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Here we report a green and facile route for highly efficient reduction of free-standing graphene oxide (GO)
papers with metal iodide aqueous solutions at low cost. The metal iodides (Mgl,, All;, Znl,, Fel,) were
synthesized directly from metal and iodine powder with water as a catalyzer. An extremely high bulk
conductivity of 55088 S/m for reduced graphene oxide (rGO) papers were obtained with Fel, solution of
which pH = 0 at 95°C for 6 hours. The catalytic effect of strong Lewis acid for the promotion of the
nucleophilic substitution reaction is responsible for the greatly improved bulk conductivity. Furthermore, it
was found that the layer-to-layer distance (d;) and the crystallinity of the rGO papers are regarded as two
main factors affecting the bulk conductivity rather than C/O ratio and defect concentration.

raphene has attracted much attention' due to its unique properties, such as extremely high conductivity,

excellent mechanical properties and room temperature quantum Hall effect, which can be used in many

electronic devices such as solar cells®”, supercapacitors®'* and field effect transistor''. Among all gra-
phene-based materials, free-standing graphene papers, in the form of multilayered graphene sheets, have been
proved to be easily applied into potential commercial applications'>'*. In the past few years, many methods, such
as micro mechanical exfoliation", chemical vapor disposition'>'¢, chemical reduction of GO'~*%, have been
developed to prepare single or few-layers rGO sheets. Among all these methods, chemical reduction of free-
standing GO papers is regarded as a simple one-step process which is suitable for large scale production.

The basic route for chemical reduction of GO papers involves the oxidation of raw graphite, subsequent
exfoliation of GO into individual GO sheets, the process of making GO sheets into GO papers, and the in-situ
chemical reduction of GO papers to form rGO papers, among which the process of chemical reduction of GO
papers plays a key role that dominates the final quality of the rGO papers. The resulting rGO papers can possess
favorable properties, including good conductivity, catalytic property and reasonable mechanical strength,
although structural defects are unavoidable during these processes.

Several reductive agents, such as hydrazine'”'®, hydrazine derivate, cellulose®, sodium hydride®', NaBH,****,
HI****, and All; ethanol solution® have been used to reduce GO. So far, rGO papers with the highest electrical
conductivity of 29800 S/m was obtained by submerging GO papers into 55% HI solution for 1 h at 100°C**, which
was attributed to the nucleophilic substitution reaction of epoxy groups and hydroxyl groups by I” and the
promotion of the reaction by high concentration H*. Meanwhile, the lowest binding energy of C-I among all the
carbon-halogen bonds resulted in the spontaneous elimination of most iodine atoms from the rGO papers.
However, the relative high cost, especially strong corrosion nature of HI limits its further application. All; ethanol
solution provided a mild and environmentally benign reductive process*. The metal cation AI’*, which is a strong
Lewis acid, can also promote the nucleophilic substitution. Nevertheless, the bulk conductivity of 5320 S/m for
rGO papers was limited by both the low solubility of All; in ethanol and the low boiling point of ethanol of 80°C.
Therefore, improving the concentration of metal iodide and incorporation of the role of metal cations as strong
Lewis acid in promoting the nucleophilic substitution reaction is simultaneously desirable for developing a green,
mild and more efficient reductive agent. In the present paper, we report a green and fast synthetic route of metal
iodide at low cost for highly efficient reduction of GO papers. Four kinds of metal iodides (Mgl,, All3, Znl,, Fel,)
were synthesized directly from metal and iodine powder with water as a catalyzer at low cost. At the same time,
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Figure 1| Experimental procedures (a) and the SEM image of the cross section of the rGO paper (b).

aqueous hydrochloric acid (HCI) solution was introduced to tune pH
values of these aqueous solutions to improve the reductive ability by
inhibiting the hydrolysis of these strong Lewis acids. The effects of
metal cations and pH values on the conductivity of rGO papers were
investigated in detail. An extremely high bulk conductivity of
55088 S/m for rGO papers were obtained with Fel, solution of pH
= 0 at 95°C for 6 hours.

Results

Reduction of GO paper by four kinds of metal iodide solutions.
Fig. 1a shows the experimental procedure. The GO paper is in dark
brown while the rGO paper is in grey with metal lustre, which
indicates efficient reduction of the GO paper. Fig. 1b shows the
SEM image of the cross section of the rGO paper (See more SEM
images in Fig. S1 in supplementary information (SI)), of which the
thickness is 1.3 um. Meanwhile, the structure of rGO paper, which is
composed of stacked rGO sheets, can be clearly observed in this
figure. Fig. 2a shows the bulk conductivity, C/O ratio and Ip/Ig of
the rGO papers reduced by the acidic aqueous solutions of different
metal iodides with pH value of 1 and 2 (See detailed conductivity,
C/O and Ip/I; data in Table S1, Table S2 and Table S3 in SI. See
detailed XPS and Raman spectra in Fig. S2 and Fig. $4 in SI). Firstly,
for each metal iodide solution, lower pH value leads to higher bulk
conductivity, which indicates that the presence of H* can inhibit
hydrolysis of these strong Lewis acid to promote the nucleophilic
substitution reaction of oxygen-containing groups by I". Secondly,
the rGO papers reduced by different metal iodides show similar
conductivity when pH = 1, indicating that these metal iodides
show similar reductive ability. Furthermore, the rGO papers
reduced by all the metal iodides at a pH of 1 exhibited bulk
conductivities of higher than 30000 S/m, which is higher than the

value of 29800 S/m by 55% HI solution®, indicating that the strong
Lewis acid plays a crucial role on the promotion of the nucleophilic
substitution effects of I". Thirdly, even though the C/O ratio changes
greatly as reductant changes when pH = 1, the conductivity stays
almost the same. For instance, the C/O ratio of rGO paper reduced by
Mgl, is about 4 times of that of rGO paper reduced by All;.
Nevertheless, the conductivities of these rGO papers are almost the
same, which clearly shows that high C/O ratio does not lead to high
conductivity directly. Furthermore, the Ip/Ig slightly increases as the
pH decreases for all the rGO papers, indicating the slight decrease of
the defect concentration in rGO papers™. Fig. 2b and 2c shows the
XRD patterns of the rGO papers reduced by the aqueous solutions of
different metal iodides with pH value of 1 and 2, respectively. When
pH = 1, rGO papers reduced by Fel,, Mgl, and ZnI, shows similar
peak shape and peak position, while rGO paper reduced by All;
shows a higher and left shifted peak compared with others,
indicating that the rGO paper reduced by All; has better
crystallinity and larger layer to layer distance (dp). While better
crystallinity leads to higher bulk conductivity, larger d; may lead
to lower bulk conductivity, which makes the rGO paper reduced
by All; has comparable bulk conductivity with other rGO papers.
Therefore, it seems that both d; and crystallinity are decisive for
conductivity of rGO papers. While these two factors change, the
conductivity of rGO papers is decided by the compensation of
those changes with each other. When pH = 2, the rGO papers
reduced by Fel, shows comparable crystallinity but higher
conductivity compared with rGO paper reduced by All;, which
can be attributed to larger d; (left shifted peak) of rGO paper
reduced by All;. For the rGO papers reduced by Mgl, and Znl,
when pH = 2, the conductivity is close to 0 S/m. The
corresponding XRD patterns show two peaks, one is right shifted
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Figure 2 | The bulk conductivities, C/O ratio, Ip/I (a) and XRD patterns ((b). pH = 1, (c). pH = 2) of rGO papers reduced by the acidic aqueous

solutions of different metal iodides.
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Figure 3 | The bulk conductivities, C/O ratio, Ip/I (a) and XRD patterns (b) of rGO papers reduced by Fel, solution with different pH.

GO peak and the other one is rGO peak. Such kind of XRD patterns
indicate that the rGO papers reduced by Mgl, and Znl, are under
intermediate state, that is, partially reduced GO and rGO exist
simultaneously. From this result, the reduction process of GO can
be indicated as follows. During the reduction, the crystallinity of GO
paper is destroyed (lowering and widening XRD peak) and d
decreases (right shifting XRD peak). Then, rGO gradually appears
where the reaction proceeds fast and XRD peak corresponding to
rGO starts to grow. Finally, all GO is reduced and the peak
corresponding to GO disappears while the peak corresponding to
rGO forms.

Summarizing the results above, both the magnitude of the con-
ductance of rGO papers and the degree of reduction of GO papers
can be well explained by the crystallinity and d;, rather than consid-
ering other factors, such as C/O ratio and defect concentration.

Reduction of GO by Fel, solution. The conductivity results
mentioned above show that different cations lead to different
reductive ability at different pH. The rGO papers reduced by Fel,
solution demonstrate a high bulk conductivity at low concentration
of H" (pH = 2), which implies that Fel, solution holds the potential
of a next generation of highly efficient, mild and environmentally
benign reductive agent. In the following, the effect of pH value on the
reductive ability of Fel, solution was investigated in detail. Hereafter,
rGOy denotes the rGO papers reduced by Fel, solution at a pH of x,
while rGO, stands for the rGO paper reduced by as-made Fel,
aqueous solution, of which pH = 3.16 due to hydrolysis effect.
Fig. 3a shows that the bulk conductivity, C/O ratio and Ip/Ig of
rGO papers reduced by Fel, aqueous solutions with different pH
values. It can be seen that the bulk conductivity of rGO papers
greatly increases as the pH value decreases, i.e., the concentration
of H* increases. Moreover, the bulk conductivity becomes inert to
the pH value when pH = 0.5 and pH = 2.0, indicating that the
conductive ability of Fel, aqueous solution becomes inert to pH.
Even though the pH is decisive to the conductivity of rGO papers,
the Ip/Ig of rGO papers is insensitive to the change of pH while the
C/O ratio changes randomly as the pH changes as discussed above.
Fig. 3b shows that the crystallinity of rGO papers, which can be
indicated from the peak intensity of the XRD pattern, increases as
an inverse function of the pH value. However, d;, which can be
indicated from the peak position of the XRD pattern, reaches to a
minimum when pH = 0.5. When further increase the solution pH
value to over 0.5, the crystallinity turns to decrease while dy, starts to
increase, resulting in a rapidly decreasing tendency of the bulk
conductivity. It is important to mention that even though
comparable high bulk conductivities are obtained for both rGO,

and rGOys, the reasons are different: the XRD results further
confirm that the rGO, has the highest crystallinity while rGOy s
has the smallest dj.

Discussion

Since Raman spectra (Fig. $4 in SI) show almost no change and C/O
ratio changes randomly as pH changes, the d; and crystallinity can be
regarded as the main factors that affect the bulk conductivity of rGO
papers due to the stacked structure of them?®. Then the reasons for
the changes of the crystallinity and d; will be discussed in the
following.

Fig. 4 shows the FTIR spectra of GO and rGO papers reduced by
Fel, solution with different pH. The FTIR peaks of rGO, and rGOy 3
at 1060 cm™' and 1030 cm™' are corresponding to alcoholic
hydroxyl groups. While the peaks of rGOy s, rGO; and rGO, appear-
ingat 1220 cm™" and 1560 cm ™' are corresponding to epoxy groups
and deformed C-C bond due to the existence of epoxy groups,
respectively”’. Since for the epoxy groups, the oxygen atom is
0.19 nm above the carbon grid of rGO sheet while for alcoholic
hydroxyl groups, the top hydrogen is 0.22 nm above the carbon
grid®, alcoholic hydroxyl groups are 0.03 nm “taller” than the epoxy
groups. While rGO, and rGOy ; is rich in alcoholic hydroxyl groups
and rGOy s is rich in epoxy groups, the di of rGO, and rGO,; is
therefore larger than that of rGO, 5. The deconvolution of carbon 1 s
peaks in XPS patterns of the rGO papers reduced by Fel, solution
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Figure 4 | FTIR spectra of GO and rGO papers reduced by Fel, solution
with different pH.
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respectively.

with different pH values (Fig. 5 a ~ e) shows the same results as FTIR
spectrums: as pH increases, the relative content of C-O-C increases
while the relative content of C-OH decreases. Moreover, the relative
content of residual Fe in rGO papers increases as pH increases
(Fig. 5f). The elimination of alcoholic hydroxyl groups, the residual
Fe in rGO papers and the existence of epoxy groups when pH = 0.5
can all be attributed to the hydrolysis of Fe**, whose formation
process is shown in equation 1. The hydrolysis process of Fe’" is

normally consisted of four steps®: (a) the formation of low mole-
cular weight species, such as FeOH>*, Fe(OH),* and Fe,(OH)**
(Equation 2, 3 and 4, respectively). (b) The formation of red cationic
polymer with a Fe(O,0H,H,0)¢ octahedra structure, in which OH™/
Fe*" ratio ranges from 2.5 to 3. (c). The aging of the polymer, with
eventual conversion to oxide phase. (d). Precipitation directly from
the low molecular weight molecules. The hydrolysis of Fe’* will
improve the affinity of Fe’™ with -OH group rather than
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Figure 6 | TGA curves of rGO,, rGO,, rGO, immersed in HCI for 48 h,
and GO.

-C-O-C- group due to its tendency to form a series of hydrolysis
products mentioned above and the decreased coordination ability
of FeOH?*", Fe(OH)," and Fe,(OH),>* compared with Fe".
Therefore, the hydrolysis of Fe** is favorable for the elimination of
alcoholic hydroxyl groups rather than the epoxy groups. In this case,
the critical pH value when the hydrolysis happens can be indicated
from the formation of the red cationic polymer. Since the red pre-
cipitates can be observed by human eyes from pH = 0.5, it can be
concluded that the critical pH value is around 0.5 in the present
system. This rather low pH value is due to the promotion of the
hydrolysis reaction by the reaction temperature (95°C). When the
pH of Fel, solution becomes larger than 0.5, more precipitation of
Fe(OH); forms between the single-layer rGO sheets, which will fur-
ther decrease the crystallinity of rGO paper and increase the d;, as
indicated by lower peak height and smaller 20 value in XRD patterns
compared with those of rGOy 5. These are responsible for the sharply
decreasing of the bulk conductivity of rGO papers. Meanwhile, the
ability of H* in inhibiting hydrolysis gradually decreases when pH
increases. Then, the catalytic effect of strong Lewis acid for the pro-
motion of the nucleophilic substitution reaction of I~ decreases.
When the pH is larger than 2, the severe hydrolysis greatly weakens
the catalytic effect of strong Lewis acid, hence the conductive ability
of Fel, becomes inert to pH. As a result, the bulk conductivity of
rGO, is not much higher than that of rGO,.

The two pH inert parts on the conductivity curve in Fig. 3a also
indicate that the function of H* is to inhibit the hydrolysis of Fel,
rather than to catalyze the nucleophilic substitution reaction. This is
consistent with the analysis above.

4Fe’T +0,+4H"' =4Fe’ +2H,0 (1)
Fe’* + H,0=FeOH*" + H™" (2)
FeOH*" +H,0=Fe(OH), +H" (3)
2Fe(OH); =Fe,(OH);* (4)

Fig. 6 shows thermogravimetric analysis (TGA) curves of rGO,
rGO,, rGO, immersed in HCl for 48 h, and GO. The GO curve shows
a sharp dip at about 200°C, which indicates the decomposing of
oxygen containing functional groups®. However, for both rGO,
and rGO,, such a dip cannot be seen, which is due to the relative
high C/O ratio of both rGO, and rGO,, coincident with the result of

XPS. Compared with the curve of rGO, and GO, the curve of rGO,
shows a wide and mild dip from 100°C to 300°C, which may be due
to the evaporation of hydrated water in Fe(OH);-(H,O)x precipitate
and the decomposing of Fe(OH); precipitate. The curve of rGO,
immersed into hydrochloric acid for 48 hours shows a much less
mass loss compared to rGO, from 100°C to 300°C, indicating that
the Fe(OH); precipitates are partly eliminated by hydrochloric acid.
The TGA results further prove the existence of Fe(OH);-(H,O)x
precipitate in the rGO papers. Moreover, it is also noteworthy that
the remove of Fe(OH);-(H,O)x precipitate has almost no influence
(within standard deviation) on the conductivity of the rGO papers.
The present study shows that Fel, acidic solution is a highly effi-
cient, low-cost, mild and environmentally benign reductive agent for
the reduction of free-standing GO papers. The rGO papers reduced
by Fel, acidic solution conferred a bulk conductivity as high as
55088 S/m at low H™ concentration (pH = 0) and low temperature
(95°C). The reductive mechanism is considered as the strong Lewis
acid catalyzed nucleophilic substitution reaction. Meanwhile, instead
of C/O ratio and defect concentration, the bulk properties of rGO
papers, such as crystallinity and dy, are regarded as the main factors
deciding the conductivity of the rGO papers. We believe that the
scalable reductive agent presented here may pave the way for a low
temperature large-scale synthesis of rGO papers in the future.

Methods

Preparation of GO film. GO was prepared using a modified Hummers’ and
Offeman’s method from natural graphite*. A typical experimental procedure is
described as follows: A 2 g portion of natural flake graphite (500 mesh), 2 g NaNOs,
and 96 mL concentrated H,SO, were mixed at 0°C. During the following stages the
mixture was continuously stirred using a magnet stirrer. 12 g KMnO, was gradually
added to the above mixture while keeping the temperature at 0°C. The mixture
obtained was first stirred at 0°C for 90 min and then at 35°C for 2 h. Distilled water
(80 mL) was slowly dropped into the resulting solution, over a period of around

30 min, to dilute the mixture. Then 200 mL distilled water was added followed by
10 mL of H,0, (30%), and the stirring continued for 10 min to obtain a GO
suspension. During this final step, H,O, (30%) reduced the residual permanganate
and manganese dioxide to colorless soluble manganese sulfate. The GO deposit was
collected from the GO suspension by centrifugation at 4000 rpm for 5 min, and
repeatedly washed with distilled water until the pH = 7. Then a sonication (40 W,
1 h) was used to exfoliate the GO to obtain a GO suspension. To obtain uniform
single-layer GO sheets, a centrifugation at 4000 rpm for 10 min was used to remove
thick multilayer flakes. Then the obtained GO aqueous supernatant was filtered in
vacuum to prepare GO paper on mixed cellulose ester filter membrane. After dried at
room temperature for 12 hours to remove the remaining water, the GO paper was
immersed into acetone to dissolve the mixed cellulose ester filter membrane and to
obtain a free-standing GO paper. The AFM image of GO can be obtained from the
previous paper reported by our group®®, which proves the fully exfoliation of the GO.

Preparation of metal iodide and reduction of GO papers to rGO papers. Metal
iodides (Mgl,, All3, Znl,, Fel,) were synthesized directly from the reaction of iodine/
metal powder with some drops of water as a catalyzer. The detailed experimental
procedure is described as follows: 5 g iodine particles were pestled into powder in an
agate mortar and mixed with 5 g metal powder in a beaker. Then several drops of
deionized water were added into the beaker. Soon after that, the reaction between
iodine and metal powder fiercely started and ended in 10 seconds. Then the metal
iodide was obtained. After that, 200 ml deionized water was added into the beaker,
which was stirred until all of the resulting metal iodide was dissolved. Then, the pH
value of the supernatant was tuned by adding HCI (1 mol/L) under the measurement
of a pH meter. As soon as the critical pH was reached, the supernatant was decanted
into another beaker. Finally, the free-standing GO papers were immersed into the
supernatant in water bath for 6 h at 95°C to obtain rGO papers. 5 GO samples were
reduced at each condition to check the reproducibility and standard deviation of
conductivity was obtained.

Characterization. The bulk conductivity of square rGO paper (2 X 2 c¢m in size)
dried under room temperature in air for 12 hours was measured by a digital four-
point probe system (SX1934, Suzhou, China). To get reliable bulk conductivity data,
four different sites of each sample were measured by the four-point probe system. To
get precise thickness of the go papers, the thickness of the rGO paper was observed by
a scanning electron microscope (SEM, LEO 1530, Germany) and measured by Tesa
probe (Tesa GT21, Swiss). 5 points of each sample were measured and the average
thickness was utilized to calculate the conductivity of rGO paper. Raman
spectroscopy was performed on a laser micro-Raman spectroscope (Hr800, Horiba
Jobin Yvon, France) with a laser beam wavelength of 633 nm. The existing functional
groups of GO and rGO were measured by a Fourier-transform infrared spectrometer
(FTIR, NICOLET560, Nicolet, USA) with a resolution of 4 cm™'. The X-ray
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photoelectron spectroscopy (XPS) spectra were performed on X-ray photoelectron
spectrometer (ESCALAB 250 Xi, Thermo SCIENTIFIC, USA) with Al K,, radiation
(hv = 1486.6 eV) as source. The crystallinity of RGO papers and layer-to-layer
distance (d) of rGO sheets was determined by an X-ray diffractometer (XRD, D8
advance, Bruker, Germany), operated at 40 kV and 40 mA. The thermogravimetric
analysis was carried out by a thermogravimetric analyzer (STA449F3, NETZSCH,
Germany), operated at Ar atmosphere.
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