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raphene, a new class of two-

dimensional nanomaterial consist-

ing of a single layer of sp? network
of carbon atoms, has stimulated wide inter-
ests in both the experimental and theoreti-
cal scientific community due to its extra-
ordinary electrical, mechanical, and thermal
properties.’* These unique features offer
great promise for many practical applica-
tions including nanoelectronics,®°
sensors,'%" '3 capacitors,'*'> and composite
reinforcement.’~" To achieve these out-
comes, the challenges of large-scale pro-
duction of high quality graphene sheets
(GNS) must be overcome.?

In recent years, graphene has been pre-
pared by several approaches, such as micro-
mechanical exfoliation of graphite,’ chemi-
cal vapor deposition (CVD),%'® epitaxial
growth,’?® and chemical reduction of
graphite oxide (GO).>?' Although the reduc-
tion mechanism remains ambiguous,
chemical reduction of GO is one of the es-
tablished methods to make graphene in
large volume. At present, the chemical re-
duction of GO is usually fulfilled by using
hydrazine,?'?? dimethylhydrazine,’ hydro-
quinone?® or NaBH,2*?* as the reducing
agent. Unfortunately, the use of these poi-
sonous and explosive reducing agents re-
quires great care. Another problem exists
where the additional functional groups in-
troduced during chemical reduction by
these reducing agents degrade the electri-
cal properties of graphene.2' Recently,
liquid-phase exfoliation of graphite has
opened up a facile way to prepare
graphene, but the yield has been quite low
(~1 wt %).2 Therefore, green and facile ap-
proaches for mass production of high qual-
ity GNS have not yet been achieved.
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ABSTRACT The synthesis of graphene nanosheets from graphite oxide typically involves harmful chemical

reductants that are undesirable for most practical applications of graphene. Here, we demonstrate a green and

facile approach to the synthesis of graphene nanosheets based on Fe reduction of exfoliated graphite oxide,

resulting in a substantial removal of oxygen functionalities of the graphite oxide. More interestingly, the resulting

graphene nanosheets with residual Fe show a high adsorption capacity of 111.62 mg/g for methylene blue at

room temperature, as well as easy magnetic separation from the solution. This approach offers a potential for cost-

effective, environmentally friendly, and large-scale production of graphene nanosheets.
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Iron is the most common element and
cheapest metal in the earth. It can be natu-
rally used as a reducing agent owing to its
mild reductive ability and nontoxic prop-
erty. To date, investigations into the synthe-
sis of GNS using a Fe reduction route have
not been carried out. Here, we report a
green and facile approach to prepare GNS
via employing Fe as a reducing agent
(Scheme 1). Apart from being eco-friendly,
our process has several advantages such as
high yield, low cost, and short-time process-
ing as compared to previous chemical tech-
niques. Furthermore, we found that the ad-
sorption capacity of GNS for methylene blue
(MB) was as high as 111.6 mg/g, and that
the MB-adsorbed GNS could be easily col-
lected from the solution by an external
magnetic field due to the existence of re-
sidual Fe during the reduction.

RESULTS AND DISCUSSION

Our method for preparation of GNS is
different from most published ones since it
avoids the usage of harmful chemical re-
ductants. Briefly, the dispersion of GO in wa-
ter was first prepared from graphite by a
modified Hummers method. Fe powders
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GO +aH ™ +be™ — Reduced - GO +cH,0

Scheme 1. lllustration of the preparation of GNS based on Fe reduction.

Section Analysis

Figure 1. (A) Photographs of aqueous dispersions (0.5 mg/mL) of GO before and after being reduced via Fe for different re-
duction times. (B) AFM image of GO dispersed on mica and (C) corresponding line profile. (D) Photograph and (E) SEM im-
age of reduced GO for 30 min without acid treatment. (F) SEM and (H,l) TEM images of reduced GO for 360 min at different
magnifications. The inset of panel F shows the pressed graphene slice.
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Figure 2. UV—vis absorption spectra showing the change of
GO dispersions as a function of reaction time.

and small amount of HCl were then added into GO sus-
pension. The brown color of GO rapidly darkened
within 60 min in the presence of both Fe and H*, as
shown in Figure 1A. Due to the hydrophilic nature of
the oxygenated graphene layers, GO is easily exfoli-
ated in aqueous media.?’?® As a result, GO sheets with
a thickness of ~1 nm readily form a stable colloidal sus-
pension in water (Figure 1C). After the introduction of
H™, Fe powders react with H" to produce Fe?* being ad-
sorbed onto the surface of Fe particles, so that GO
sheets with negative charges (—37 mV) are absorbed
onto the surface of the positive charged Fe particles to
form spherical structures (Figure 1D,E). As a result, the
GO sheets closely covering on the surface of Fe particles
facilitate the reduction of GO due to the fast electron
transport from Fe/Fe?* to GO sheets. The reduction pro-
cess can be expressed as follows:?

GO + aH" + be” — reduced GO + cH,0 (1)

After the reduction of GO for 360 min, microstruc-
ture images reveal that the reduced GO material con-
sists of randomly aggregated, thin, crumpled sheets
closely associated with each other (Figure 1F,H). Corru-
gation and scrolling are part of the intrinsic nature of
GNS, due to the 2D membrane structure becoming
thermodynamically stable via bending.*® Because of
scrolling and folding of sheets, it can be observed that
the thickness of reduced GO is approximately 1—5 nm

and is composed of approximately 2—10 stacked indi-
vidual monatomic graphene layers, which are clearly
shown in the TEM cross section (Figure 11). This is con-
sistent with the result obtained by the chemical reduc-
tion method.? By comparison, the reduction rate of GO
was very slow in the absence of HCl; even after 2 days
the solution was still brown. The introduction of HCl not
only dissolves this passive film but also improves the re-
duction potential of Fe/Fe?*. The reduction progress
was first monitored by time-dependent UV—vis spec-
troscopy as shown in Figure 2. The UV—vis absorption
peak of the GO dispersion at 230 nm gradually red
shift to 300 nm with increase of reaction time, demon-
strating that GO is reduced and the highly conjugated
structure like that of graphite is formed gradually dur-
ing Fe reduction. Little increase in absorption is found
after 180 min, indicating completion of most reduction
of GO within that period.

Raman scattering is strongly sensitive to the elec-
tronic structure and proves to be an essential tool to
characterize graphite and graphene materials. In many
cases, the Raman spectrum of graphene is characterized
by two main features, the G mode arising from the
first order scattering of the E,q phonon of sp? C atoms
(usually observed at ~1575 cm™") and the D mode aris-
ing from a breathing mode of k-point photons of A4
symmetry (~1350 cm™").3"32 In our study, for the Ra-
man spectrum of GO (Figure 3A), the G band broadens
and shifts to 1589 cm™'. Additionally, the D band at
1364 cm ™! becomes prominent, indicating a reduction
in size of the in-plane sp? domains, possibly due to ex-
tensive oxidation.> The intensity ratio (/p/l) of D band
to G band of the GO is about 0.86. Compared with GO,
In/lg (1.02) of reduced GO for 30 min increases due to
the presence of unrepaired defects that remain after the
removal of partial oxygen moieties, and subsequently
decreases with the increase of reduction time due to
restoration of the sp? network during the reduction pro-
cess.3* Interestingly, the Ip /I (0.32) of GO reduction for
360 min is much lower than most chemical reduction
reports, such as NaBH, (>1),° hydrothermal reduction
(0.90),* hydrazine hydrate (1.63),* implying that the Fe
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Figure 3. Raman spectra (A) and X-ray diffraction patterns (B) of GO before and after being reduced via Fe for different re-

duction times.
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Figure 4. Normalized TGA plots of GO and the obtained
GNS.
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reduction route is more effective than the other reduc-
tion process.

In addition, we further characterized the crystal
structure of GNS by XRD. Figure 3B shows the XRD pat-
terns of GO and GNS. Because of the introduction of
oxygenated functional groups on carbon sheets, the
basal distance of GO obtained from the (001) peak is ap-
proximately 8 A (20 = 10.3°) which is large compared
to that of graphite (0.34 nm). With the increase of the
reaction time, the intensity of the (001) peak at 10.3° is
significantly reduced, and a small bump appears near
23.2°. This phenomenon is attributed to the removal of
some oxygen-containing functional groups. After being
reduced for 360 min, the peak at 10.3° disappears com-
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Figure 5. XPS general spectra (A) and curve fit of C1s spectra of GO (B), Fe reduction of GO for 60 (C), 180 (D) and 360 min (E).

AN N 17 . .
A‘“ﬁ%\@) VOL.5 = NO.1 = FAN ET AL

www.acsnano.org



TABLE 1. Comparison of Measured Parameters of Graphene Prepared through Different Approaches

materials reduction method XPS/C:0 (atomic ratio) Raman (1y/lg)
GO/NaBH, 53 >1
GO/hydrothermal 5.6 0.90
GO/solvothermal 6.4 1.16
sodium + ethanol
GO/solvothermal —PC unknown
at 150 °C 83
at 200 °C 6.8
GO/hydroquinone >2
GO/hydrazine 103 >1
GO/prereduction by NaBH, 478 1.91
heating in H,50, at 200 °C 8.57 1.00
annealing at 1100 °Cin Ar/H, >246 0.82
GO/Fe, at room temperature, 6 h 79 0.32

pletely, and a broad peak at 24.3° appears, indicating
the deep reduction of GO and the exfoliation of the lay-
ered GNS.36%7

Thermal stability of GO and GNS using thermogravi-
metric analysis (TGA) is shown in Figure 4. For the GO
curve, there is a small mass loss (10 wt %) around 100 °C
and a major mass loss (33 wt %) around 175 °C due to
the loss of adsorbed water and pyrolysis of the labile
oxygen-containing functional groups, respectively.
Compared to 65 wt % loss at 600 °C for GO, the losses
are 34, 21, and 7 wt % after being reduced via Fe for 60,
180, and 360 min, respectively, suggesting that the re-
duced GO exhibits more thermal stability with the in-
crease of reaction time due to the gradual removal of
the labile oxygen-containing functional groups.

The degree of GO reduction is described as well via
the atomic ratio of carbon and oxygen (C/O) obtained by
taking the ratio of C1s to O1s peak areas in XPS spectra.
As shown in Figure 5A, with increasing reduction time the
C/O increases from 2.1 to 7.9. Additionally, from the C 1s
XPS spectrum of GO (Figure 5B), five different peaks cen-
tered at 284.5, 285.6, 286.7, 287.8, and 288.8 eV are ob-
served, corresponding to sp? C, sp* C, C—0, —C=0, and
—COO— groups, respectively. With the increase of reac-
tion time (Figure 5C—E), the intensities of all C 1s peaks of
the carbons binding to oxygen and the peak of sp? car-
bon decrease gradually; these accompany the increase of
the peak of sp? carbon, revealing that most of the oxy-
gen containing functional groups are removed and the
majority of the conjugated graphene networks are re-
stored after the reduction. Table 1 compares those pa-
rameters such as C/O atomic ratio, Ip/lg, mass loss at 600
°C, and electrical conductivity of graphenes prepared
through different approaches. Comparison of the avail-
able data, the Fe reduction approach described here ap-
pears as one of the most attractive routes toward deoxy-
genation of graphene oxide suspensions.

On the basis of the discussed results, the high qual-
ity GNS can be obtained via Fe reduction of GO for 360
min after acid treatment. Obviously, there is remaining
Fe (less than 1 wt % by XPS analysis) in the graphene

www.acsnano.org

TGA at 600 °C (mass loss, %) electrical properties ref
unknown 45 S/m film 25
unknown unknown 35
>20% 0.05 S/m 39
powder
>20% film 40
2100 S/m
1800 S/m
>50% 41
>10% ~200 S/m powder 1Y)
>10% 82.35/m 43
~10% 1660 S/m
~0% 20200 S/m film
7% 2300 S/m present work

sheets without acid treatment. Therefore, the mag-
netic properties of the resulting GNS at room tempera-
ture were characterized using a vibrating sample mag-
netometer (VSM). As shown in Figure 6, the
magnetization hysteresis loop is a S-like curve and the
maximum saturation magnetization value reaches 1.66
emu/g. Furthermore, the sample exhibits typical super-
paramagnetic behavior with no coercivity and rema-
nence, implying that there is no remaining magnetiza-
tion when the applied magnetic field is removed. Taking
advantage of this, we investigated the sample’s adsorp-
tion ability of MB in aqueous solution. Of interest, the
magnetic GNS can be easily separated from the solution
by an external magnetic field, and the solution becomes
colorless (Figure 6), which favors the reuse of GNS.

The effect of contact time on the resulting GNS ad-
sorption properties from MB solution with a concentra-
tion of 12 mg/L is given in Figure 7A, which shows
that MB adsorption increases with an increase of con-
tact time. A rapid adsorption increase is observed
within 30 min due to the fast surface adsorption of
GNS, and a subsequent slow increase indicates that
the adsorbed MB slowly migrates from the surface to in-
ternal nanosheets. After adsorption for 100 min, a dy-
namic equilibrium process is established. In addition,
the removal efficiency of MB for GNS reaches 97.8%
after equilibrium adsorption (Figure 7B).
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Figure 6. Magnetic hysteresis loops of GNS obtained by Fe
reduction for 360 min without acid treatment at room
temperature.
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Figure 7. Time-resolved adsorption capacity (A) and the re-
moval efficiency (B) of MB on GNS in a 12 mg/L MB solution
at room temperature.

Langmuir model assumes the monolayer coverage
of adsorbate over a homogeneous adsorbent surface.*
The adsorption isotherm is based on the assumption
that sorption takes place at specific homogeneous sites
within the adsorbent. Once an adsorbate molecule oc-
cupies a site, no further adsorption takes place at the
same site, with no interaction between adsorbed spe-
cies. The adsorption isotherm of MB on GNS is shown in
Supporting Information, Figure S1. The values of g, in-
crease with the increase of equilibrium MB concentra-
tion. Linear fitting in Langmuir isotherm (Supporting In-
formation, Figure S2) exhibits a high correlation
coefficient (R?) of 0.9965, showing that the adsorption
of MB on GNS follows the Langmuir isotherm, with a
maximum adsorption capacity gn, of 111.62 mg/g.

To investigate the mechanism of adsorption kinet-
ics, the pseudo-first-order and pseudo-second-order ki-

EXPERIMENTAL SECTION

Synthesis of G0. GO was synthesized from natural graphite
(300 wm, Qingdao Graphite Company) by a modified Hummers
method.*” As-synthesized GO was suspended in water to give a
brown dispersion, which was subjected to dialysis to completely
remove residual salts and acids. The purified GO were then dis-
persed in water to make a 0.5 mg/mL suspension. Exfoliation of
GO was achieved by ultrasonication using an ultrasonic bath
(KQ-600KDE, 600 W).

Reduction of GO via Fe. In a typical experiment, 1 g of Fe pow-
der (average particle size: 10 wm, Shanghai CNPC Qifa Powder
Material Co., Ltd.) and 20 mL of HCI (35 wt %) were directly added
into 100 mL of GO suspension at ambient temperature. The mix-

TABLE 2. The Kinetics Constants for the Adsorption of MB
onto GNS

experimental q. (mg/q) 58.64

pseudo-first-order equation Ky (min™") 0.1014
qtheory (mg/g) 3335
R? 0.9251

pseudo-second-order equation K, ((g/mg)/min) 0.0013
Gineory (MY/Q) 59.62
R? 0.9927

netic models were investigated.*>*® The adsorption ki-
netic constants and linear regression values are
summarized in Table 2. The calculated value of ge
(33.35 mg/qg) from the pseudo-first-order kinetic model
is dramatically lower than the experimental value
(58.64 mg/qg). However, the pseudo-second-order ki-
netic model provides a near-perfect match between the
theoretical (59.62 mg/g) and experimental g values. In
addition, the correlation coefficient (0.9251) given by
the first kinetic model (Supporting Information, Figure
S3) is lower than that by the pseudo-second-order ki-
netic model (0.9927), suggesting that an explanation for
the adsorption kinetics can be well described by a
pseudo-second-order kinetic model, which means that
the adsorption rate is dependent on the unoccupied
surface of the nanosheets.*

CONCLUSIONS

We have demonstrated that a green and facile ap-
proach to the synthesis of GNS via Fe reduction results
in a substantial removal of oxygen functionalities of the
GO. This method avoids the usage of harmful chemical
reductants and the introduction of any additional func-
tional groups that are undesirable for most practical ap-
plications of graphene. Furthermore, the resulting GNS
with remaining Fe shows excellent absorption proper-
ties for MB, as well as easy magnetic separation from
the solution. The adsorption kinetics can be well de-
scribed by a pseudo-second-order kinetic model, imply-
ing that the adsorption rate depends on the unoccu-
pied surface of nanosheets. Moreover, the adsorption
equilibrium data fit the Langmuir isotherm equation
well with a maximum adsorption capacity of 111.62
mg/g at room temperature.

ture was stirred for 30 min and then maintained for a period of
time. After reduction, 15 mL of HCI (35 wt%) was added into the
above solution in order to fully remove excess Fe powder. Finally,
the resulting GNS was collected with filtration, washed with
pure water and ethanol several times, and dried at 100 °C for

12 h in a vacuum oven.

Material Characterization. The crystallographic structures of the
materials were determined by a powder X-ray diffraction sys-
tem (XRD, TTR-IIl) equipped with Cu Ka radiation (A = 0.15406
nm). Raman spectra were obtained on a Jobin-Yvon HR800 Ra-
man spectrometer with 457.9 nm wavelength incident laser
light. UV—vis detection was carried out on a Shimadzu UV-1601
UV—vis spectrophotometer (Japan). Zetapotential measure-
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ments (Zeta Plus, Brookhaven Instruments) were done on the as-
dispersed graphene oxide suspension. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a PHI 5700
ESCA spectrometer with a monochromated Al Ka radiation (hv =
1486.6 V). All XPS spectra were corrected using the C 1s line at
284.6 eV. Curve fitting and background subtraction were accom-
plished using Casa XPS version 2.3.13 software. Thermogravimet-
ric analysis (TGA) of sample was performed on a Pyris Diamond
TG/DTA thermogravimetric analyzer (Perkin-Elmer Thermal
Analysis). The sample was heated under nitrogen atmosphere
from room temperature to 700 at 5 °C min~'. Magnetic proper-
ties were measured at room temperature with JDM-14D vibrat-
ing sample magnetometer (China). The microstructure of the
samples was investigated by a scanning electron microscope
(SEM, Camscan Mx2600FE), a transition electron microscope
(TEM, JEOL JEM2010), and an atomic force microscope (AFM,
Nanoscope llla). The conductivity of a bulk sample of graphene
was taken by pressing the graphene powder into a disk using a
15 mm (diameter) dye under a hydraulic press and measuring
the resistance between two points on the sample. The conduc-
tivity was calculated using the equation: R =p X L/A, where R is
resistance, p is resistivity, A is the cross-sectional area of the
sample in contact with the electrodes, and L is the distance be-
tween the electrodes, with the conductivity being the inverse of
resistivity.

Adsorption—Desorption Experiments. Batch experiments were con-
ducted in 200 mL Erlenmeyer flasks containing 0.02 g GNS ob-
tained by Fe reduction for 360 min without acid treatment, and
with known MB concentrations at room temperature. The flasks
were agitated in a vibrator (HY-5, China) at 150 rpm for 3 h to en-
sure adsorption equilibrium. The adsorbent was separated by a
magnet and the MB concentration was analyzed using UV—vis
spectrophotometer at 665 nm wavelength. All the experimental
data were the averages of duplicate or triplicate determinations.
The relative errors of the data were controlled to within 5%.

Adsorption capacity and removal efficiency of MB on differ-
ent adsorbents were calculated according to the following
equations:*®

(C, — €)100
Removal % = ——— (2)
C'O
(C,— )V
%= —— 3)

where g. (mg/g) is the amounts of MB adsorbed onto adsor-
bent at equilibrium, C, (mg/L) and C, (mg/L) are initial and equili-
brated MB concentrations, respectively; V (L) is the volume of
added solution, and W (g) is the mass of the adsorbent (dry).

To investigate the mechanism of adsorption of MB by adsor-
bents and the potential rate-controlling steps, kinetic models
were applied to evaluate the experimental data. For this pur-
pose Lagergren’s pseudo-first-order kinetic model* and pseudo-
second-order kinetic model*® were used. The pseudo models
are expressed as

Kyt
2303

Lol (D) )
gt kzq 9e

e

log(g, — g, = (log q,) — “4)

where g, is the amount of Ni (Il) removed at the time t (mg/qg)
and k; (min~") and k, (g-mg~'-min~") are the rate constants of
the first-order and second-order kinetic equations for adsorption.
The data obtained were applied to the Langmuir isotherm us-
ing the following linear expression of this model:**

Ce 1 ( Ce)
===t (6)
(qe) (quL) A
where g, is the maximum adsorption capacity of the adsorbent
(mg/g), and K| is the affinity constant (L/mg) related to the ad-

sorption capacity and energy of adsorption, respectively.
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