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Controllable Fabrication of Transparent Macroporous
Graphene Thin Films and Versatile Applications as a

Conducting Platform

Jinhua Sun, Mushtaque A. Memon, Wei Bai, Linhong Xiao, Bin Zhang, Yongdong Jin,

Yong Huang, and Jianxin Geng*

Graphene sheets have been demonstrated to be the building blocks for
various assembly structures, which eventually determine the macroscopic
properties of graphene materials. As a new assembly structure, transparent
macroporous graphene thin films (MGTFs) are not readily prepared due to
the restacking tendency of graphene sheets during processing. Here, an

ice crystal-induced phase separation process is proposed for preparation

strength,l? and prominent optical and elec-
trochemical properties.l¥! However, the mac-
roscopic properties of graphene materials
are determined by the assembled structures
of graphene sheets. So far, various types of
graphene-assembled structures have been
developed, including graphene fibers,l 2D
compact constructs including graphene
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of transparent MGTFs. The ice crystal-induced phase separation process
exhibits several unique features, including efficient prevention of graphene
oxide restacking, easy control on the transparency of the MGTFs, and wide
applicability to substrates. It is shown that the MGTFs can be used as porous
scaffold with high conductivity for electrochemical deposition of various
semiconductors and rare metal nanoparticles such as CdSe, ZnO, and Pt, as
well as successive deposition of different materials. Notably, the macropo-
rous structures bestow the MGTFs and the nanoparticle-decorated MGTFs
(i-e., PL@MGTF and CdSe@MGTF) enhanced performance as electrode for
oxygen reduction reaction and photoelectrochemical H, generation.

1. Introduction

In recent years, graphene has been demonstrated various appli-
cations due to its unique structure and unusual characteristics
such as large specific surface area (theoretical value 2630 m? g!),
high electrical and thermal conductivities,!! high mechanical
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papers and films,”! and 3D porous gra-
phene scaffolds such as monoliths® and
beads.”! 2D compact graphene thin films
(CGTFs) can be prepared by chemical vapor
deposition (CVD),l vacuum filtration,>*P!
Langmuir-Blodgett ~ method,P?  spin
coating,”) and layer-by-layer assembly,!'”
and they have been demonstrated poten-
tial applications in photoresponse and
chemical/biological sensors,'%!! as well as
transparent electrodes for flexible electronic
and optoelectronic devices.’>'2 3D porous
graphene structures can be prepared by
hard template-assisted CVD,[% hydro-
thermal approach,® freeze—drying method,® and functional
polymer-assisted assembly.”' And such 3D graphene structures
have been widely used in electromagnetic interference shielding,
catalyst carriers, and energy storage and conversion.[3-13]

As a new assembly structure of graphene, transparent
macroporous graphene thin films (MGTFs) that combine the
features of the 2D graphene films (being micrometers thick and
transparent) and the 3D porous monoliths (having macropo-
rous structure and large specific surface area) are destined to be
promising as porous electrode materials for applications such
as optoelectronics, photo/photoelectrochemical catalysis, energy
storage/conversion devices, and chemical/biological sensing,
where the specific surface area and/or the transparency play
important roles in determining the performance of electrodes.'l
However, preparation of such transparent MGTFs is challenge-
able due to both scientific and technical limitations: the mr
stacking and van der Waals force interactions between the basal
planes of graphene sheets result in irreversible aggregation and
restacking of the graphene sheets during processing. Recently,
strategies, including nucleate boiling,!'”) breath figure,'8 and
electrochemical deposition of graphene oxide (GO),l'>¢ were
proposed to assemble graphene sheets into macroporous thin
films. However, the walls in the macroporous structures pre-
pared by these methods were thick due to the restacking of GO
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sheets during the evaporation of solvents and the process of
electrochemical deposition, leading to decreased pore volume
and increased density of the films. Therefore, it is essential to
develop a simple and effective method for building MGTFs,
which overcomes the restacking of the GO sheets, in order to
expand and enhance the applications of graphene materials.
Here, we introduce an ice crystal-induced phase separation
process for large-area construction of macroporous GO thin
films, which is followed by thermal or chemical reduction to
convert the macroporous GO thin films into MGTFs. The ice
crystal-induced phase separation process exhibits several unique
features, including efficient prevention of GO restacking, easy
control of the transparency of the MGTFs, and wide applicability
to substrates. In addition, the MGTFs show valuable features in
high pore volume, robust adhesion to substrates, good structural
stability, high electrical conductivity, and low light reflectance,
making themselves a promising platform for a wide variety of
applications, including as a scaffold for electrochemical deposi-
tion of semiconductors and metal nanoparticles and as electrodes
for photoelectrochemical H, generation and oxygen reduction
reaction (ORR). We strongly believe that the ice crystal-induced
phase separation process will be capable of serving as a versatile
technique for constructing MGTFs for various applications.

2. Results and Discussion

2.1. Preparation and Characterization of the MGTFs

Figure 1a outlines the fabrication process that comprises
1) preparation of GO hydrogel thin films by spin coating,
2) freezing of the GO hydrogel thin films in liquid N,, 3) freeze
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drying of the GO hydrogel thin films to obtain macroporous
GO thin films, and 4) thermal/chemical reduction to convert
the macroporous GO thin films to MGTFs. The oxygen-con-
taining functional groups on the surfaces of GO sheets lock a
certain amount of water to make the GO hydrogel possess a vis-
cosity. Therefore, the thickness of the GO hydrogel thin films
could be readily controlled by adjusting the concentration of
the GO hydrogel and modulating the spin coating speed. The
thickness of the GO hydrogel films played a decisive role in
determining the pore structures, which were achieved through
different growth manners of the ice crystals in the GO hydrogel
films of different thicknesses (see discussion later).

Scanning electron microscopy (SEM) images were recorded in
order to ascertain the effect of the spin coating speed and the
concentration of the GO hydrogel on the morphology and struc-
ture of the MGTFs (Figure 2). In each row, the MGTFs were pre-
pared using a same GO hydrogel (e.g., 3 mg mL™ for the first
row) and increasing spin coating speed (i.e., 600, 900, 1200, and
1500 RPM from left to right). Figure 2a displays a macroporous
film of ca. 14.7 pm thickness with micron-sized open pores. The
bottom was readily seen through holes in the top-view image,
and the most of holes were further recognized to be continuous
from top to bottom in the side-view image (the inset of Figure 2a
and Figure Sla, Supporting Information). Upon increasing the
spin coating speed to 900 RPM (Figure 2b), more bottom area
could be identified in the thinner film, and the macroporous
structures were still remained. But with further increasing the
spin coating speed up to 1200 and 1500 RPM (Figure 2¢,d), the
macroporous structures collapsed because individual GO sheets
had to be packed parallel to the substrate in a GO hydrogel film
whose thickness was smaller than the lateral size of the GO
sheets.
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Figure 1. a) Preparation of the MGTFs; b) schematic illustration of the ice crystal-induced phase separation process for preparation of MGTFs. It
is indicated that different types of macropores are formed in the surfaces of the MGTFs due to different thicknesses of the GO hydrogel thin films.
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Figure 2. a—d) SEM images of the MGTFs fabricated from a GO hydrogel of 3 mg mL™" with spin coating speed of 600, 900, 1200, and 1500 RPM;
e-h) SEM images of the MGTFs fabricated from a GO hydrogel of 5 mg mL™" with spin coating speed of 600, 900, 1200, and 1500 RPM; i-l) SEM
images of the MGTFs fabricated from a GO hydrogel of 7 mg mL™! with spin coating speed of 600, 900, 1200, and 1500 RPM. The insets show the
cross-sectional SEM images of the corresponding MGTFs. The plots of m) thickness and n) transparency of the MGTFs as function of the spin coating
speed and the concentration of the GO hydrogel. These data indicate that the thickness and transparency, as well as the structure and morphology, of
the MGTFs can be readily modulated by adjusting the concentration of the GO hydrogel and the spin coating speed.

In each column, the MGTFs were prepared using a same spin
coating speed (e.g., 600 RPM for the first column) and increasing
concentration of GO hydrogel (ie., 3, 5, and 7 mg mL!
from top to bottom). Compared with the film shown in Figure 2a,
a more concentrated GO hydrogel (5 mg mL™) yielded a thicker
MGTEF (Figure 2e), which contained interconnected and over-
lapped pores and displayed partially closed pores in the surface.
With further increasing the concentration of the GO hydrogel
to 7 mg mL™}, the thickness of the MGTF was further increased

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure 2i), and the pores in the surface became almost com-
pletely closed. By changing both the concentration of GO
hydrogel and the spin coating speed, MGTFs of different thick-
nesses could be obtained, and these films exhibited fully open
or partially open pores in the surface (Figure 2f~h,j-1). Collec-
tively, the thickness of the MGTFs, obtained from the side-view
SEM images (the insets of Figure 2 and Figure S1, Supporting
Information), and the transparency of the MGTFs at 550 nm
were summarized in Figure 2m,n. These results indicated

Adv. Funct. Mater. 2015, 25, 4334-4343
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that the MGTFs was readily adjusted in the range from trans-
parent to nontransparent by controlling the concentration of
the GO hydrogel and the spin coating speed, which distin-
guishes our MGTFs from the 3D porous graphene block.l®l As
summarized above, the surface structures of the MGTFs, ie.,
having open pores or closed pores in the surfaces, were related
to the thickness of the GO hydrogel films. A possible mecha-
nism might be due to different crystallization manners of the
water contained in a thinner or a thicker GO hydrogel film
during the liquid N,-freezing process, as outlined in Figure 1b.
Upon freezing, GO sheets get accumulated between the bound-
aries of the ice crystals due to phase separation.>>!% For a
thinner GO hydrogel film, the temperature gradient was neg-
ligible in the direction normal to the surface in the film so that
ice crystals grew homogeneously at all directions. As a result,
ice crystals were likely to protrude out of the surface of the
film due to the volume expansion of water during its crystal-
lization, leading to open pores in the surface of the MGTFs
(e.g., Figure 2a). In contrast, for a thicker film, a temperature
gradient was readily established in the direction normal to
the surface so that ice crystals grew from the surface into the

www.afm-journal.de

inner of the film, leading to closed pores in the surface (e.g.,
Figure 2i). Grooves can be seen in the MGTFs. The real time
morphology evolution of the frozen GO hydrogel film during
freeze drying was recorded under an environment scanning
electron microscopy (ESEM) (see Movie S1, Supporting Infor-
mation). It was found that the grooves were generated due to
the contraction of the MGTFs during sublimation of ice. How-
ever, for the MGTFs with closed pores, the laterally packed
GO sheets in the surfaces have higher strength in the lateral
direction than the randomly packed GO sheets. Therefore,
the size of the domains is larger in a thicker MGTF, even no
grooves found in the MGTF with completely closed pores in the
surface (Figure 2i).

This versatile and easily accessible solution-phase pro-
cessing technique enabled the MGTFs to be readily prepared
on various substrates. Figure 3a—c displays the uniform and
large-area MGTFs prepared on regular glass (2.5 cm X 2.5 cm),
ITO glass (2.5 cm X 2.5 cm), and flexible polyethylene tere-
phthalate (PET) film (5 cm X 5 cm) using a GO hydrogel of
5 mg mL™" and a spin coating speed of 900 RPM. The chem-
ical composition of the MGTFs was characterized using X-ray

Reflectance (%)

MGTF

T
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Wavelength (nm)

300

Figure 3. Photographs of the MGTFs prepared on a) regular glass, b) ITO glass, and c) flexible PET film. d) An SEM image of the MGTF prepared
using 5 mg mL™" GO hydrogel at a spin coating speed of 900 RPM, with the contact angle of water on the MGTF shown in the inset. e) An SEM
image of the MGTF at a higher magnification. Cross-section images of f) the MGTF and g) the CGTF. h) A HRTEM image of the MGTF recorded at
the edge area of a folded RGO wall, with the corresponding ED pattern shown in the inset. i) Reflectance spectra of the MGTF and the CGTF. These
data indicated that large-area MGTFs can be prepared on various substrates, and that the MGTFs have features in high specific area, hydrophilicity,
and low light reflectance.
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photoelectron spectroscopy (XPS) (Figure S2, Supporting
Information), which indicated that the O/C atomic ratio was
decreased from 0.51 for macroporous GO thin film to 0.19
for the MGTFs.?% Figure 3d,e displays the SEM images of
the MGTF prepared on ITO glass, which homogeneously
show the open and interconnected macropores. Energy-
dispersive X-ray spectroscopy (EDS) data indicated that the
bottom seen through the pores was covered with a layer
of reduced graphene oxide (RGO) (Figure S3, Supporting
Information), which facilitated effective charge transporta-
tion in the MGTF, because the substrate formed the fron-
tier for the growth of the ice crystals. The sheet resistance of
the MGTF prepared on glass substrate was measured to be
ca. 5.3 x 10* Q sq7!. Such a low sheet resistance is attributed
to the thin layer of RGO covered on the substrate and the net-
work structure of the MGTF. In addition, the MGTF showed
hydrophilic feature due to the residual polar groups on the sur-
faces of RGO sheets (the inset of Figure 3d).'7?! Such feature
made the MGTFs be wetted well in an aqueous solution and
facilitated the electrolyte diffusion in the MGTFs.l'® Com-
pared with a CGTF, which had a smooth surface since it was
prepared by drying the GO hydrogel film naturally (Figure S4,
Supporting Information), the MGTF had a larger specific
surface area since it was more than 450x thicker than the
CGTF (Figure 3f,g, ca. 18.6 pm for the former vs ca. 40 nm
for the latter). The specific surface area of MGTFs was meas-
ured to be ca. 1.34 m? cm™ by the standard method of meth-
ylene blue absorption,?? which is comparable to the value for
porous graphene monolith.?}l Furthermore, high resolution-
transmission electron microscopy (HRTEM) observations
indicated that the walls of the MGTF were very thin, just a
monolayer or a few layers of RGO sheets (Figure 3h). Electron
diffraction (ED) pattern also indicated the few-layer feature
of the walls (the inset of Figure 3h). The formation of thin
graphene walls in the MGTFs is due to the fast crystalliza-
tion of the water in the GO hydrogel films so that the irre-
versible aggregation and restacking of GO sheets can be sup-
pressed. These results implied that our MGTFs have a high
specific surface area compared with those prepared by breath
figure method or nucleate boiling method.['”'8 Furthermore,
the macroporous structure and rough morphology also affect
the optical behaviors such as light reflectance of the MGTFs
(Figure 3i), which is an important parameter to evaluate the
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light-harvesting efficiency of films. The light reflectance of the
MGTF was dramatically reduced in the wavelength range of
visible light (less than 8%), due to diffusive scattering of light
on the macroporous surface, compared to that of the CGTF.
This finding indicated that our MGTFs exhibited a higher
light-harvesting efficiency than the CGTFs. For the applica-
tions associated with photo-induced charge separation such as
photocatalysis and photoelectrocatalysis, the large specific sur-
face area and low reflectance of the MGTFs would be signifi-
cantly beneficial to improve the efficiency of the photophysical
process due to the increased electrode/electrolyte interfaces
and the enhanced light harvest (see discussion later).

2.2. Electrochemical Deposition of 1I-VI Compound
Semiconductors and Rare Metal Nanoparticles into the MGTFs

Owing to their unique characteristics, i.e., thin film feature,
large specific surface area, well-defined macropores, and high
electrical conductivity, the MGTFs show potential application
as porous electrodes. Next, we demonstrate electrochemical
deposition of CdSe nanoparticles into the MGTFs. In order to
create as many as possible interfaces between RGO walls and
CdSe nanoparticles, the MGTFs prepared with optimized con-
ditions (a GO hydrogel of 5 mg mL™, 900 RPM and 9 s for spin
coating) were used as electrode for electrochemical deposition
(Figure 3d). Such MGTFs not only have open pores in the sur-
face but also have a high surface area. The open pores facilitate
the easy access of reactant into the inner space of the MGTF
and the high surface area guarantees high loading CdSe nano-
particles with no aggregation. Figure 4a displays an SEM image
of CdSe@MGTF, which was prepared by electrochemical depo-
sition of CdSe nanoparticles for 60 s. By comparing the SEM
images recorded before and after electrochemical deposition
(Figure 3e,4a), one can see that deposition of CdSe nanoparti-
cles did not destroy the macroporous structure of the MGTFs.
Close observation under SEM and transmittance electron
microscope (TEM) revealed that the CdSe nanoparticles with
diameter of ca. 30 nm were uniformly attached on the walls of
the MGTFs (Figure 4b,c). The interactions between the CdSe
nanoparticles and the RGO sheets were robust since the com-
posite was subjected to sonication during sample preparation
for TEM observation. HRTEM images revealed the crystalline

Figure 4. a) An SEM image of the CdSe@MGTF prepared by electrochemical deposition of CdSe nanoparticles for 60 s. b) An SEM image of the
CdSe nanoparticle-decorated wall of the CdSe@MGTF recorded at a high magnification. c¢) A TEM image of the CdSe nanoparticle-decorated wall of
the CdSe@MGTF, with the HRTEM image of a CdSe nanoparticle shown in the inset. These data indicate that CdSe nanoparticles can be uniformly
deposited in the structures of the MGTFs, while the macroporous structure of the MGTFs remains intact.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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feature of the CdSe nanoparticles (the inset of Figure 4c), as lat-
tice fringes with interlayer spacing of 0.345 nm, corresponding
to (111) planes, were readily observed. It was reported that CdSe
nanoparticles were restricted on the edges of perfect graphene
sheets in electrochemical deposition because the edge areas
have a higher chemical potential than the basal planes.?¥ In
our study, the uniform decoration of CdSe nanoparticles could
be ascribed to the residual defects throughout the RGO sheets,
which acted as anchoring points to immobilize the CdSe
nanoparticles.”! In addition, the hydrophilicity of the MGTFs
ensured the uniform decoration of CdSe nanoparticles on the
walls throughout the macroporous structures.

The deposition of CdSe nanoparticles could be readily con-
trolled through tuning the deposition duration. Upon increasing
the deposition time, more CdSe nanoparticles were deposited,
eventually to a full coverage of the RGO walls (Figure S5a,b,
Supporting Information). Further elongated duration of the
electrochemical deposition led to aggregation of the CdSe nano-
particles (Figure S5c—e, Supporting Information). The crystal-
line structure and the deposition of the CdSe nanoparticles
were also investigated using X-ray diffraction (XRD) patterns
and Raman spectra. The diffraction peaks at 25.4° and 42°,
corresponding to (111) and (220) Bragg reflections, increased
with the deposition duration (Figure 5a). Meanwhile, in the
Raman spectra of the CdSe@MGTFs, along with the coappear-
ance of the feature signals of RGO and CdSe nanoparticles,
the Raman peaks at 205.2 and 411.1 cm™, corresponding
to longitudinal optical (LO) and 2LO phonons of CdSe nano-
particles,?% increased with the deposition duration (Figure 5b).
These findings further supported that the deposition
of CdSe nanoparticles into the MGTFs could be satisfactorily
controlled.

In addition, the generality of MGTFs as electrode with high
conductivity and large specific surface area for electrochemical
deposition was further demonstrated by depositing other 11-VI
compound semiconductors and rare metal nanoparticles such
as ZnO, Pt, and Pt@CdSe, which are widely applied in various
areas such as catalysis, solar cells, and fuel cells.’”] SEM and
XRD data indicated that the macroporous structures of the
MGTFs remained intact after deposition of the aforementioned
nanoparticles and that the loading quantities of those materials
were also readily controlled (Figures S6-S8, Supporting Infor-
mation). Significantly, the successive deposition of different
materials, e.g., the fabrication of Pt@CdSe@MGTFs, demon-
strated the feasibility in construction of heterojunction in the
MGTFs, which would potentially expand the application of the
MGTFs to ternary hybridized electrodes.

2.3. Photoelectrochemical H, Generation Using CdSe@MGTFs

To verify the superiority of the macroporous structures of the
MGTFs in the application as photoactive electrodes, the CdSe@
MGTFs were used as working electrode for photoelectrochem-
ical H, generation (Figure 6a). The photoelectrochemical meas-
urements were carried out in a three-electrode cell using the
CdSe@MGTF coated on a ITO substrate as working electrode, a
Pt foil as counter electrode, an Ag/AgCl electrode as reference,
and an aqueous solution of Na,S (0.25 M) and Na,SO; (0.35 M)

Adv. Funct. Mater. 2015, 25, 4334-4343
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Figure 5. a) XRD patterns of the macroporous GO thin film, MGTF, and
the CdSe@MGTFs prepared with different durations of electrochemical
deposition. b) Raman spectra of the macroporous GO thin film, MGTF,
and the CdSe@MGTFs prepared with different durations of electro-
chemical deposition. These data indicate that the deposition of CdSe
nanoparticles into the MGTFs can be readily controlled through tuning
the deposition duration.

as electrolyte. In this system, the CdSe nanoparticles acted as
light absorption agent, which led to optical absorption in the
visible light region due to its narrow bandgap. Under illumi-
nation, the interfaces between the CdSe nanoparticles and the
RGO walls resulted in efficient charge dissociation, with the
photoelectrons being injected into RGO and then transported
to the cathode for reduction of H*. For comparison, CdSe nano-
particle-coated CGTFs (CdSe@CGTF) that had no macroporous
structures were used in control tests.

Figure 6b shows the linear sweep voltammograms (LSVs) of
the CdSe@MGTF and the CdSe@CGTF electrodes, which were
prepared with the same duration (300 s) for electrochemical
deposition of CdSe nanoparticles, in the dark and under illu-
mination (100 mW cm™2). In the dark, both the CdSe@MGTF
and the CdSe@CGTF electrodes showed negligible currents in
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Figure 6. a) Schematic structures of the CdSe@MGTF and the CdSe@CGTF electrodes, which were prepared with the same parameters for the
deposition of CdSe nanoparticles, for photoelectrochemical H, generation. b) The LSVs for CdSe@MGTF and CdSe@CGTF electrodes in the dark and
under illumination of 100 mW cm™2. c) IPCE spectra of the CdSe@MGTF and the CdSe@CGTF electrodes at a potential of 1V versus the RHE, with
the optical absorption spectrum of CdSe@MGTF shown in the inset. d) Amperometric |-t curves of MGTF electrode and the CdSe@MGTF electrodes
prepared with different durations for deposition of CdSe nanoparticles at a potential of 0.6 V versus RHE as the illumination (100 mW cm™2) was
opened/chopped periodically. These data indicated that the CdSe@MGTF electrodes exhibit much enhanced performance for photoelectrochemical H,
generation compared with the CdSe@CGTF electrode because the macroporous structure and the interface between RGO walls and CdSe nanoparticles

facilitate light harvest and subsequent charge separation.

a potential range from 0.25 to 1.1 V versus reversible hydrogen
electrode (RHE). In contrast, under illumination, although both
electrodes yielded noticeable photocurrent changes at ca. 0.55 V
versus RHE, the increase of the photocurrent density for the
CdSe@MGTF electrode was faster than that for the CdSe@
CGTF electrode and the saturated photocurrent density for the
former was nearly two times higher than that for the latter (ca.
6.4 mA cm™ vs ca. 3.7 mA cm™2 at 1.1 V vs RHE). These find-
ings indicated that the recombination of the electron-hole pairs
that were generated beyond the intrinsic diffusion length was
avoided in the CdSe@MGTF electrode because of the uniform
deposition of the CdSe nanoparticles in the macroporous struc-
tures.?®l According to Faraday’s law, the loading quantities of
CdSe nanoparticles on the surfaces of MGTF and CGTF were
identical under the same electrochemical conditions. This
suggested that the CdSe nanoparticle layer was thinner and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

more interfaces were formed in the CdSe@MGTF than in
the CdSe@CGTF (Figures S5b and S9, Supporting Informa-
tion). As a result, the photogenerated electron-hole pairs were
close to the interfaces in the CdSe@MGTF, implying a short
diffusion distance for the electron-hole pairs before separation
(Figure 6a). In contrast, the thicker CdSe nanoparticle layer in
the CdSe@CGTF electrode meant a longer diffusion distance
for the photogenerated electron-hole pairs, which increased
the recombination rate of electrons and holes during charge
transportation.

The incident photon-to-current efficiency (IPCE) values for
the CdSe@MGTF and the CdSe@CGTF electrodes were also
measured at a potential of 1 V versus RHE to quantitatively
evaluate the utilization efficiency of the incident light at given
wavelengths (Figure 6¢). Although both the CdSe@MGTF and
the CdSe@CGTF electrodes exhibited the similar changing
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tendency as function of wavelength, which was well-matched
with the optical absorption spectrum of the CdSe@MGTF
(the inset of Figure 6¢), the IPCE value for the CdSe@MGTF
electrode was higher than that of the CdSe@CGTF electrode
at each given wavelength. The enhanced photoelectrochemical
performance of the CdSe@MGTF electrode could be attrib-
uted to its macroporous structure, which exhibited favorable
light harvest due to decreased light reflectance (Figure 3i)
and increased interface area between the RGO sheets and the
CdSe nanoparticles (Figure 4a—c). The large interface area
facilitated efficient charge separation, and eventually contrib-
uted to the enhanced IPCE value for the CdSe@MGTF elec-
trode. The superiority of the CdSe@MGTF electrode over the
CdSe@CGTF electrode is attributed to the following advan-
tages of the MGTF. First, the larger specific surface area of the
MGTF than the CGTF results in more interfaces between
CdSe nanoparticles and RGO walls in the CdSe@MGTF elec-
trode; second, the lower light reflectance of the MGTFs than
the CGTFs leads to higher light harvest of the CdSe@MGTF
electrode; third, the RGO walls of the MGTFs serve not only
as acceptor but also as electron transportation pathway, which
suppresses the recombination of electrons and holes. As a
result, the CdSe@MGTF electrode exhibits much enhanced
performance in photoelectrochemical H, generation compared
with the CdSe@CGTF electrode.

The photosensitivity of the CdSe@MGTF electrodes, defined
as the percentage of enhanced current upon illumination with
respect to the dark current, was further tested at a potential
of 0.6 V versus RHE as the illumination (100 mW c¢m~2) was
opened and closed periodically. Figure S10 (Supporting Infor-
mation) shows that the photosensitivity for the CdSe@MGTF
electrode was ca. 9 times greater than that for the CdSe@CGTF
electrode (592% for the former vs 63% for the latter). In addi-
tion, compared with other film-like electrodes derived from
graphene such as graphitic carbon nitride@FTO electrode,?”!
g-C3N4/N-doped graphene/MoS, ternary nanojunction,?*%
MoSe,-RGO/polyimide composite film,*" and RGO-Zn,Cd;_,S
nanocomposite,3? the CdSe@MGTF electrode exhibits a com-
parable or higher photocurrent density. Finally, the influence of
the quantity of CdSe nanoparticles on the photoelectrochemical
performance of the CdSe@MGTF electrodes was investigated
(Figure 6d). One can see that all the CdSe@MGTF electrodes,
even the one prepared by deposition of CdSe nanoparticles
with a very short duration (20 s), generated markedly enhanced
photocurrents, compared with the MGTF electrode. The slight
photoresponse of bare MGTF is attributed to the existence
of bandgap structure in RGO.*® As expected, the photocur-
rent increased gradually with the deposition time in the ini-
tial period (less than 600 s) (the inset of Figure 6d), indicating
that the increased photocurrent was directly ascribed to the
increased loading of the CdSe nanoparticles. But, upon further
increasing the deposition time (to 1200 s), the corresponding
CdSe@MGTF electrode did not display proportional increase
in photocurrent. SEM observations indicated that a too long
duration of electrochemical deposition resulted in aggregated
CdSe nanoparticles, i.e., a thick CdSe nanoparticle layer. There-
fore, the electron-hole pairs generated far from the interfaces
would not contribute to the generation of photocurrent like the
case of the CdSe@CGTF electrode. As a result, an excess of
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Figure 7. CV curves of the ORR for MGTF, CGTF, Pt@MGTF, and Pt@
CGTF. These data indicate the superiority of the macroporous structure
of the MGTF and the PP@MGTF in ORR.

CdSe nanoparticles in the CdSe@MGTF electrode would not
be beneficial to enhance the photoelectrochemical performance
of the electrode.

2.4. ORR of MGTF and Pt@ MGTF

Recently, carbon-based catalysts were demonstrated to show
improved catalytic activities in hydrogen evolution reaction,
oxygen evolution reaction,’®*) and ORR.?® The MGTF and Pt@
MGTF electrodes were confirmed to be superior over the CGTF
and Pt@CGTF electrodes in ORR due to the macroporous
structures (Figure 7). In an O,-saturated 0.1 M KOH solution,
the MGTF exhibits higher ORR catalytic activity than the CGTF.
This feature is reflected in the following aspects: 1) the MGTF
displays a more positive onset potential for ORR than the CGTF
(—0.335 V for the former and —0.422 V for the latter vs Ag/AgCl
electrode); and 2) the MGTF exhibits a larger cathodic current
than the CGTF. According to literatures, the catalytic activity of
the MGTF for ORR is comparable to that of reported carbon-
based catalysts.’”] After electrochemical deposition of Pt nano-
particles, Pt@MGTF and Pt@CGTF both exhibit enhanced
catalytic activity for ORR compared with their counterparts with
no Pt particles. In addition, the Pt@MGTF exhibits a more
positive peak potential and a higher ORR reaction current than
the Pt@CGTF electrode. This finding indicates the superiority
of the macroporous structure in ORR, which could be ascribed
to the facilitated reactant transport inside the pores and the
increased interfaces between the catalyst and the reactant.’®!
Therefore, the versatile structure features of the MGTF make
itself a promising candidate for fuel cells.

3. Conclusion

We proposed an ice crystal-induced phase separation process
for preparation of MGTFs, which overcomes the irreversible
aggregation and restacking of GO sheets, leading to a high pore
volume in the MGTFs. The simple solution processing method
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does not need chemical modification of GO sheets, avoiding
impurity involved in the MGTFs. In addition, the method also
shows advantages in large-area preparation, controllable thick-
ness, and wide suitability to substrates. Therefore, the MGTFs
show potential applications as porous electrode in various
areas. As a proof of concept, the MGTFs have been successfully
demonstrated as scaffold for electrochemical deposition of II-
VI compound semiconductors (CdSe and ZnO) and rare metal
nanoparticles (Pt), as well as successive deposition of different
materials (Pt@CdSe), with controllable loading quantity. And
the macroporous structures facilitate to enhance the perfor-
mance of the MGTF and the nanoparticle decorated electrodes
(Pt@MGTF and CdSe@MGTF) in ORR and photoelectrochem-
ical H, generation. With the valuable features aforementioned,
we expect that our MGTFs will be useful as electrodes for
applications in areas such as catalysis, solar cells, and energy
storage and conversion.

4. Experimental Section

Preparation of MGTFs: Graphite oxide was synthesized from
natural graphite powders by a modified Hummer's method.F®3 The
graphite oxide was further purified by cycles of centrifugation and
dispersion in water. The graphite oxide got exfoliated as proceeding of
the purification so that the volume of the material became larger and
larger. Upon exfoliation, severe centrifugation (17000 RPM and 5 h)
was required to separate the GO. Such purification would not stop until
the pH value of the supernatant was close to 6. After the supernatant
was decanted, a GO hydrogel was obtained, as shown in Figure S11
(Supporting Information). The concentration of the as-prepared GO
hydrogel was determined by drying a small portion of the hydrogel at
50 °C overnight in a vacuum oven (ca. 1.96 wt%). GO hydrogels with
various concentrations (3, 5, and 7 mg mL™") were prepared by diluting
the as-prepared GO hydrogel with DI water. Regular glass, ITO glass,
and PET films were used as substrate for preparation of the MGTFs. In
a typical procedure, GO hydrogel thin films were first spin coated on
substrates using the aforementioned GO hydrogels at a spin coating
speed of 600, 900, 1200, and 1500 RPM with the same spin coating
time of 9 s. The GO hydrogel thin films were immediately frozen in
liquid N, for 10 min and then transferred into a lyophilizer machine
for freeze drying, leading to formation of macroporous GO thin films.
Finally, the macroporous GO thin films formed on the substrates of
regular glass and ITO glass were converted into MGTFs by thermal
reduction at 400 °C in a tube furnace for 2 h under Ar atmosphere.[**!
The macroporous GO thin films formed on PET films were converted
into MGTFs by chemical reduction using hydrazine vapor at 40 °C.133 A
series of MGTFs with different thicknesses were prepared by alternatively
changing the concentration of GO hydrogel and the spin coating speed.

Electrochemical ~Deposition of CdSe, ZnO, Pt and Pt@CdSe
Nanoparticles: All the electrochemical deposition was carried out in a
three-electrode electrochemical cell with the “amperometric /-t curve”
mode using the MGTFs prepared on ITO glass as working electrode,
a Pt wire as counter electrode, and an Ag/AgCl (sat. KCl) electrode as
reference. CdSe nanoparticles were deposited at 55 °C using an aqueous
solution containing CdSO, (0.09 m) and SeO, (0.003 m) at a potential
of —0.65 V versus Ag/AgCl (sat. KCl) electrode for different durations
(20-1200 s). The pH value of the solution was adjusted to be 2.5 using
a H,SO, solution. The ZnO nanoparticles were deposited at 60 °C
using an aqueous solution containing Zn(NO;), (0.05 m) and KCl
(0.05 m) at a potential of =2 V versus Ag/AgCl (sat. KCl) electrode for
different durations (20-1200 s). Pt nanoparticles was deposited at room
temperature using an aqueous solution containing K,PtClg (0.002 m) and
HCIO, (0.5 m) at a potential of —0.2 V versus Ag/AgCl (sat. KCI) electrode
for different durations (20-1200 s). Pt@CdSe nanoparticles were
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deposited by successive fulfillment of the electrochemical deposition of
CdSe and Pt nanoparticles using the aforementioned parameters. These
nanoparticles can also be deposited on the surfaces of CGTFs by using
CGTF-coated ITO substrates as working electrode.

Photoelectrochemical ~H, Generation: Photoelectrochemical H,
generation was carried out in a three-electrode electrochemical cell
using CdSe@MGTF or CdSe@CGTF coated on ITO glass as working
electrode, a Pt foil as counter electrode, and an Ag/AgCl (sat. KCI)
electrode as reference. A deaerated aqueous solution containing Na,S
(0.25 m) and Na,SO;3 (0.35 m) (pH ca. 12.8) was used as electrolyte.
The Na,S and Na,SO; also served as sacrificial reagent to maintain
the stability of CdSe.[*'! The photocurrent was recorded on a Zennium
40088 electrochemical work station under the illumination produced
using a CEL-HXB UV 300 light source. The IPCE was measured under
monochromatic irradiation from a Xe lamp (CEL-HXB UV 300) equipped
with bandpass filters (central wavelengths: 405, 420, 450, 475, 500, 520,
550, and 600 nm; FWHM: 10 nm).

ORR Measurement: Cyclic voltammetry (CV) experiments (using
CHI 760E) were conducted in a three-electrode electrochemical cell
using a Pt foil as counter electrode, an Ag/AgCl (sat. KCI) electrode
as reference, the MGTF, CGTF, Pt@MGTF or Pt@CGTF coated on
ITO glass as working electrode, at a scan rate of 10 mV s™'. Electrolyte
(0.1 M KOH) was saturated with oxygen by bubbling O, for 20 min prior
to the measurements.

Characterization: SEM observations were performed on a Hitachi
S-4800 microscope operated under an accelerating voltage of 10 kV.
The real time morphology evolution of a frozen GO hydrogel thin film
was recorded on an ESEM (QUANTA FEG 250) as changing the vapor
pressure at —20 °C. TEM images were obtained using a JEOL JEM-
2100F microscope operated under an accelerating voltage of 200 kV.
The XRD patterns were collected on a Bruker D8 Focus diffractometer
with an incident wavelength of 0.154 nm (Cu Ko radiation) and a
Lynx-Eye detector. XPS spectra were recorded on a PHI Quantera
Scanning X-ray Microprobe with a monochromated Al Ko radiation of
1486.7 eV. Raman spectra were recorded on a Renishaw inVia Reflex
confocal Raman microscope with an excitation wavelength of 532 nm.
Optical absorption and transmittance spectra were recorded with a
Cary 5000 spectrophotometer, and the optical reflectance spectra were
collected on the same machine equipped with an integrating sphere.
The contact angles were measured using the sessile drop method and
recorded optically and analyzed automatically using drop shape analyzer
(Contact Angle System OCA20, DataPhysics Instruments). The sheet
resistance of the MGTF was measured by coating two Al contacts on the
top of a MGTF with the distance between the electrodes and the length
of the electrodes being equal. I-V curve was measured using Cryogenic
Probe Station (CRX-4K, Lake Shore Cryotronics, US) and recorded by
Semiconductor Parameter Analyzer (4200-SCS/F, Keithley, Tektronix, US).
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