as-prepared
foam, we measured the intrusion pressure of water flowing
through the foam, which indicates the maximum height of
water that the PGDCF can support. The intrusion pressure is
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Figure 5. Oil/water separation test and its mechanism. a) Separation apparatus with a dichlo-
romethane/water mixture above as-prepared foam (PGDCF). Conductive tape and polytetra-
fluoroethylene (PTFE) tape were fixed on glass tubes, sequentially, and then PGDCF sandwiched
between the two glass tubes. b) Dichloromethane passed through PGDCF whereas water
(labeled by orange with xylenol orange) was retained. c) The photograph of water droplet on the
PGDCF surface under oil. CA water (dichloromethane) =167.2°; CA water (n-hexane) =171.0°.

provided by the weight of water, therefore, the intrusion pres-
sure (p) values were calculated using equation:

P = Pghuax 2)

where p is the density of the water, g is acceleration of gravity,
and hy,,, is the maximum height of water PGDCF can support.
The intrusion pressures for water in our system were about
0.87 kPa. It means that water cannot flow through the foam
below the intrusion pressure.

In summary, an ingenious design to fabricate a uniform layer
of graphdiyne-based ordered nanostructures (nanometer-level
roughness) on copper foam (micrometer-level roughness) via in
situ Glaser—Hay coupling by using copper foam as both robust
3D porous substrate and catalyst is presented. Coupled with
PDMS coating, the resultant PGDCF exhibited superior super-
hydrophobicity with high water CA (=160°), small CA hysteresis
(=7.3°), and low sliding angle (=8°), in agreement with its high
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surface roughness (=5.25) calculated by theoretical modeling.
Moreover, the deliberately selected copper foam also endows
the PGDCF with high abrasion resistance, thus simultaneously
integrating superhydrophobicity and high mechanical strength
in one material, important for practical applications. Addition-
ally, as one example, PGDCF was used for oil/water separation,
exhibiting both high efficiency and good recyclability. The as-
presented design may open a new window for designing robust
superhydrophobic materials for water remediation. Addition-
ally, considering the intrinsic unique physicochemical proper-
ties of graphdiyne, this graphdiyne-based foam may also show
great potential in various fields such as energy storage and
Sensors.

Experimental Section

Preparation of GDCF: Pretreated-copper foam was immersed
in the mixed solution of TMEDA, pyridine, and acetone, and then
the solution of HEB was added dropwise. The mixture was heated
under an argon atmosphere at 50 °C for 12 h. Ordered vertical
honeycomb-like graphdiyne were synthesized on the copper foam. This
graphdiyne-grown copper foam was washed with heated acetone and
N,N-dimethylformamide (DMF), sequentially, to remove monomers and
oligomers, and then dried under a flow of nitrogen. Finally, GDCF was
obtained by this protocol.

Preparation of PGDCF: We coated GDCF using PDMS by a vapor
deposition technique.?"l In detail, we placed the as-prepared GDCF into
a glass container which covered with a PDMS film, and then the glass
container was kept at 235 °C for 8 h.

Supporting Information

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