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conductivity and good mechanical prop-
erties. [ 2,28 ]  Similarly, 3D graphene foams 
have also been obtained via hydrothermal 
growth of graphene/GO onto Ni foam 
surface at 80–180 °C. Wang et al. used a 
graphene oxide (GO) suspension to pre-
pare 3DGFs by a hydrothermal process 
with the assistance of noble-metal salt and 
glucose. [ 24 ]  Shi and his workers also devel-
oped a hydrothermal method to fabricate 
3DGFs without any additives excepted for 
GO suspension. [ 4,24 ]  Nevertheless, there 
are some challenges toward the fabrica-
tion and applications of 3DGFs. First, 
most of the developed approaches require 
high production cost, high temperature, 
and/or complicated manipulation and 
instrumentations. Second, the current 

methods are still not satisfactory for large-scale production of 
3DGFs in low cost, which severely limit the scale-up of their 
applications. Therefore, it still remains a signifi cant challenge 
to develop facile, mild and low-cost methods for the fabrication 
of 3DGFs on a large scale. 

 In this paper, we presented a new, template-free and cost-
effective approach for the large-scale fabrication of high-
quality 3DGFs from commercial graphite paper (GP) at room 
temperature and mild conditions. Commercial GP, made by 
compressing a collection of exfoliated graphite fl akes without 
a binder, have been widely used in gasketing, electromag-
netic interference shielding, electrochemical applications and 
stress sensing due to its good conductivity, high chemical 
stability, high temperature resistance, and low coeffi cient of 
thermal expansion. [ 29,30 ]  Moreover, as a carbon material, GP has 
good biocompatibility and abundantly availability at low cost 
(ca. $ 10/m 2 ). Herein, we demonstrated for the fi rst time that 
the use of commercial GP to massively prepare macroscopically 
porous 3DGFs by combining the modifi ed Hummer’s method 
with a freezing technique. Compared with recently reported 
strategies for producing 3D graphene, the present method has 
signifi cant advantages of simpleness, time- and energy-saving, 
low cost and suitable for massive production. The as-prepared 
3DGFs that consisted of well exfoliated, high-quality reduced 
graphene oxide (RGO) exhibited meso-porous structure and 
superior conductivity. Such these unique features enable 
the 3DGFs to hold great opportunities in energy storage and 
catalysis. For example, when directly used as a supercapacitor 
electrode, the 3DGFs were able to deliver a high capacitance of 
331.3 F g −1  at 10 mV s −1 , which is almost 8 times of GP elec-
trode (42.4 F g −1 ). When used as 3D substrate to load PANI, 
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  1.     Introduction 

 Three-dimensional (3D) graphene-based frameworks (3DGFs) 
such as foams, [ 1–3 ]  aerogels, [ 4–8 ]  and sponges [ 9,10 ]  are emerging 
as a new class of ultra-light and porous carbon materials 
because of its unique structure and fascinating properties such 
as interconnected macroporous structures, large surface area, 
low mass density, excellent electrical conductivity, and stability. 
Such characteristics enable them an interesting building block/
scaffold for realization of multifunctional materials applied in 
energy-storage devices, fi eld-effect devices, fuel cells, sensors, 
solar cells, and so forth. [ 11–22 ]  Given their potential applications, 
attempts to generate high-quality 3DGFs have been made, and 
several methods including template-assisted growth, [ 1,2,23 ]  self-
assembly, [ 4,24 ]  organic sol–gel reaction, [ 25 ]  and LightScribe pat-
terning technology [ 26,27 ]  have been developed for preparation 
of 3DGFs in recent years. For instance, Chen et al. reported a 
template-assisted chemical vapor deposition (CVD) approach 
to prepare 3D graphene foams using Ni foam as template. 
These 3D foams obtained at 1000 °C have shown high electrical 
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the PANI nanorods exhibited a highest specifi c capacitance 
of 1341.3 F g −1  (596.1 F g −1  based on the mass of the whole 
electrode) at a current density of 0.5 A g −1 . Furthermore, the 
as-prepared 3DGFs are ideal scaffolds to create novel 3D com-
posites such as 3D structured Pd@3DGFs and Pt@3DGFs. 
Pd@3DGFs and Pt@3DGFs exhibited high catalytic activity in 
Suzuki reaction and formaldehyde (HCHO) oxidation reaction, 
respectively. Thus, given the easy large-scale synthesis and all 
these unique properties, we believe there is a large feasibility 
for the future industrial preparation and application of our 
3DGFs.  

  2.     Results and Discussion 

  2.1.     Preparation and Characterization of 3DGFs 

 The synthetic procedures of macroscopically porous 3DGFs are 
illustrated in  Figure    1  a. In brief, commercial GP was fi rstly cut 
into a certain size such as 4 cm × 4 cm (Figure  1 b). Scanning 
electron microscopy (SEM) images reveal that the commercial 
GP with a very smooth surface is composed of interlaced and 
compact graphite sheets (Figure  1 e). Then, the commercial 
GP was oxidized by the modifi ed Hummer's method in a mix-
ture of sulfuric acid, nitric acid, and potassium permanganate 
(Experimental Section). Interestingly, monolithic 3D GO frame-
works (denoted as 3DGOFs) composed of oxygen-containing 
functional group were successfully obtained after exfoliated 
for 3 h at room temperature and freeze-dried. The as-prepared 
3DGOFs could still keep as a whole with only a little graphite 
falling off, and the volume was substantially expanded more 
than 10 times compared to pristine GP during the graphite 
sheets exfoliating process (Figure  1 c,d). Finally, hydrazine 
hydrate vapor was utilized to reduce 3DGOFs into 3DGFs. 
Besides inherently inexpensive nature, this approach is quite 
possible to realize much larger scale synthesis of 3DGFs by 
just enlarging the equipment. The 3DGFs have good compres-
sive strength, which could sustain large-strain deformations 

(e.g., more than 60%) under manual compression and recover 
most of the material volume without structural destruction 
(Figure S1, Supporting Information). Such ability to maintain 
structural integrity upon large deformation is very essential 
for macroscopic material which functions reliably. Figure  1 f 
presents the typical SEM images of the 3DGFs. In comparison 
to pristine GP, the thin walls of 3DGFs are almost transparent 
under SEM electron irradiation. Wrinkles and ripples arisen 
from the thin walls consisting of a few layers of graphene 
sheets are clearly observed on the surface of graphene, yielding 
a much larger surface. 

  Transmission electron microscopy (TEM) was further uti-
lized to investigate the quality and microstructure of 3DGFs. 
Figure S2 (Supporting Information) and  Figure    2  a, b show the 
typical TEM and high-resolution TEM (HRTEM) images of GP 
and 3DGFs, respectively. Signifi cantly, the lower contrast image 
of 3DGFs indicates only a few layers of graphite sheets were 
remained after the chemical exfoliated process. Simultaneously, 
selected area electron diffraction (SAED) pattern also changes 
from disordered diffraction spots to a single crystalline charac-
teristic, which is associated with the high quality of graphene 
sheet. Magnifi ed TEM images further revealed the well exfoli-
ated level of the 3DGFs (Figure  2 b and Supporting Information 
Figure S2b). Dozens layers of graphite sheets seem to seam-
lessly bond to each other with no void observed in the edge of 
GP, while only ≈2–5 layers constitute the 3DGFs. The insert 
lattice-resolved TEM image in Figure  2 b collected at the edge 
of 3DGFs revealed a lattice fringe of 0.21 nm that is consistent 
with the d-spacing of (100) plane of the hexagonal graphite 
sheet. 

  To assess the chemical composition evolution of 3DGFs, 
X-ray photoelectron spectroscopy (XPS) and Raman spectra 
of GP and 3DGFs were measured. The XPS Survey spectra 
show that there are only C and O existing on their surfaces 
(Figure S3a), revealing the high purity of GP and 3DGFs. Figure 
 2 c (upper) displays the core level C1s XPS spectrum of 3DGFs, 
which could be de-convoluted into three synthetic peaks. The 
main peak centered at 284.8 eV is assigned to the sp2 carbon 
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 Figure 1.    a) Schematic diagram illustrating the fabrication of 3DGFs. Photographs of b) GP, c) 3DGFs, and d) their comparison. SEM images of 
e) GP and f) 3DGFs.
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atoms (C–C/C = C at 284.8 eV), while the weak peaks at 285.6 
and 286.7 eV are associated with hydroxyl/epoxy groups (C–O) 
and carbonyl group (C = O), respectively. [ 31,32 ]  Figure  2 c (bottom) 
compares the core level C1s XPS spectra of GP and 3DGFs. No 
obvious change was observed between GP and 3DGFs, indi-
cating that most of the epoxide and hydroxyl functional groups 
of the 3DGFs created in the chemical oxidation reaction were 
reduced. This result is further confi rmed by core level O1s 
spectra of GP and 3DGFs that display similar shape profi le 
(Figure S3b). Raman spectra collected for GP and 3DGFs are 
shown in Figure  2 d. The peak located at 1329 cm −1  for 3DGFs 
matches well with the D band of graphene, which arisen from 
sp3 hybridized carbon. [ 33,34 ]  The high I D /I G  ratio (1:1) reveals 
that the 3DGFs have substantially higher edge/plane defective 
sites compared to the GP. Additionally, the variation of surface 
area during the exfoliating process was evaluated by nitrogen 
adsorption–desorption measurement at 77 K (Figure S4a, Sup-
porting Information). The calculated Brunauer–Emmett–Teller 
(BET) surface area of 3DGFs achieved 311.8 m 2  g −1 , which is 
much larger than that of GP (58.2 m 2  g −1 ), confi rming that 
the surface area could be remarkably increased by this pre-
sent strategy. More interestingly, our prepared 3DGFs possess 
higher electrical conductivity (252.0 S cm −1 ) and faster diffusion 
of ions than the pristine GP (68.9 S cm −1 ), which is confi rmed 
by the smaller semicircle and more steeper straight line of its 
Nyquist plots (Figure S4b, Supporting Information). Therefore, 
our as-fabricated 3DGFs, combining unique porous structure 

and electrical properties as well as ease of scalable synthesis 
from inexpensive GP, hold great promise as a superior building 
block for constructing macroscopic three-dimensional (3D) 
bulk assemblies for widespread applications.  

  2.2.     Performance of PANI@3DGFs as Supercapacitor Electrodes 

 Firstly, the large surface area, fast ion diffusion rate and excel-
lent conductivity of the 3DGFs open up new opportunities to uti-
lize our 3DGFs in energy storage application. Supercapacitors 
are emerging as a new class of energy storage device because 
they connect the gap between conventional capacitors and bat-
teries. [ 35–38 ]  Herein we evaluated the performance of 3DGFs as 
direct electrode and as 3D substrate of PANI@3DGFs electrode 
for supercapacitors. PANI nanorods were directly deposited on 
3DGFs electrode through a electrodeposition method (Details 
please see our experimental section). As present in  Figure    3  a, 
uniform PANI nanorods are coated on the surface of graphene 
sheets. TEM images in Figure  3 b show the diameters of these 
nanorods range from 10 to 60 nm. The electrochemical perfor-
mance of GP, 3DGFs and PANI@3DGFs electrodes were exam-
ined in a three-electrode system with 1.0 M H 2 SO 4  as electrolyte. 
 Figure    4  a displays the cyclic voltammetry (CV) curves collected 
for GP, 3DGFs and PANI@3DGFs electrodes at 20 mV s −1 . A 
pair of redox peaks with good symmetry, corresponding to the 
oxidation/reduction of residual oxygen-containing functional 
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 Figure 2.    a) Low-magnifi cation TEM image of 3DGFs. Inset: corresponding SAED pattern. b) High-resolution TEM image collected at the edge of 
3DGFs. c) Upper: core level C 1s XPS spectrum collected for 3DGFs; Bottom: comparison of core level C 1s XPS spectra between GP and 3DGFs. 
d) Raman spectra collected for GP and 3DGFs.
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groups, [ 39,40 ]  was clearly observed for both the GP and 3DGFs 
electrodes, revealing that they have pseudocapacitive character-
istics. In comparison with GP electrode, substantially increased 
area of the CV curve by more than one order of magnitude was 
achieved by 3DGFs electrode, indicating the 3DGFs electrode 
own considerably improved charge-storage capabilities. As 
expected, by introducing pseudocapacitive behavior of PANI 
into composite electrode, the area of the CV curve was further 
enlarged when compared with that of 3DGFs electrodes. CV 
curves of GP, 3DGFs and PANI@3DGFs electrodes at different 
scan rates are shown in Figure S5 (Supporting Information). 
The maximum specifi c capacitance of 3DGFs electrode reached 
331.3 F g −1  at 10 mV s −1 , which is almost 8 times of GP elec-
trode (42.4 F g −1 ). Noteworthy is that, despite of the porous and 
loosen structure, the 3DGFs still possess a high volumetric 

capacitance of 3.1 F cm −3  at 10 mV s −1 , which is substantially 
higher or comparable with recently reported bulk carbon based 
electrode. [ 41–46 ]  Besides, Figure  4 b summarizes the calculated 
capacitance of PANI@3DGFs electrode at different scan rates. 
As can be observed, the specifi c capacitance of PANI@3DGFs 
electrode was extended into 931.8 F g −1  at 10 mV s −1  (based on 
the mass of the whole electrode), which is more than 4 times of 
pristine 3DGFs electrode. Impressively, the specifi c capacitance 
based on the mass of PANI reached 1681.2 F g −1 . 

   Galvanostatic charge/discharge measurements were fur-
ther utilized to evaluate the electrochemical performance of 
PANI@3DGFs electrode. Figure  4 c shows the galvanostatic 
charge/discharge curves at different currents. Relatively sym-
metric profi les indicate its rapid charge/discharge property 
and reversible pseudocapacitive behavior. Corresponding 
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 Figure 4.    a) CV curves collected at 20 mV s −1  of GP, 3DGFs and PANI@3DGFs electrodes. b) Histogram illustration of capacitance contribution from 
3DGFs substrate and PANI for PANI@3DGFs electrodes at different scan rates. c) Galvanostatic charge/discharge curves of PANI@3DGFs electrode 
collected at various current. d) Specifi c capacitance based on the mass of the whole electrode and PANI calculated for PANI@3DGFs electrode based 
on the galvanostatic charge/discharge curves as a function of current.

 Figure 3.    a) SEM and b) TEM images of PANI@3DGFs.
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specifi c capacitances based on the mass of the whole electrode 
and PANI calculated for PANI@3DGFs electrode are shown 
in Figure  4 d. The PANI nanorods exhibited a highest specifi c 
capacitance of 1341.3 F g −1  (596.1 F g −1  based on the mass of 
the whole electrode) at a current of 2 mA (current density con-
sidering the mass of PANI: 0.5 A g −1 ), which is considerably 
higher than the values in recent reports for PANI electrodes, 
such as PANI fi lm [ 47 ]  (214 F g −1  at 0.3 A g −1 ), PANI/RGO [ 48 ]  
(480 F g −1  at 0.1 A g −1 ), PANI@carbon cloth [ 49 ]  (1079 F g −1  at 
1.73 A g −1 ), PANI/CNT [ 50 ]  (400 F g −1  at 0.1 A g −1 ), PANI/curved 
RGO [ 51 ]  (553 F g −1  at 1 A g −1 ). Signifi cantly, when the current 
increased into 10 mA, the specifi c capacitance still remained 
1209.7 F g −1  (537.6 F g −1  based on the mass of the whole elec-
trode) with 90.2% capacitance retention. We also studied the 
long-term cycling stability of PANI@3DGFs electrode at a scan 
rate of 40 mV s −1 . As shown in Figure S6 (Supporting Informa-
tion), PANI@3DGFs electrode possessed a normal electrochem-
ical stability of 70.2% capacitance retention after 5000 cycles, 
which is comparable with that of recently reported PANI based 
electrodes. [ 47,49,52–54 ]  The remarkable capacitance decay in the 
fi rst 500 cycles is believed to be due to the structural break-
down of PANI as a result of ion doping and de-doping during 
repeated charging and discharging processes. [ 50,55,56 ]  This volu-
metric alternation lead the precarious PANI of the surface to 
structural breakdown and falling off from the main structure. 
After this process, a relatively stable structure gradually come 
into being for PANI main structure, and thus retained relatively 
stable cycling performance after 500 cycles. All these excellent 
performances of 3DGFs electrode can be ascribed to the fol-
lowing reasons: First, the interlaced morphology of PANI and 
highly conductive nature of graphene enables rapid charge 

transport via the network. Second, the 3D graphene network 
consisting of numerous meso pore guarantees the large surface 
area, resulting in fast and easy access of electrolyte ions to the 
surface of electrode. Third, the direct connection between elec-
trochemically active PANI nanorods with 3DGFs substrate can 
effectively facilitate the interfacial charge transfer.  

  2.3.     Performance of Pd@3DGFs and Pt@3DGFs as Catalysis 

 On the other hand, as effi cient catalysts, noble metals have 
been widely used in electrocatalysis and organic synthesis. 
Forming nano-sized noble metals can effi ciently increase 
their surface area and active sites, hence resulting in higher 
catalytic effi ciency and lower cost. Herein, we further loaded 
palladium (Pd) nanoparticle on 3DGFs. It can be seen Pd nano-
particles with diameter of 2–10 nm are scattered on the sur-
face of 3DGFs from TEM images ( Figure    5  a) and SEM images 
(Figure S7, Supporting Information). The catalytic activity of as-
fabricated Pd@3DGFs was explored using Suzuki reaction of 
4-bromoanisole with phenylboronic acid in water with base of 
K 2 CO 3  (Schematic representation of the Suzuki reaction under 
aqueous conditions is as shown in Figure S7c, detailed reaction 
condition is described in experimental section). Pd@GP cata-
lyst was also fabricated to make comparison. Figure  5 b presents 
the  1 H nuclear magnetic resonance (NMR) information of the 
reaction mixture after 1 h reaction time using Pd@3DGFs and 
Pd@GP as catalyst (both 2 mol% Pd), respectively. The peaks 
located at 3.887 ppm correspond to the methoxyl of 4-methoxy-
biphenyl, while the peaks at 3.807 ppm is in consistent with the 
methoxyl of 4-bromoanisole. It can be concluded that traces of 
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 Figure 5.    a) TEM images of Pd@3DGFs. b)  1 H nuclear magnetic resonance (NMR) spectra of the Suzuki reaction mixture after 1 h reaction time 
catalyzed by Pd@3DGFs and Pd@GP. c) TEM of Pt@3DGFs. d) Formaldehyde catalytic performance of Pt@3DGFs.
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reactant exist in the Pd@3DGFs system after only 1 h reaction. 
The calculated yield through the area ratio of these two kinds of 
methoxyl peaks is up to 95.1%, which is much higher than the 
yield in Pd@GP system (only 31.8%), suggesting the excellent 
catalytic property of Pd@3DGFs. Finally, nano-sized platinum 
(Pt) was successfully synthesized on 3DGFs. Similar mor-
phology with Pd@3DGFs was confi rmed for Pt@3DGFs, while 
the diameters ranged from 2 to 5 nm (Figure  5 c). Such as-fab-
ricated Pt@3DGFs catalyst exhibited a high catalytic activity in 
HCHO oxidation, showing a large HCHO conversion of 92.0% 
even at room temperature (Figure  5 d, detailed reaction con-
dition can be seen in experimental section). All these results 
demonstrated the feasibility of 3DGFs as ideal scaffolds. 

     3.     Conclusion 

 In summary, we have developed a template-free and cost-
effective method for the massively fabrication of high-quality 
3DGFs from GP under mild conditions. By combining the 
modifi ed Hummer's method with freezing technique, the as-
prepared 3DGFs expressed a huge volume expansion of more 
than 10 times compared to pristine GP, meanwhile the spe-
cifi c surface area was increased by more than 3 times. Besides, 
3DGFs also exhibited a superior conductivity due to multiple 
effi ciency conductive pathways provided by its 3D structure. 
Simultaneously, this method is quite possible to realize larger 
scale synthesis by enlarging the device. We believe that such 
an inherently inexpensive, scalable, facile method can signifi -
cantly increase the feasibility of future industrial preparation. 
Additionally, the successful synthesis of 3DGFs further pave the 
way to explore the application of graphene in a self-supporting, 
structurally adaptive and 3D macroscopic form. Herein, we 
have demonstrated the direct use of 3DGFs as capacitive elec-
trode with high performance and as versatile 3D scaffolds to 
create PANI@3DGFs, Pd@3DGFs and Pt@3DGFs composites, 
which should fi nd applications in 3D electrode materials for 
supercapacitors and catalyst.  

  4.     Experimental Section 
  Fabrication of 3DGFs : 3DGFs were prepared by oxidation of GP 

according to the modifi ed Hummers's method. Briefl y, a piece of GP 
(4 cm × 4 cm, 2 g) was immerged in a solution containing concentrated 
sulfuric acid (40 mL) and concentrated nitric acid (10 mL). The mixture 
was cooled down to 0 °C. Then KMnO 4  (6 g) was slowly added to the 
mixture, and the reaction system was transferred to keep at 35 °C for 
3 h. Successively, distilled water (200 mL) was added, and followed by 
dropwise adding H 2 O 2  solution (30 wt%) until no gas bubbles evolved. 
The treated GP was then washed with HCl solustion (10 wt%) and 
distiled water, and freeze-dried. Finally, the treated GP was reduced 
by hydrazine vapor. In details, the treated GP was placed in a 100 mL 
sealed container, which contained hydrazine (2 mL). Then the container 
was heated at 85 °C for 24 h. 

  Fabrication of PANI@3DGFs : PANI was electrodeposited on the 
3DGFs (0.5 cm × 1 cm × 1 cm) using cyclic voltammetry technique 
in a simple three-electrode cell with an electrochemical workstation 
(CHI 760E). A Pt wire was used as counter electrode, while a saturated 
calomel electrode was used as reference electrode. The electolyte in 
this reaction was a solution of 0.1  M  aniline and 1  M  H 2 SO 4 . And the 

detailed parameter of cyclic voltammetry method is: potential range: 
0–1 V, scan rate 10 mV s −1 , 2 cycles. 9 mg PANI@3DGFs contains 
4 mg PANI. 

  Fabrication of Pd@3DGFs and Pd@GP : Pd@3DGFs were prepared 
at room temperature by a combined NaOH assisted impregnation of 
3DGFs with Pd precursor and NaBH 4  reduction process. Typically, 3DGFs 
(15 mg, 0.1 cm 3 ) was added in to H 2 PdCl 4  (5 mL, 10 m M ) solution. 
After impregnation for 6 h, 2.5 mL of the mixed solution of NaBH 4  
solution (0.1  M ) and NaOH solution (0.5  M ) were quickly added into the 
suspension. After another 6 h, the 3DGFs were taken out and washed by 
distilled. Finally, the 3DGFs were freeze-dried again. For comparison, the 
same synthesis process was conducted for GP (120 mg, 0.1 cm 3 ) under 
same condition. 

  Fabrication of Pt@3DGFs : Pt@3DGFs were also prepared at room 
temperature by a combined NaOH assisted impregnation of 3DGFs with 
Pd precursor and NaBH 4  reduction process. 3DGFs (15 mg, 0.1 cm 3 ) 
was added in to H 2 PtCl 6  (5 mL, 10 m M ) solution. After impregnation 
for 6 h, 2.5 mL of the mixed solution of NaBH 4  solution (0.1  M ) and 
NaOH solution (0.5  M ) were quickly added into the suspension. After 
another 6 h, the 3DGFs were taken out and washed by distilled. Finally, 
the 3DGFs were freeze-dried again. 

  Suzuki Reaction Catalyzed by Pd@3DGFs : A mixture of K 2 CO 3  
(1.5 mmol), phenylboronic acid (0.75 mmol) and deionized water 
(25 mL) was taken in a 250 mL round bottom fl ask. 4-bromoanisole 
(0.5 mmol) was added into the mixture under stirring, followed by the 
addition of as-fabricated Pd@3DGFs (total mass 30 mg, Pd 2 mol%). 
After stirred at 60 °C in a water bath for 1 h, the reaction mixture was 
extracted thrice with diethyl ether (30 mL), then washed twice with 
deionized water (30 mL). Finally the  1 H NMR was used to determine 
the yield. For comparison, the same reaction catalyzed by Pd@GP was 
conducted under same condition. 

  HCHO Oxidation Reaction Catalyzed by Pt@3DGFs : The HCHO 
oxidation reaction was performed in a fi xed-bed reactor under 
atmospheric pressure with the catalyst (200 mg, 40–60 mesh, Pt: 
2 wt%) loaded in a quartz tube reactor. The HCHO-containing stream 
was generated by passing a purifi ed air fl ow (N 2 /O 2  = 4, 100 mL/min) 
over HCHO solution in an incubator kept at 0 °C, leading to a feed 
gas with 50 ppm of HCHO. The gas hourly space velocity (GHSV) is 
30 000 mL h −1  g −1 . HCHO concentration in the reactant or product 
gas stream was analyzed by phenol spectrophotometric method. The 
gas stream containing trace HCHO was bubbled through 5 mL phenol 
reagent(C 6 H 4 SN(CH 3 )C: NNH 2 ·HCl, Alfa Aesar) solution (1 × 10 −4  wt%) 
for 30 s to collect HCHO. Then, 0.4 mL (1 wt%) ammonium ferric 
sulfate (NH 4 Fe(SO 4 ) 2 .12H 2 O, Tianjin Fuchen Chemical Reagent 
Company) solution was added as the coloring reagent. After shaking 
for 5 s and staying for 15 min in the dark, HCHO concentration in the 
gas stream was then determined by measuring light absorbance at 
630 nm with a spectrophotometer (UV-240, Shimadzu Co. Ltd., Japan). 
The conversion of HCHO was calculated based on its concentration 
change. 

  Material Characterization and Electrochemical Measurement : The 
microstructures and compositions of electrode materials were analyzed 
by fi eld-emission SEM (FE-SEM, JSM-6330F), Raman spectroscopy 
(Renishaw inVia) and XPS (XPS, ESCALab250, Thermo VG). 
Conductivities of our samples were measured by a standard four-probe 
method using a physical property measurement system (ST2253). Cyclic 
voltammetry (CV), galvanostatic charge/discharge measurements and 
electrochemical impedance electrochemical workstation (CHI 760E). The 
electrochemical studies of GP and 3DGFs electrodes were performed in 
a conventional three-electrode cell, using a Pt counter electrode and a 
saturated calomel reference electrode (SCE) in 1  M  H 2 SO 4  aqueous 
solution.  
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