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  1. Introduction 

 Assembly of graphene nanosheets into 
macroscopic structures (e.g., layered 
fi lms and porous scaffolds) have gar-
nered increasing attention, since it is an 
important step in exploring the advanced 
properties of individual graphene sheets 
for macroscopic applications, such as 
energy storage and converison, [  1  ]  catal-
ysis, [  2  ]  chemical fi ltration, [  3  ]  sensing, [  4  ]  and 
selective organic absorption. [  5  ]  Although 
different methods, such as fi ltration, [  6  ]  
molecular templates, [  7  ]  Langmuir–Blod-
gett assembly, [  8  ]  layer-by-layer assembly, [  9  ]  
and direct chemical vapor deposition on 
selected substrates, [  10  ]  have been used 
to assemble graphene nanosheets into 
ordered microstructure fi lms, rationally 
designed macroscopic architectures that 
offer a scope to probe additional funda-
mental scientifi c opportunities, [  11  ]  such as 
the collective electronic and mechanical 
properties, [  12  ]  are still needed. Fabricating 
and assembling known materials into 
hitherto unchartered materials realm 
offers exciting possibilities to shape and 
mould materials of specifi c design and 

Functional Free-Standing Graphene Honeycomb Films

 Fabricating free-standing, three-dimensional (3D) ordered porous graphene 
structure can service a wide range of functional materials such as environ-
mentally friendly materials for antibacterial medical applications and effi cient 
solar harvesting devices. A scalable solution processable strategy is devel-
oped to create such free-standing hierarchical porous structures composed of 
functionalized graphene sheets via an “on water spreading” method. The free-
standing fi lm shows a large area uniform honeycomb structure and can be 
transferred onto any substrate of interest. The graphene-based free-standing 
honeycomb fi lms exhibit superior broad spectrum antibacterial activity as 
confi rmed using green fl uorescent protein labeled  Pseudomonas aeruginosa  
PAO1 and  Escherichia coli  as model pathogens. Functional nanoparticles 
such as titanium dioxide (TiO 2 ) nanoparticles can be easily introduced into 
conductive graphene-based scaffolds by premixing. The formed composite 
honeycomb fi lm electrode shows a fast, stable, and completely reversible 
photocurrent response accompanying each switch-on and switch-off event. 
The graphene-based honeycomb scaffold enhances the light-harvesting effi -
ciency and improves the photoelectric conversion behavior; the photocurrent 
of the composite fi lm is about two times as high as that of the pure TiO 2  fi lm 
electrode. Such composite porous fi lms combining remarkably good electro-
chemical performance of graphene, a large electrode/electrolyte contact area, 
and excellent stability during the photo-conversion process hold promise for 
further applications in water treatment and solar energy conversion. 
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phase-transfer method in line with our previous work, [  13a  ]  
which has been described in detail in the Experimental Sec-
tion. The as-prepared complex is not soluble in water but 
readily dissolves in organic media such as chloroform, dichlo-
romethane, benzene, and so forth, resulting in transparent 
solutions. Hence, it can be extrapolated that the hydrophilic 
surface of GO has been successfully modifi ed by the hydro-
phobic alkyl chains of surfactants, and that the surfactant 
molecule can prevent the collapse and aggregation of adja-
cent graphene layers when the GO is reduced to rGO. The 
GO/DODA chloroform solution (1 mg/mL) is then cast drop-
by-drop onto the water surface (temperature 25  ° C) to form a 
thin fi lm as shown in  Figure    1  a. After the complete evapora-
tion of chloroform within 1–2 min under the moist environ-
ment, [  16  ]  the brown thin fi lm remains fl oating on the water 
surface. The as-formed fi lm is fl exible and robust, and can 
be lifted by a pair of tweezers to obtain the self-supporting 
fi lm (Figure  1 b). These fi lms shine in bright iridescent colors 
when viewed with refl ected light, indicating a periodic vari-
ation in the refractive index throughout the thickness of the 
fi lm. Figure  1 c shows a representative SEM image of the free-
standing fi lm prepared from 1 mg/mL of GO/DODA complex 
in chloroform. The top view of the SEM image (Figure  1 c) 
reveals the ordered hexagonal structure across a large area 
with uniform pores with an average diameter of about 
2.8  µ m and an interval of about 0.8  µ m between adjacent 
holes. Significantly, the variation in humidity did not affect 
the porous structure of the film once formed. The film could 
further be transferred onto various substrates, including 
glass, silicon substrate, organic polyethylene terephthalate 
(PET) film, and even hydrophobic Parafilm (Figure  1 d), on 
which traditionally, a honeycomb film cannot be prepared by 
breath figure method since the casting chloroform solution 
destroys the organic substrates. It is noted that the resulting 
films were no longer soluble in any organic solvent or water 
once reduced.    

utility. We undertook the challenge of developing a facile syn-
thesis technique to generate self-supporting, three-dimensinal 
(3D) ordered porous graphene fi lms. Specifi cally, porous fi lms 
are known to exhibit enhanced performance in sensors, optical 
devices, energy storage, and chemical separation. [  5  ,  13  ]  Ordered 
porous structures would signifi cantly improve the photoelec-
tric effect of thin-fi lm devices, for example, when graphene is 
used as the electron acceptor in dye-sensitized solar cells and 
polymer solar cells. [  14  ]  Going a step further, the free-standing 
hierarchical porous graphene fi lm may also serve as reinforce-
ment to enhance mechanical, thermal, or electrical properties 
in composite materials. [  15  ]  Taken together, free-standing and 
hierarchical porous architecture would enable graphene itself 
to serve as both the substrate and the active material, which can 
maximize device optimization. 

 Here, we introduce a low-cost facile strategy to create such 
free-standing hierarchical porous structures composed of 
graphene sheets via an “on water spreading” method [  16  ]  based 
on our previous experience in fabricating graphene sheets 
using the breath fi gure method. [  13a  ]  The resultant fi lms are 
conductive and exhibit robust chemical stability in addition to 
superior antibacterial properties and improved photoresponse 
when combined with titanium dioxide (TiO 2 ) nanoparticles. The 
rational design and engineering of the nanocomposite fabrica-
tion process avoids the risk of inhaling nanoparticles, poor fl ow 
and handling as well as metering and control. The advantages 
and potential applications are striking, such as environmentally 
friendly materials for antibacterial water treatment and medical 
applications and more effi cient solar harvesting devices.   

 2. Results and Discussion  

 2.1. Preparation of Free-Standing Graphene Honeycomb Films 

 Experimentally, the complex of graphene oxide (GO) and 
dimethyldioctadecylammonium (DODA) is prepared by the 

     Figure  1 .     a) Schematic drawing of the preparation of a free-standing honeycomb fi lm using the GO/DODA complex. b) Photograph and c) SEM image 
of the free-standing honeycomb fi lm. d) Photograph of the self-supporting honeycomb fi lm transferring onto Parafi lm.  
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were more dead cells and fewer live cells on the graphene hon-
eycomb fi lm than that on the graphite in a specifi c biovolume 
( µ m 3 / µ m 2 ) of the biofi lm layer. After 48 h incubation, although 
there were several dead cells on the graphite, the ratio of the live 
cells to dead cells was higher than that on the graphene honey-
comb fi lm which contained signifi cantly more dead cells. Fur-
thermore, there was a greater amount of extracellular polymeric 
substance (EPS), indicative of a thriving biofi lm on the graphite, 
consistent with the microscopy images as shown in  Figure    2  . 
SEM and optical images were in good alignment indicating 
robust growth of intact cells on the graphite (Figure  2 d inset) as 
against cells with disrupted membranes on the graphene hon-
eycomb fi lm (Figure  2 c, inset).   

 We also use anther model pathogen,  E. coli , [  19  ]  which were 
sprayed onto the Luria-Bertani growth medium, to study the 
antibacterial property of the honeycomb fi lm. After 24 h inocu-
lation, we could not fi nd any obvious bacterial cell growth on 
the honeycomb fi lms as shown in  Figure    3  a. The SEM images 
also show that the number of  E. coli  cells on the commercial 
glass fi ber membrane outnumbered the number of cells on 
the graphene honeycomb fi lm (Figure  3 b,c). It is noted that 
there is no observable change on the morphology of the fi lms 
before and after antibacterial experiments. All these illustrate 
that our graphene-based free-standing honeycomb fi lms have 
excellent broad spectrum antibacterial activity, which combines 
the exceptional mechanical strength, electrical conductivity, and 
biocompatibility of graphene [  20  ]  and the increased surface area 
of honeycomb structure, and thus shows a promising applica-
tion for a cell growth incubator and biomedical electrochemical 
sensing analysis.  

 The commonly used method for the preparation of an anti-
bacterial porous fi lm is through loading antibacterial agents, 
such as metal ions, [  21  ]  silver nanoparticles, [  22  ]  quaternary 

 2.2. The Antibacterial Activity of Free-Standing 
Honeycomb Films 

 Since the free-standing graphene honeycomb fi lm combines 
fl exibility and mechanical stiffness, it could potentially be used 
as varied as water treatment or as scaffolds for cell growth, [  17  ]  
a common requirement for both being the antibacterial prop-
erty. Then, the fi rst requirement for such potential applica-
tion should be antibacterial. We transferred the free-standing 
honeycomb fi lm onto glass slides or glass fi ber membrane, 
and reduced it with hydrazine monohydrate, which has been 
described in detail in the Experimental Section. The antibacte-
rial activity of free-standing honeycomb fi lms was tested using 
green fl uorescent protein labeled  Pseudomonas aeruginosa  PAO1 
and  E. coli  as model pathogens, [  18  ]  and cells grown on graphite 
as control. Laser scanning confocal microscopy (LSCM) was 
used to observe the samples in real-time and LSCM images 
were analyzed using IMARIS-Bitplane software. As indicated 
by the calculated data in  Table    1  , after 24 h incubation, there 

     Figure  2 .     Laser scanning confocal microscopy images of green fl uorescent protein labeled  Pseudomonas aeruginosa  PAO1 biofi lm on a) graphene hon-
eycomb fi lm and b) graphite surface after 48 h incubation. The biofi lm stained with live (green), dead (red) and EPS (blue) kit. SEM images of green 
fl uorescent protein labeled  Pseudomonas aeruginosa  PAO1 biofi lm on c) graphene honeycomb fi lm and d) graphite surface after 48 h incubation; insets 
are the amplifi ed images of  Pseudomonas aeruginosa  PAO1.  

   Table  1.     IMARIS analysis of specifi c biovolume ( µ m 3 / µ m 2 ) in the bio-
fi lm layer after 24 and 48 h incubation. 

 Graphene honeycomb fi lm Graphite

24 h Dead 2.45  ±  0.89 0.64  ±  0. 05

Live 0.97  ±  1.82 5.65  ±  5. 90

EPS 0.40  ±  0.15 3.20  ±  1. 42

48 h Dead 4.21  ±  0.50 5.38  ±  3. 05

Live 3.48  ±  0.06 5.55  ±  1. 98

EPS 0.85  ±  0.18 7.13  ±  3. 15
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ammonium compounds, [  23  ]  or carbon nanotubes [  24  ]  into the 
fi lms. However, the gradual leaks of the loaded additives may 
contaminate the surrounding environment while the honey-
comb fi lm may reduce the antibacterial activity. [  25  ]  Recently, it 
was reported that the fl atten graphene fi lms have antibacterial 
property. [  19  ]  Here, however, we directly use GO/DODA complex 
to prepare antibacterial porous fi lm, in which both rGO (formed 
after reduction of GO) and DODA (a kind of quaternary ammo-
nium compound) have antibacterial activity, and thus no addi-
tional antibacterial agent is needed. Furthermore, rGO/DODA 
complex is formed by electrostatic interaction which avoids the 
possible leaks (DODA is water insoluble), and thus ideal anti-
bacterial honeycomb fi lm could be expected in our system.   

 2.3. Photoelectrochemical Properties of Composite 
Free-standing Honeycomb Films 

 The interest in photovoltaic devices has long been motivated by 
the need to supplement fossil fuels with clean and renewable 
energy resources. [  14b  ]  Due to its strong oxidizing power, high 
activity, low cost, high chemical inertness, non-toxicity, and pho-
tostability, [  26  ]  TiO 2  is widely used in this fi eld. One of the bot-
tlenecks of increasing the conversion effi ciency in photovoltaic 
devices is the transport of photogenerated electrons across the 
TiO 2  nanoparticle network as it competes with charge recombi-
nation. To suppress the recombination and improve the trans-
port of the photogenerated electrons, there are several strategies 
including (1) doping metal ions or other elements (such as 
N), [  27  ]  (2) preparing a porous structure whose direction is per-
pendicular to the conducting substrate, [  28  ]  and (3) introducing 
charge carriers to direct photogenerated electrons. [  29  ]  There-
fore, fabricating a porous structure with the graphene and TiO 2  
nanoparticles can simultaneously combine the positive effects 
of latter two parts, whereby the graphene honeycomb structure 
acts as the scaffold and creates a 2D conductive support path 
for charge transport between TiO 2  nanoparticles and offer a 
solution to suppress the recombination and enhance the photo-
electric conversion effi ciency. 

 Here, as a proof-of-concept experiment, free-standing hon-
eycomb composite fi lm with graphene and TiO 2  nanoparti-
cles (P25) was prepared as shown in  Figure    4  a. A droplet of 
GO/DODA/P25 mixture solution was spread on the surface 
of water and upon the evaporation of the chloroform solvent, 
the water vapor condensed on the surface to work as the tem-
plate. During the chloroform solvent evaporation, the TiO 2  
nanoparticles spontaneously assembled into the interfaces of 

water/chloroform as a result of the Pickering 
emulsions effect. [  30  ]  The top view of the SEM 
image (Figure  4 b) indicates that the obtained 
free-standing graphene honeycomb com-
posite fi lm exhibits a uniform porous struc-
ture and the TiO 2  nanoparticles had little 
effect on the order and pore size of the free-
standing honeycomb structure. The magni-
fi ed TEM image (Figure  4 c) suggests that 
TiO 2  nanoparticles enriched the walls of the 
porous structure, leaving the center of the 
pore was intact. In such a hybrid structure, 

synergistic effect between TiO 2  and graphene would benefi t the 
electron transport and suppress the recombination.  

 Subsequently, the N 2 H 4  vapor was used to deoxidize the free-
standing honeycomb fi lm to the reduced (rGO/DODA/P25) 
fi lm, while the honeycomb structures remained intact, con-
fi rmed by Raman spectra measurements [  13a  ]  For the GO/DODA/
P25 honeycomb fi lms, there were two prominent peaks at 1570 
and 1336 cm  − 1  corresponding to the well documented G and D 
bands. [  9  ,  31  ]  After the reduction, the G and D bands could still be 
detected, but the values of  I  D  /I  G  increased in comparison to the 
GO/DODA/P25 fi lm, strongly suggesting that the conversion 
of GO to rGO in the honeycomb fi lms after exposure to N 2 H 4  
vapor (Figure  4 d). The peaks at 189, 394, 517, and 639 can be 
assigned as the [E g (2)], [B 1g (1)], [A 1g ] or [B 1g (2)], and [E g (3)] 
modes of the anatase phase, [  32  ]  respectively, which confi rms 
the successful introduction of TiO 2  nanoparticles to the honey-
comb fi lm. Post-reduction, the observable characteristic peaks 
of TiO 2  suggest that TiO 2  nanoparticles remained stable during 
the reduction (Figure  4 d). Thus, the Raman spectra confi rmed 
the presence and stability of free-standing fi lm mixed with TiO 2  
nanoparticles before and after the reduction process. Moreover, 
the electrical resistivity of the rGO/DODA and the rGO/DODA/
P25 honeycomb fi lms was measured to be 8.8 Ωm and 120.1 Ωm 
( Figure    5   a). Although the reduced graphene sheets were dis-
ordered in their distribution within the frame of the honey-
comb fi lms, the edge contacts between the reduced graphene 
sheets still guaranteed the conductivity of the whole fi lm, which 
ensured effi cient electron transport for electrical devices. The 
higher resistivity of the rGO/DODA/P25 honeycomb fi lm com-
pared to the rGO/DODA honeycomb fi lm implied that the TiO 2  
nanoparticles dispersed well within the graphene sheets, and 
this further suppressed the recombination and enhanced the 
photoelectric conversion properties of the composite fi lm.  

 To further characterize the effect of the antirefl ection on the 
graphene honeycomb fi lm, we have conducted standard abso-
lute hemispherical refl ectance measurement with an integrating 
sphere at normal incidence. The refl ectance measurement was 
carried out over a broad wavelength range (200–800 nm) which 
covers most of the solar spectrum. As shown in Figure  5 b, 
the diffuse refl ectivity measurements indicate that up to 16% 
of the incident light is refl ected on the ITO glass compared to 
the graphene honeycomb (rGO/DODA) fi lm. Signifi cantly, the 
rGO/DODA/P25 composite free-standing fi lms can be further 
reduced to less than 4% refl ected light at UV range by intro-
duced the TiO 2  nanoparticles (red curve of Figure  5 b). These 
results show that the composite honeycomb fi lm increase the 
light absorption. Photocurrent measurements were carried out 

     Figure  3 .     Antibacterial properties of the free-standing honeycomb fi lm. a) Photograph of  E. coli  
grown on honeycomb fi lm (after incubation at 37  ° C overnight); SEM images of  E. coli  attached 
to b) honeycomb fi lm and c) glass fi ber membranes (after incubation at 37  ° C for 24 h).  
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conversion behavior. Hence, fabrication of a porous structure 
with graphene and nanoparticles offer an unparalleled method 
to enhance the photoelectric conversion properties.    

 3. Conclusions 

 In summary, we developed a facile strategy to fabricate a free-
standing graphene honeycomb composite fi lm via “on water 
spreading” method. The free-standing fi lm shows a large area 
uniform honeycomb structure and can be transferred onto any 
substrates of interest. The process to form such structure is 
simple, solution processable, and environment friendly. Fur-
thermore, the obtained graphene-based free-standing honey-
comb fi lms show excellent broad spectrum antibacterial activity. 
Finally, it is easy to introduce functional nanoparticles into 
the free-standing graphene honeycomb fi lm by premixing to 
form functional hybrid fi lm. The honeycomb structures pro-
vide enhanced light harvesting properties, which is benefi cial 
for increasing the effi ciency of light conversion. Therefore, 
such composite porous fi lm combining remarkably good elec-
trochemical performance of graphene, the large electrode/
electrolyte contact area, and excellent stability during the photo-
conversion process holds promise for further applications in 
water treatment and solar energy conversion.   

 4. Experimental Section 
  Preparation of the Surfactant Encapsulated Graphene Oxide (GO) : 

GO was prepared from natural graphite powder (Sigma, 45  µ m) via 

on the as-prepared rGO/DODA/P25 composite free-standing 
fi lms by transferring the fi lms onto the ITO glass to act as elec-
trodes. As shown in the typical  I – V  curves of the rGO/DODA/
P25 composite fi lms device, with and without the irradia-
tion of a continuous light in Figure  5 c, the current drastically 
increased when light was irradiated. Photocurrent properties 
of two honeycomb fi lms with and without TiO 2  nanoparticles 
were also compared with the pure TiO 2  fi lm (same amount of 
TiO 2 ) as the control. The potential of the working electrode was 
set at 0 V (vs Ag/AgCl). A fast, stable, and completely revers-
ible photocurrent response was observed accompanied each 
switch-on and the switch-off event in the rGO/DODA/P25 and 
P25 fi lm electrodes (Figure  5 d). The photocurrent of the as-pre-
pared rGO/DODA/P25 composite free-standing fi lm electrode 
was about two times as high as that of the TiO 2  fi lm electrode. 
The improved photocurrent performance should be ascribed 
to the synergistic effects of the following factors. First of all, 
the increased photoresponse could be ascribed to the strong 
anchoring of TiO 2  nanoparticles in rGO, so that the photoin-
duced electrons were captured by the graphene easily, in other 
word, the separation effi ciency of photoinduced electrons and 
holes was improved through the electronic interaction between 
graphene and TiO 2 . [  14d  ]  Additionally, graphene holds promise as 
a transparent conductor because of its unique electronic struc-
ture [  33  ]  bearing little effect on the light irradiating on the TiO 2  
nanoparticles which are wrapped by graphene sheets or under 
several graphene layers. Finally, the porous structure of the 
electrode may reduce refl ection of light, [  14a  ]  which boosts the 
light capture inside the fi lm and enhances the light-harvesting 
effi ciency, and thus signifi cantly improving the photoelectric 
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     Figure  4 .     a) Schematic representation of the formation of the composite free-standing honeycomb fi lm with the TiO 2  nanoparticles (P25): (1) spreading 
GO/DODA/P25 chloroform on the surface of water; (2) condensing water droplet on the chloroform surface and evaporating the chloroform simul-
taneously; and (3) spontaneously assembling TiO 2  nanoparticles at the interfaces of water/chloroform due to the Pickering emulsion effect. b) SEM 
image of GO/DODA/P25 free-standing honeycomb fi lm. c) Magnifi ed TEM image of GO/DODA/P25 free-standing honeycomb fi lm. d) Raman spectra 
of the free-standing honeycomb fi lms of rGO/DODA/P25, GO/DODA/P25, and TiO 2  nanoparticles (from top to bottom) under the 488 nm laser 
excitation.  
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a modifi ed Hummers method. [  34  ]  To ensure the formation of a single 
layer of GO, the GO solution was subjected to 30 min of centrifugation 
at 14 000 rpm. The clear top solution was taken, and its pH adjusted 
to approximately 9 with 1 mol/L NaOH. Subsequently, chloroform 
solution containing 1 mg/mL dimethyldioctadecylammonium (DODA) 
was selected to titrate the GO water solution. When the color of water 
solution changed to light brown, DODA chloroform solution was no 
longer added. The organic phase was then separated to obtain GO/
DODA complex in the chloroform solution. 

  Preparation of the Free-Standing Honeycomb Films : We used the 
on-water spreading method to build the honeycomb fi lms. [  16  ]  Typically, 
the free-standing honeycomb thin fi lms were prepared by direct casting 
50  µ L of GO/DODA complex chloroform solution (1 mg/mL) onto 
the water surface. After the chloroform vaporized completely, another 
50  µ L of GO/DODA complex chloroform solution was added. The humid 
conditions were achieved by water vapor itself (25  ° C). The brown thin 
fi lms covering an area of ca. 1.5 cm 2  were left behind after the complete 
evaporation of the solvent within 1–2 min. The GO/DODA honeycomb 
fi lms fl oating on the water surface were transferred to a substrate 
such as an ITO glass or used as free-standing fi lms. To reduce the 
free-standing honeycomb fi lms, we autoclaved the fi lms, added 10  µ L 
hydrazine monohydrate into the reactor, and heated the reactor at 90  ° C 
for 16 h. The same protocol was followed to prepare the free-standing 
fi lm composite with TiO 2  nanoparticles (P25). The GO/DODA solution 
containing TiO 2  nanoparticles was prepared by adding 10  µ L 10 mg/mL 
TiO 2  nanoparticles ethanol solution into 1 mL of 1 mol/L GO/DODA 
chloroform solution. 

  Antibacterial Activity Test : The green fl uorescent protein labeled 
 Pseudomonas aeruginosa  PAO1 was grown in Luria-Bertani nutrient 
solution by incubating in a shaker-incubator at 150 rpm and 30  ° C 

(ZHWY-1102C, ZHWY, China). A fresh colony was harvested and 
grown in Luria-Bertani broth medium at 30  ° C for 3 h(OD 600   ≈  0.6) 
to serve as the inoculum for the antibacterial experiments. Samples 
were stained with concanavalin A (Con A), SYTO 9 and propidium 
iodide (PI) (Invitrogen, Eugene, Oregon, USA) for probing EPS, live 
and dead cells, respectively. The laser scanning confocal microscopy 
(LSCM) scale images were analyzed using IMARIS-Bitplane software 
and the specifi c biovolumes ( µ m 3 / µ m 2 ) and 3D reconstruction of the 
biofi lms were also carried out with IMARIS-Bitplane software. The 
morphological changes of  Pseudomonas aeruginosa  PAO1 cells on 
honeycomb fi lms were investigated by scanning electron microscopy 
(SEM). After 48 h inoculation, the membrane samples on agar plates 
were quickly fi xed with 2.5% glutaraldehyde. Then, the samples 
were dehydrated with sequential treatment with 25, 50, 75, 95, and 
100% ethanol for 10 min. The samples were freeze dried at  − 50  ° C 
before SEM testing.  E. coli  K12 ER2925 (New England Biolab) was 
cultivated in Luria-Bertani nutrient solution at 37  ° C for 18 h to get the 
exponential growth phase. The cells were harvested by centrifugation 
at 6000 rpm with phosphate buffer solution (PBS, pH 7.2), and washed 
with saline solution (0.9% NaCl) to remove residual macromolecules. 
The cells were diluted to 10 4 –10 5  colony forming units (cfu/mL), and 
sprayed onto Luria-Bertani culture medium plates. After 1 h at 37  ° C, 
the honeycomb fi lms (using glass fi ber as a support layer, ADVAVTEC, 
GC-50, 0.45  µ m) were gently placed on the top of the inoculated agar 
plates for the cells to interact with the materials. These plates were 
incubated at 37  ° C for 24 h. Control experiment with commercial 
glass fi ber membranes were conducted at the same condition. SEM 
samples were prepared using the same method as mentioned above. 
All glassware and solutions used in the experiments were autoclaved at 
121  ° C for 20 min to ensure sterility. 

c d

a b

Au electrode

Au electrode

50 µm

     Figure  5 .     a) Conductivity measurement of the free-standing honeycomb fi lm (inset: the microscopy image of the device for conductivity measurement); 
b) Refl ectance spectra of ITO glass (black), rGO/DODA (green), and rGO/DODA/P25 (red) respectively (inset: the photograph of the rGO/DODA/P25 fi lm 
on the ITO glass); c) Typical  I – V  characteristic of the rGO/DODA/P25 free-standing honeycomb fi lm in the absence and presence of irradiation; d) Current 
versus time under chopped irradiation of rGO/DODA/P25 (red), rGO/DODA (green), and P25 (black), at a bias voltage of 0 V (vs Ag/AgCl).  
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  Photocurrent Measurements : The free-standing honeycomb fi lms were 
transferred on the 2 cm  ×  3 cm ITO glass. For the pure TiO 2  fi lms as the 
control experiment, in order to have the same amount of TiO 2  and similar 
morphology, they were prepared from GO/DODA/P25 honeycomb fi lms 
by thermal removing graphene and organic component. Photocurrent 
measurements were performed in a three-electrode cell that was 
connected to a CHI 660D electrochemical station (CH Instruments), in 
which the free-standing honeycomb fi lms acted as working electrode, 
Ag/AgCl as reference electrode (3.0 M KCl) and a Pt mesh as counter 
electrode. The electrolyte was 0.5 M Na 2 SO 4  solution, and was purged 
with nitrogen for 1 h. A high-pressure Xe lamp was used as light source 
to simulate solar light. The light intensity was 100 mW/cm 2  and the area 
of the sample exposed to light was 1.5 cm 2 .  
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