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Abstract

Graphene oxide foams with a wide range of poly (vinyl alco-
hol) contents were synthesized by freeze casting, and then
thermally reduced at 300°C in argon atmosphere. Their ther-
mal stability, microstructure, composition and chemical states
of constituents, mechanical and electrical properties were
investigated by X-ray diffraction, scanning electron micros-
copy, X-ray photoelectron spectroscopy, thermogravimetry,
compressive testing and electrochemical analysis. The results
indicated that the PVA content highly influenced the crystal-
linity and microstructure, resulting in different mechanical
properties. After thermal reduction, not only graphene oxide
was reduced to graphene, but also PVA was subjected to par-
tial pyrolysis. With the increase of the PVA content, the inten-
sity of the sp2 C-C bond decreased while the sp3 C-C bond
increased. Although the mechanical properties decreased
after thermal reduction, the composite foams still showed
high cyclic structure stability up to 18 % compression strain.
Meanwhile, the reduced foams exhibited high electrical con-
ductivity. Applying as anodes in lithium ion battery, the initial
discharge capacity for the foams can reach 1822 mA h g’ and
it remained more than 330 mA h g after 50 cycles.
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1 Introduction

Graphene, a single sheet of carbon atoms patterned in a hex-
agonal lattice form, has recently attracted much attention for its
excellent mechanical, electronic and thermal properties [1, 2].
Self-assembly of graphene is a simple method for the preparation
of novel materials, such as one-dimensional (1D) tube-in-tube
nanostructures [3], and two-dimensional (2D) films [4, 5]. It is
believed that three dimension (3D) graphene architecture, similar
to a foam, will further expand its significance in various appli-
cations [6, 7], such as electronic devices including supercapac-
itor, lithium-ion batteries, fuel cells, dye-sensitized solar cells,
electrochemical sensors, environmental clean-up and biomedical
equipments [8-10]. For example, 3D graphene architecture with
different pore sizes from sub-micrometre to several micrometres
was obtained by Kim et al. [11] and exhibited excellent electro-
chemical performance due to the high-rate transportation net-
work of the electrolyte ions and multidimensional electron trans-
port pathways for a high performance field emitter.

Notwithstanding the great potentials of graphene foams,
there is a major concern on the structure stability, which can
strongly affect the reliability and performance of this mate-
rial. To achieve the better structure stability, polymeric mate-
rials such as Poly (vinyl alcohol) (PVA) can be blended with
graphene or graphene oxide (the precursor for graphene) due
to the strong bonding between them. It has been found that not
only the mechanical properties but also electrochemical prop-
erties of the composites can be well improved [12, 13].

Generally the composites can be divided into three catego-
ries in term of the relative content ratio of graphene and poly-
mer. Firstly, the graphene (GR) or graphene oxide (GO) is the
matrix, and a limited amount of PVA usually less than 10 wt.%
were added to improve the stacking of carbon planes [14-17].
For example, Chen et al. [18] added 10 wt.% PVA to form a sta-
ble network in which PVA chains align along the GO plane to
prevent the restacking of GO nanosheets in the drying process
and thus equipped with high capacity and excellent rate per-
formance as anode materials for Li-ion batteries after reduc-
tion. On the other hand, GR or GO nanosheets can be added
into the PVA matrix in order to obtain better mechanical,
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thermal and electrical properties [19-22]. The amount of GR
or GO is usually low (< 10 wt.%) to avoid the aggregation [23].
Zhang et al. [24] added 0.8 wt.% GO into a PVA matrix and the
resulting GO/PVA hydrogel exhibited a 132% increase in ten-
sile strength. Ye et al. [25] fabricated 3D GO-epoxy composite
aerogel with maximum 9 wt.% GO, which not only exhibits
a higher decomposition temperature and better mechanical
strength (~0.23 MPa), but also achieves high elasticity, as it
recovers from a large compressive strain without significant
permanent deformation.

Besides the composites based on GO or PVA matrix men-
tioned above, several researchers [26, 27] indicated that GO/
PVA foams with comparable weights of GO and PVA were also
obtained using solution mixture and freeze casting as GO and
PVA are hydrophilic and can be well dispersed in water. Bai et
al. [28] fabricated the GO/PVA nanocomposite hydrogel with
various weight ratios (r,,;) from 1:1 to 1:40. It was found that
GO sheets formed a network and PVA acted as a cross-link-
ing agent and the GO/PVA hydrogel can be used for selectively
releasing drugs. Kim et al. [29] explored the gelation of aqueous
dispersions composed of GO and PVA with r, . in the range of
3:1 to 1:15 and found that the compression mechanical proper-
ties of GO aerogels prepared by freeze casting were strongly
affected by their weight ratios. The material with r, =1:2 can
fully recover without fracture even after 94% compression.

All the researches indicated that the composite foams can
exhibit improved properties, however, the effects of PVA
content were not investigated deeply. It is of interest to find
whether there is any transition from GO network to PVA net-
work with the change of weight ratio? Does the 3D structure
and the related structure stability affected? These questions
are of both scientific and technical importance in building up
designed foams for further applications.

A number of studies indicated that GR foams can be used
in Li-ion batteries and supercapacitors [14, 30-32], which
can be obtained by the reduction of GO foams using chemi-
cal reduction and thermal reduction. For example, Chen et al.
[19] reduced GO foams by mild chemical reduction at 95 °C
under atmospheric pressure using NaHSO,, Na,S, Vitamin C,
HI, and hydroquinone and proved their potential applications
in supercapacitors. However, the recovered conductivity by
chemical route was usually less than that obtained by thermal
reduction [7]. It makes sense that the electrical conductivity of
GO/PVA composites could be recovered by thermal reduction
as not only GO can be reduced but also PVA can be carbonized
at high temperature. The chemical composition and bonding,
the structure stability of the reduced GO/PVA (r-GO/PVA) can
also be significantly affected by the thermal reduction.

Therefore, in this work 3D architectures of pure GO and GO/
PVA composites with different weight ratios (GO: PVA=3:0.5
to 3:5) were synthesized by solution mixture and freeze cast-
ing. With post thermal treatment, their phase, composition

and element states of constituents, pore structure, mechani-
cal properties and electrochemical performance in lithium ion
batteries were investigated.

2 Experimental
2.1 Materials

Graphene oxide (GO) was synthesized using a modi-
fied Hummers method [33] using natural graphite powders
(~200 mm) The obtained GO solution was exfoliated by ultra-
sonication for half an hour prior to further use.

To prepare the GO/PVA suspension, a certain amount of
PVA powder (1788, MW=22,000, Aladdin) was slowly dis-
solved in deionized water at 85°C for 20 mins. GO solution
(17 mg/ml) was added in the PVA solution and kept stirring
at 85°C for 40 mins. The weight ratio of GO and PVA (r
was set to 3:0.5, 3:1, 3:2, 3:3 and 3:5.

The mixture was then placed in a polydimethylsiloxane
(PDMS) mould with a diameter of 12 mm and a height of 15 mm
as shown in Fig. 1. When the aqueous solution was fully frozen

GO/ PVA)

by liquid nitrogen from the top, the frozen samples (Fig. 1b)
were taken out from the mould and dried for 48 h at -50 °C.
For thermal treatment, the foams were heated in Ar atmosphere
to 300 °C, and then kept for 2 h, Finally, the samples were
cooled with the furnace. In comparison, starting/original GO
and thermally reduced GO (r-GO) samples were also prepared.
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Fig. 1 (a) The schematic diagram of freeze drying, and typical photos of (b)
GO/PVA foam (c) thermally reduced r-GO/PVA foam.

2.2 Characterization

Thermal stability analysis of the foams were conducted on
a thermogravimetric analyser (TGA) (Perkin-Elmer TGA2050)
from 50 to 800 °C at 10 °C-min™ heating rates in N, atmosphere.
The X-ray diffraction (XRD) analysis was performed on a
Rigaku SmartLab TM 3 kW diffractometer with Cu Ko radia-
tion (A=1.54 A) at a scanning speed of 5°min™ from 5° to 90°.
Raman spectroscopy was carried out on a Horiba Jobin Yvon
LabRAM HR800 Micro-Raman spectroscope with excitation
laser beam wave-length of 532 nm. To investigate the micro-
structure, the foam was cut into a cylinder with height ~1 cm and
then investigated using scanning electron microscopy (SEM)
(FEI Sirion-200 field emission scanning electron microscope).
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For the composition and chemical state analysis the heat
treated monoliths were crushed and pieces of about 3x3x1 mm
were selected from the inner part of all samples. X-ray pho-
toelectron spectra were recorded on a Kratos AXIS Ultra
DLD spectrometer operated at fixed analyser transmission
mode, using monochromatic Al Ka,, excitation. Photoelectron
lines of the main constituent elements, i.e., the Cls and Ols
were acquired by 0.1 eV steps. Spectra were referenced to the
energy of the Cls line of the sp2 type graphitic carbon, set at
284.3+0.1 eV binding energy or to the energy position of sp3
carbon set at 284.9 £ 0.1 eV in cases where this was the pre-
dominant Cls peak. Spectra were acquired and processed by
the Kratos Vision software package. Area intensity data were
obtained after Shirley type background removal. Quantitative
analysis was performed by the XPS MultiQuant program [34].

2.3 Mechanical measurements

Compression tests were performed by a Compression
Testing Machine (IBTC-300, Care-mc Co., China). All materi-
als including GO/PVA and r-GO/PVA foams were compressed
using a displacement-controlled mode with a ramp rate of
2 mm-'min to 50 % strain.

For the r-GO/PVA foams, the simultaneous mechani-
cal-electrical behaviour was carried out during single and
cyclic compression testing by the adoption of a DC power sup-
ply (M8811, Maynuo Co., China). 50 cycles under a compres-
sion rate of 2 mm-'min' to ~15 % strain were used.

2.4 Electrochemical measurements

The electrochemical properties of the samples were deter-
mined using a 2032-type coin-cell format. The electrode was
cut from the as-prepared sample which remained the original
3D structure. Pure lithium foil and a micro-porous polypro-
pylene film (Liyuan lidian, China) were used as the count-
er-electrode and separator, respectively. The electrolyte con-
sisted of a solution of 1 M LiPF, in ethylene carbonate (EC)/
dimethyl carbonate (DMC) (1:1 by volume). The cells were
assembled in an argon-filled glove box with the concentra-
tions of moisture and oxygen below 1 ppm. Cyclic voltamme-
try (CV) measurements were performed by the electrochem-
ical station (CHI660E, CH instruments, China) with a scan
rate of 0.5 mV-s™.

3 Results and discussion
3.1 Thermal stability

The thermal stability of GO, PVA and the GO/PVA foams
is shown in Fig. 2. For the GO, the mass decreases slightly
when the temperature increases to ~110°C due to the loss of
adsorbed water. A sharp drop is observed between 150 °C and
250 °C which can be ascribed to the decomposition of labile
oxygen functional groups. [35] With the increase of tempera-
ture, the mass is decreased gradually up to 800 °C.
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Fig. 2 TGA results of GO, PVA and GO/PVA composite foams.

The PVA showed better thermal stability than GO from
room temperature up to ~250 °C. The initial mass loss below
150 °C can be also attributed to the removal of absorbed water.
The dissociation of the hydroxyl bonds, and other decomposi-
tion processes gained high velocity above 250 °C and ceased
down above 450 °C. [36] The total mass loss of PVA at 500 °C is
~93%. As the original C content in PVA ([C,H,O] ) is 55 wt.%,
the loss can be caused not only by the loss of H and O, but also
of C through the formation of carbon-containing gases.

The GO/PVA composites decompose in a two-stage process.
The first step for significant mass loss, similarly to GO, starts
at ~150 °C, thus it can be assigned to the decomposition of GO
alone. The addition of PVA can clearly improve the thermal
stablity of GO. This is due to the extensive interfacial bond-
ing developing between PVA and GO [26]. The second stage
starting from ~300 °C represents for the decomposition of PVA
and exhibites as the sharp drop of mass loss, especially for the
sample with higher PVA contents (3:3 and 3:5). Furthermore,
all the GO/PVA composites exhibited better thermal stability
than the PVA which can be also ascibed by the strong interfa-
cial bondings. Similar observation was reported earlier for a
PVA/SiO, nanocomposite [37].

3.2 Phase structure

Fig. 3a illustrates the XRD patterns of the GO, PVA and
GO/PVA foams. The pure GO shows a broad peak at 10.69°,
corresponding to a layer distance 0.826 nm between GO
nanosheets. The PVA exhibits a wide peak at ~19.63°, corre-
sponding to its crystalline phase [18]. The broaden peak indi-
cats its semi-crystalline structure.

For GO/PVA composites, the XRD patterns are different
from both of pure GO and PVA. With the increase of PVA
content, the GO peak in Zone I (Fig. 3a) shifted to the lower
angle with reduced intensities, while the PVA peak in Zone
IT in Fig. 3a moved to the higher angle with enhanced inten-
sities. When the r was 3:1 and 3:3, the peak of GO is

GO/PVA
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GO/PVA foams with ratio 3:1.

9.69° and 5.50° corresponding to the layer distance of 0.912
and 1.605 nm, respectively. The increased width and the
decreased intensity suggests the increased disorder of the
GO layer structure. Atr, .. .=3:5, this peak cannot be clearly
detected. Meanwhile, the PVA peak in Zone II was barely seen
at ., =3:1. With the increase of the PVA content, this peak
moved to 18.11° and 18.71°, at r,, ,,,,=3:3 and 3:5, respectively.
These findings indicate that the added PVA molecules can
intercalate GO nanosheets, leading in the increased spacing
distances and the disorder of their structures. When the PVA
content reaches over 50 wt.%, crystalline PVA appeares in
the composites.

Fig. 3b compares the effects of thermal reduction on the
XRD patterns of GO and GO/PVA (3:1) foams. After the ther-
mal treatment at 300 °C the GO peak was shifted to ~25.97°
corresponding to graphite, similar to others’ observation [29].
For r-GO/PVA, a much broader peak was observed at ~25.29°.
This suggests that not only graphene oxide was reduced, but
also the PVA was subject to pyrolysis.

3.3 Raman analysis

Fig. 4 shows the typical Raman spectra of GO/PVA and
r-GO/PVA foams. There are two strong bands at ~1350 and
1590 cm™, corresponding to the D and G bands. These D and
G bands are recognized as the presence of defects in the sam-
ples and the size of the in-plane sp2 domains, respectively.
After thermal reduction, the G band shifted to 1580 cm™ clos-
ing to the value of graphite, and the ratio between the intensi-
ties of the D and G bands (I /1)) increased slightly from 0.91
to 0.93, indicating slightly more defects in the -GO/PVA foam
according to the Tuinstra relation, which proves that the I/
I, varies inversely with the size of the crystalline grains or
inter-defect distance. [38]
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Fig. 4 Raman spectra of GO/PVA and r-GO/PVA composites.
(GO: PVA=3:1).

3.4 XPS analysis

High resolution Cls and Ols spectra of r-GO/PVA foams
were obtained by XPS. The overall surface composition
(depicted in Fig. S1 Table S1, Supporting information) shows
that almost similar amount of oxygen is removed by the heat
treatment from both the GO and PVA samples. It is interesting
to note that the extent of the reduction for the composite sam-
ples does not differ significantly from those of the constituents.

Fig. 5 shows the O Is and C 1s spectra of the samples. It
is clear that Ols of the -GO and the r-GO/PVA 3:1 consist
of three major components and those of 3:3 and 3:5 samples
consist of only two dominant components. It is not so obvious
that Ols of the r-PVA is also composed of the two components
but with different proportion. Cls spectra of the samples are
much more complicated. While the sp2 component at 284.3
eV dominates the spectra of the r-GO and the -GO/PVA 3:1,
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Fig. 5 Comparison of (a) O 1s and (b) C Is spectra of thermally treated GO, PVA and GO/PVA composites with weight ratios 3:1, 3:3 and 3:5.

it is significantly reduced for the 3:3 and 3:5 composites and
further reduced in the r-PVA. In the latter three samples the
sp3 component at 284.9 eV is dominant. Although it is not so
obvious due to the shifted baseline, the component at 286.6
eV of these samples is also much more intense. It is important
to note that the most shifted highest energy Cls component
at about 288.8 ¢V was developed only in the -GO/PVA 3:3
and 3:5 samples. This suggested that at least one new reaction
pathway was operative at the thermally activated interaction
between the functional groups of the GO and of the PVA.

This qualitative information was supported in a quantita-
tive manner by the accurate peak synthesis applying the min-
imum number of components of with similar energy position
and of peak-widths of 1.2-1.4 eV and 1.1 eV for the sp2 Cls
(graphene) component. In fact, when the samples are built up
of different nanoclusters with different functional groups, the
chemical environment for the nearest bonded atoms may vary
depending on the nature of the second neighbours. Thus the
measurable energy shift of the specific peaks may vary sig-
nificantly (0.3 eV or even more) [24, 39-41]. An example of the
peak synthesis of the Ols and Cls regions for the rGO/PVA
3:3 sample is shown in Fig. S2 (Supporting information). As
clearly seen, the summarised intensities of the peak compo-
nents are accurately matching the recorded spectra.

In Table 1 the relative concentrations of the determined
peaks are collected together with their BE (eV) and the

proposed assignments of the bonding states. For the r-PVA
sample it was found that the unreacted carbon (sp2 and sp3)
peaks were in the same energy positions, and the other Cls
components were also only slightly different. The BE values
of Ols components for this sample differ significantly: Ol is at
531.2 eV and O2 is at 532.4 eV. The most intense components
of the tabulated data are also shown in Fig. S3 (Supporting
information).

The most obvious change is the inverse variation of the
sp2 and sp3 carbon concentrations. It was found that sp2 for
the r-PVA was diminishing. This cannot be attributed to the
disappearance of the graphene environment, but the result of
the screening effect of the PVA, decreasing the signal of the
underlying GO. As the PVA molecular chains can evenly and
completely surround the GO nanosheets, a core-shell structure
can be formed and be preserved after heat treatment.

Analysing the other corresponding values of the Cls and
Ols components a reasonable quantitative agreement was
found. The importance of this is that it supports the valid-
ity of the suggested assignments of the peak components to
specific chemical states.

The closest, almost exact correspondence was found
between the C5 and O2 components both representing the
0-C=0 environment. The partner of C3, single bonded C-O,
corresponded to the O3 component, in which part of this oxy-
gen may be C-OH and a smaller part is ether type C-O-C. The

Table 1 The relative concentrations of the components by XPS analysis together with their BE (eV) and the proposed assignments of the bonding states for
r-GO, r-PVA and r-GO/PVA composites with different weight ratios

Peak (at.%) C1 Cc2 C3 C4 C5 Ol 02 03 04

B.E. (eV) 284.3+0.1 284.9+0.1 286.2+0.2 287.3+0.3  288.8+0.3 530.6+0.1 531.8+0.3 533.3+0.3 534.3+0.2
Chemical state sp2 C-C sp3 C-C C-O C=0 0O-C=0 O=Car O0*=C-0-C C-O/C-O-C 0O=C--O*H
r-GO 52.3 15.5 9.5 2.9 5.1 2.4 4.7 7.0 0.6
r-GO/PVA 3:1 499 18.3 10.5 3.7 3.9 2.6 3.9 6.6 0.6
r-GO/PVA3:3 274 335 11.0 2.5 8.0 1.0 7.8 8.4 0.4
r-GO/PVA 3:5  27.6 34.6 11.1 3.2 6.8 0.9 7.7 7.5 0.5

r-PVA 0.8 57.7 18.6 5.5 1.5 0.7* 12.4* 2.7 0.2
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right proportion of these two states could fill the difference
between the C3 and O3 concentrations. The carbonyl type
C=0 concentration is close to the oxygen connected to the aro-
matic carbon (C=0,) of the GO. Accordingly this relation is
only valid for the -GO and r-GO/PVA 3:1 samples. The uncer-
tainty of the position and concentration of smaller components
does not allow to set up further relations among carbon and
oxygen states. Development of other carboxylic or anhydride
states is probable in these heat treated samples, what could be
additionally connected with the small C4 and O4 peaks.
Formation of relatively large amount of O=C-O-C bonds in
the composite sample (3:3 and 3:5) suggests that in the pres-
ence of GO different reaction pathway opens at heat treatment,
as compared to the PVA alone. The detected ether (C-O-C)
and ester (O=C-0O-C) type covalent bonds may be well formed
between the GO and PVA clusters, in addition to the cross-
linking among the long polymeric PVA chains. Development
of these bonds would certainly contribute to the mechanical
strengthening of the composites which will be discussed later.

3.5 Microstructure

Fig. 6 shows the typical microstructure of GO and r-GO
foams prepared by the same method. The GO foam shows
homogeneous pore structure with the size of ~100 mm. After
being treated at 300°C, the pore structure was inherited from
the GO foam, however, the size of the pores was reduced down
to ~80 mm and cracks are clearly observed in Fig. 6b due to the
loss of strong bondings. [42]
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Fig. 6 SEM photos of (a) GO and (b) r-GO, which was reduced
at 300°C in Ar atmosphere.

Fig. 7 compares the microstructure of r-GO/PVA foams
with different PVA contents. It shows that the average size of
pores is decreased with the increase of PVA content. As shown
in Fig. 7a, the size of pores for the lowest PVA content (rGO/
PVA=3:0.5) is ~20 mm, and decreases to ~15 mm when the PVA

content is increased to 25 wt.% (r =3:1). Further increasing

GO/PVA
the PVA content, the average sizes of pores are decreased to ~10
mm and ~8 mm for ratio 3:3 and 3:5, respectively. The convinc-
ing dependence of microstructure on the PVA content can be
explained by the strong hydrogen bonding interaction between
hydroxyl-rich PVA chains and oxygen-containing groups on
GO sheets. Although GO nanosheets can contact with each
other in their pure solution, the interaction force between them
is weak. With the addition of the PVA component, the plenty
of hydroxyl, epoxy and carboxyl groups on the surface of GO
sheets can interact with the hydroxyl in PVA molecular chains
by the formation of hydrogen bonding. [39, 43] In addition, one
PVA chain can interact with two or more GO sheets, forming
cross-linking sites. [28] The presence of PVA is thus critical
for interconnecting the GO particles into stable 3D structures
with reduced pore sizes. When the GO/PVA foams are ther-
mally reduced, their spatial architecture can be inherited as
demonstrated in Fig. 7, thus showing the decreasing pore size
with the increase of PVA content.

10 ptm [

Fig. 7 SEM images of -GO/PVA foams with different ratio
() 3:0.5, (b) 3:1, (c) 3:3, (d) 3:5.

3.6 Mechanical properties

The typical compression stress-strain curves of GO/
PVA and r-GO/PVA foams are shown in Fig. S4 (Supporting
information). Both foams show the characteristics of porous
materials including an initial linear region and a plateau with
reduced slopes. The GO/PVA foam presented a 69% higher
compression modulus £, (0.49 MPa) than that of the r-GO/
PVA foam (0.29 MPa) in the linear region. With the increase
of the strain, different failure modes were observed. The GO/
PVA foam showed typical ductile failure as demonstrated in
the inserts of Fig. S4a. With the strain up to 50%, wrinkles of
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plastic deformation were clearly seen. For -GO/PVA, macro-
scopic cracks were noticed when the strain reached 40%. The
foam was totally fractured at 50% strain. The above observa-
tions indicate that the thermal reduction changes the failure
mechanism from the ductile plastic deformation to the brittle
crack failure.

The influence of PVA contents on the compression stress-
strain curves of the foams is shown in Fig. 8. For the pure
GO foam, the £_is 0.31 MPa in Fig. 8c, slightly higher than
the modulus 0.29 MPa of the GO hydrogels prepared through
hydrothermal and freeze casting by Xu et al. [6] For GO/PVA
foams, the £ increased with the increase of PVA content,
and reached the highest value 1.53 MPa for the r-GO/PVA
3:5 foam. This value is also higher than that of the pure PVA
foam (~1.0 MPa) and the PVA nanocomposite with 0.8 wt.%
GO (1.35 MPa) reported by Zhang et al. [24] The enhancement
of mechanical properties with the rise of PVA content for the
GO/PVA can be attributed to molecular-level dispersion and
the strong hydrogen bonds between GO nanosheets and PVA
chains, [41] which can efficiently transfer the external load.
On the other hand, there were more bridges between the GO
sheets due to the reduced pore sizes as shown in Fig. 7, which
can support higher load.

After thermal reduction, compression modulus and strength
were significantly decreased in Fig. 8b and 8d, but still show-
ing the increasing trend with the increase of PVA content.
This is probably related to two effects. Firstly, the smaller pore
size at higher PVA content (Fig. 7) could create more bridges
between the r-GO sheets, thus exhibit better mechanical prop-
erties. Secondly, the PVA molecular chains have not been fully
carburized at ~300 °C, thus the residual chain content can be
higher when the PVA content is higher.
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Fig. 8 Stress-strain curves of (a) GO/PVA and (b) --GO/PVA foams with
different PVA contents, compression modulus of (¢) GO/PVA and
(d) -GO/PVA foams with different PVA contents.

3.7 Electrical conductivity under compression
strain

Thermal reduction treatments can recover the electrical
conductivity of non-conductive GO/PVA foams. The real-time
electrical resistance under compression is shown in Fig. 9a.
It can be seen that the resistance decreases rapidly when the
strain is less than 6 %, which means the electrons can access
to more channels when the foams were compressed. It can be
ascribed that the (partly) carbonized pillars connecting the
GO/graphene sheets are shrunk significantly at loading, result-
ing in higher cross-section area for current flow. Additionally,
direct electrical contacts may be formed among the graphene
sheets, or at least, very close connection allowing tunnelling
as presented in Fig. 9b.

The stable resistance at 20 % strain was increased from 4 to
60 Q with the increase of the original PVA content. This indi-
cated that while the conductivity of PVA can be increased by
pyrolysis, it is less than that by the reduction of GO nanosheets.
Recalling the XPS results, the number of the sp3 C-C bonds
was increased with the PVA content which can decrease the
mobility of the electrons among the graphene planes.

Cyclic compression tests were also carried out to inves-
tigate the stability of electrical properties for the r-GO/PVA
3:5 foam. As shown in Fig. S5(Supporting information), when
the maximum strain is ~15 % the stress-strain curves almost
overlap by each other after the third time compression and
remained almost invariable for 50 cycles. Meanwhile, the peak
electrical current during each cycle was slightly increased
and became stable after 35 cycles. These results suggested the
good rebound resilience of the foams.
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Fig. 9 (a) The real-time electrical resistance vs. strain under compression
for -GO/PVA foams with different proportions, (b) schematic diagram for
the structure change showing enhanced conductivity
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3.8 Electrochemical behaviour

The electrochemical performance of r-GO/PVA (3:1,
300°C) foams was initially investigated by cyclic voltamme-
try (CV) at a scan rate of 0.5 mV s in the potential range of
0~3 V in Fig. 10a. In the first cycle, an obvious cathodic peak
at about 0.01 V can be attributed to the insertion of lithium
ion in graphene and the formation of irreversible solid elec-
trolyte interface (SEI) film. A broad anodic peak is observed
around 0.01~1.0 V, corresponding to lithium extraction from
graphene. In the subsequent cycles, it is important to note that
the peak potentials remained similar, and the peak intensity
decreased very slightly, which indicated significant reversibil-
ity and reproducibility of the electrode.
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Fig. 10 Electrochemical properties of the -GO/PVA (3:1) foams which was
reduced at 300 °C in Ar atmosphere: (a) CV curves, (b) discharge/charge
curves for the initial three cycles and (c) cycling performance at a current

density of 50mA g

To demonstrate the potential application of the -GO/PVA
(3:1, 300°C) foams as a LIBs anode, the galvanostatic mea-
surements were operated in the voltage range of 0 to 3.0 V
(vs. Li/Li") at a current density of 50 mA g'. Fig. 10b shows
the discharge/charge curves in the initial three cycles. In the
first discharge process, an extended voltage plateau can be
observed at 1.3-0.01 V, which is caused by the lithium inser-
tion in graphene and the formation of SEI film. In the charge
process, the sloped region can be attributed to the reverse reac-
tion for lithium extraction from graphene, which is in good
agreement with the CV analysis.

The initial discharge and charge capacities of r-GO/PVA
(3:1, 300°C) electrode are 1822 and 1316 mA h g, the initial
Columbic efficiency is 72% and the initial large capacity loss
may result from the formation of an SEI film and the reac-
tion of lithium ion with residual oxygen-containing functional
groups. [42, 43] However, the 3:1 -GO/PVA electrode retained
a high reversible capacity of 1216 mA h g' after 3 cycles. The
high capacity can be attributed to the porous structure which

provided more lithium insertion active sites than commercial
graphite. Besides, the SEI film is the main reason for the ini-
tial low Columbic efficiency and large capacity loss during the
initial cycle. However, the Columbic efficiency of -GO/PVA
(3:1) soared from 72 % in the first cycle to 97 % in the second
cycle and then remained above 96 % in the subsequent cycles.
These results indicate that the 3D construction is helpful in
improving the electronic conductivity along with the Li diffu-
sion kinetics during the electrochemical reaction.

Another advantage of the r-GO/PVA electrode is its
improved cycling performance, which is illustrated in Fig. 10c.
The r-GO/PVA foam presents good cycling performance.
After 50 discharge/charge cycles, the reversible capacity still
maintains more than 330 mA h g, which is comparable to the
theoretical value of graphite (372 mA h g'). The good electro-
chemical performance of the -GO/PVA can be summarized
as follows: (i) the graphene foams have an excellent electri-
cal conductivity and act as the conductive bridges, which
can reduce the inner resistance of the batteries. (ii) The 3D
cross-linking hierarchical structure of the composites not only
serves as an elastic buffer space to alleviate the volume change
resulting from Li insertion/desertion during the charge/dis-
charge process, but also efficiently prevent the agglomeration
of graphene sheets. (iii) The large surface area of 3D construc-
tion are beneficial to enlarging the electrode/electrolyte con-
tact area, shortening the path length for lithium transport.

According to the above discussions, we are convinced that
the 3D porous structure with superior mechanical properties
is responsible for enhancing the electrochemical performance
of -GO/PVA based composites. More generally, the present
studies provide a promising strategy combining r-GO foams
with other electrode materials for the application in high per-
formance lithium-ion batteries. We have a great expectation
that the -GO/PVA foams with stable mechanical performance
can be composited with other nanoparticles to further improve
its application in LIBs.

4 Conclusions

In this study, GO/PVA foams synthesized by solution mix-
ture and freeze-drying methods were successfully made.
The added PVA molecules can intercalate GO nanosheets, lead-
ing in the increased spacing distances and the disorder of their
structures. Moreover, the resulted microstructures of the GO/
PVA foams were influenced by the addition of PVA, as showing
the reduced pores sizes with the increase of PVA content due to
the strong hydrogen bonding interaction between hydroxyl-rich
PVA chains and oxygen-containing groups on GO sheets.
The mechanical properties of GO/PVA are thus increased.

With the thermal reduction at 300°C, the PVA molecules
were partially subjected to pyrolysis and the reduced GO/PVA
foams showed similar 3D architecture. XPS analysis showed
the inverse variation of the sp2 and sp3 carbon concentration in
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terms of the PVA content. Their mechanical properties were also
increased with the original PVA content. Although the properties
were decreased after reduction, good structure cyclic stability
up to 18% compression strain was found for the -GO/PVA 3:5.

The r-GO/PVA foams showed excellent electrical conduc-
tivity. As the anode of the lithium ion battery, the initial dis-
charge capacity for -GO/PVA (3:1) foams is 1822 mA h g and
remains more than 330 mA h g' after 50 cycles.
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Fig. S4 Typical stress-strain curve of 3:1 proportion of (a) GO/PVA and (b) r-GO/PVA composites
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Fig. S5 Cyclic compression mechanical-electrical results (a) cyclic stress-strain curves; (b) current vs. cycle number for the 3:5 r-GO/PVA foam.
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Table S1 Chemical compositions for the GO, r-GO and r-GO/PVA composites analyzed by XPS with the nominal composition of untreated PVA

Sample Name Cat% Oat%
GO 68.5 315
r-GO 85.4 14.6
r-GO:PVA 3:1 86.2 13.8
r-GO:PVA 3:3 82.6 17.4
r-GO:PVA 3:5 83.2 16.8
r-PVA 83.9 16.1
PVA* 66.7 333

*For the untreated PVA the nominal composition (66.7 at % C; 33.3 at %0) was inserted, but the actual oxygen content may be higher due to residual carbox-
ylic groups
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