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The oxygen content of graphene oxide (GO) is directly related to its physical and chemical properties, such
as hydrophilicity, suspension stability, adsorption, and ion-sieving ability of GO membranes. Here, a series of
reduced GO (rGO) with C/O atomic ratios from 1.6 to 4.8 were prepared conveniently by electron-beam
irradiation (EBI) with irradiation-dose control. Moreover, a single oxygen-containing group, i.e., epoxy or
carbonyl, could be retained mainly in the rGO. The interlayer spacing of rGO could be changed from 9.6
A to 7.4 A through control of the oxygen content. The prepared rGO exhibited an excellent adsorption
effect on Pb(i) ions, and the max adsorption capacity reached 194.76 mg gt for rGO with a low
irradiation dose (5 kGy), which showed that the ratio of oxygen-containing groups is important for
improving the adsorption of rGO in aqueous solution. These results indicated that highly efficient,
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Introduction

Graphene oxide (GO) and reduced graphene oxide (rGO) are
two-dimensional (2D) materials derived from the oxidation of
graphite, followed by one of many different possible exfoliation
and reduction methods, and consequently have attracted great
interest from researchers due to their unique physical and
chemical characteristics.’ They show potential for use in many
diverse technology applications, such as ion sieves,“>® energy
storage,”® water treatment,'®'* biomaterials’** and conductive
materials."*** The performance of these applications is closely
related to the characteristics of GO and rGO, such as their
conductivity, water stability, biocompatibility, specific surface
area and adsorption performance.*'®* However, all these prop-
erties of GO are affected by the type and amount of oxygen-
containing groups on the GO surface. Therefore, it is possible
to obtain rGO with specific properties by reducing or controlling
the oxygen-containing groups of GO. At present, the reduction
methods of GO mainly focus on thermal reduction and chem-
ical reductant methods, such as with hydrazine reductants,"”
sodium borohydride reductants,*® ascorbic acid,* amino acid,*
HI/HAC** and other methods, including soft-lithography.*
However, these reduction methods have harsh reaction condi-
tions (high temperatures for a long reaction time), introduce
other impurities, and are typically not environmentally
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large-scale production of rGO with precise control of the oxygen content.

friendly.* Particularly important is to have a controllable oxygen
content that can alter the properties of rGO to fulfil specific
requirements in applications. There have also been efforts to
tune the degrees of reduction. For example, it can be controlled
by increasing the C/O ratio in thermal reduction methods,*
which is not only temperature-dependent but also a time-
dependent process in the timeframe of seconds. So, due to
the difficulty in precisely controlling the reduction process,®
a highly efficient and large-scale production of rGO has still not
been achieved, especially, for reduction control, which still uses
a higher oxygen content. Previous studies have demonstrated
that GO has excellent adsorption for heavy metal ions and
organic contaminants.>* However, swelling due to the strong
hydrophilic character of GO membranes results in poor stability
in water and hinders their application in water treatment.?®
Electron-beam irradiation (EBI) is an advanced redox tech-
nique that has been used for synthesis and chemical modifi-
cation of materials.>*** The principle of this method is to get the
active free radicals (-OH, ‘H and e,q ) to chemically react
through applying high-energy-electron-beam radiation to water.
So the strategy has many advantages, such as being chemical-
reductant free, efficient, fast, eco-friendly, and easily scalable.
In this study, GO was reduced in a water/isopropanol solu-
tion system by simple, efficient, and fast EBI. The oxygen
content in rGO decreased obviously as the reduction degree
increased. Different reduction degrees of rGO with an interlayer
spacing from 9.6 to 7.4 A, and even a single oxygen-containing
group, ie., epoxy or carbonyl dominant, were obtained by
controlling the EBI dose. Our previous studies also found that
rGO as an ion-sieving membrane has great application in water
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treatment, and that different interlayer spacings can achieve
accurate ion screening.' Here, the results show that EBI can
precisely control the rGO layer spacing under different irradia-
tion doses, which further provides new ideas for controlling the
layer spacing of rGO and the large-scale preparation of gra-
phene. Moreover, rGO reduced by the EBI method showed
a good adsorption of Pb(u) with different reduction degrees of
rGO. It was found that a slight reduction of rGO at low doses (5
kGy) resulted in the best adsorption of Pb(u) of 194.76 mg g '.
The use of rGO reduced by the EBI method with dose control
not only solves the issue of the swelling of GO membranes in
water treatment applications, but also allows achieving a good
adsorption at the same time, such as of heavy metal ions.

Experimental
Preparation of graphene oxide (GO) suspension

Graphene oxide (GO) was prepared from commercial graphite
powder via a modified Hummers method.** Graphite powders
were pre-oxidized by concentrated H,SO,4, K,S,0g, and P,Os
solution with continuous stirring for several hours. Then, the
mixture was washed with DI water and vacuum dried. Then, pre-
oxidized graphite was further oxidized in concentrated H,SO,
and KMnO,, diluted with DI water, followed by the addition of
30% H,0,. The product was separated by centrifugation and
washed with a 1:10 HCl aqueous solution to remove ion
species first, and then washed with DI water sequentially. The
concentration of the as-prepared GO suspension was approxi-
mately 5 mg ml ™.

Reduced graphene oxide (rGO) prepared by electron-beam
irradiation (EBI)

The EBI reduction method essentially involves applying radia-
tion to water to produce hydrated electrons in the medium to
facilitate chemical reactions.**** Hydrated electrons chemically
react with the oxygen-containing groups on the GO surface to
reduce the oxygen content.** The intensity of the irradiation is
described by the absorbed dose. The unit is grays, which are
defined as the energy absorbed by the mass of the substance
being irradiated: 1 gray indicates that 1 kg of material absorbs 1
J of energy, therefore, 1 gray = 1 ] kg~ '. Here the content of
75 mg GO was irradiated in each of the suspension/isopropanol
samples. The GO suspension and isopropanol were mixed at
a volume ratio of 3:2. The mixed solutions were put into
a sealed bag filled with nitrogen gas and irradiated with
different doses (0, 5, 15, 20, 40 kGy) under room temperature.
The electron accelerator had a beam intensity of 5 mA and an
energy of 1.8 MeV (From the Shanghai Institute of Radiation
Applications, GJ-II type electron accelerator). The degree of
reduction of rGO increased and the colour became darker with
the gradual increase in the irradiation dose. These were due to
the removal of some oxygen-containing groups and the decrease
in hydrophilicity, which led to rGO sheet agglomeration.
Finally, the rGO solution was washed sequentially with DI water
by centrifugation.
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In order to test the suspension stability of rGO reduced by
the EBI, the prepared rGO suspensions with the radiation dose
increasing were centrifuged at 5000 rpm for 5 min.

Fabrication of freestanding rGO membranes

Freestanding rGO membranes could be prepared by drop-
casting the rGO suspension droplets onto a smooth paper
substrate." The freestanding rGO membranes in our study were
dried thoroughly at 60 °C for 12 h. After that, they were peeled
off, rinsed, and soaked with DI water for more than half an
hour, then dried in a dry dish at room temperature for 3 days.
The prepared freestanding membranes were later used for the
adsorption experiments.

Adsorption experiments

The kinetics of adsorption of Pb(u) by rGO was assessed by
adding 25 mg of rGO membranes in a 10 ml solution with the
initial concentration of Pb() 500 mg 17*, and the mixture was
rotationally stirred at a rate of 160 rpm at 30 °C. An aliquot of
0.2 ml sample solution was taken from the beaker to analyze the
concentration of lead ions at different time intervals. The
concentration of Pb(u) ions was determined using ICP-OES
(HITACHI, PS7800).

According to the following equation®**” as a pseudo-first-
order kinetic model (eqn (1)), the experimental data were
fitted using Origin software:

qr = Qe(l - eik”)

where g. and ¢, (ug/g) are the mass of antibiotics adsorbed per
unit mass of adsorbent at equilibrium and at time ¢ (h),
respectively, and k; (1/h) is the rate constant of the first-order
kinetic model.

Results and discussion

Theory of the reduction of GO suspension via electron-beam
irradiation

The primary radiolysis process of water under electron-beam
irradiation can be explained by reaction (1):*

H,0 = 50H, -H, ey, Hy, H,0,, H;0° (1)
e+ -OH — OH™ 2)

:OH + (CH3),CHOH — -C(CH;),0H + H,0 (3)
€aq + *C(CH3)0H — C(CH3),0H" (a)

In reaction (1), water molecules produce various species
under the high-energy-electron-beam irradiation, where the
hydrated electron (e~ + nH,O — e,q") is a strong reducing
agent toward oxygen-containing functional groups, such as
hydroxyl, epoxies, ketones, and carboxylic acids. The gener-
ated e, can cause the deoxygenation and hence reduction of
GO. However, e, tend to be degraded by -OH in reaction (2).
This causes the reduction reaction to be blocked, thus it is

This journal is © The Royal Society of Chemistry 2019
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Fig.1 X-ray photoelectron spectrometer spectra (XPS) of the rGOs: (a) GO and rGOs solution (0.2 mg ml™?) irradiated by an electron beam at
differentirradiation doses and elemental atomic content (at.%) of C/O; (b) full-scan spectra of the samples of GO and rGOs irradiated to different
doses; (c) Cls peak; (d) Ols peak.

necessary to add an alcohol to the water to scavenge the reaction (3). Herein, it is assumed that reaction (4) does not
hydroxyl radicals (-OH) to prevent reaction (2), at the same occur to an appreciable extent.**
time greatly enhancing the stability of the hydrated electron by
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Physicochemical properties of GO and rGOs

The rGOs solution (0.2 mg ml™') at different irradiation doses
(0, 5, 15, 20, 40 kGy) were obtained as shown in Fig. 1a. The
solution became darker with increasing the irradiation dose,
which was consistent with rGO dispersion reported in the
literature.*® The decrease in GO hydrophilicity due to removing
a portion of the oxygen-containing groups, which are easier to
be separated by centrifugation, results in the agglomeration of
GO sheets.

X-ray photoelectron spectroscopy (XPS) was utilized to
analyze the oxygen group content before and after the irradia-
tion of GO. The XPS full scan spectra and C1s and O1s partial
spectra of rGOs under different irradiation doses are shown in
Fig. 1. The C1s and O1s peak positions of rGOs were at 285.08 eV
and 532.08 eV, respectively. From the elemental contents of C
and O in the full scan spectra, it is obvious that the ratio of C/O
in each sample increased sharply (from 1.6 to 4.8) with the
increase in irradiation dose, indicating the successful and
controllable removal of oxygen-containing groups on the GO
surface. The C1s and O1s XPS spectra of rGOs with different
irradiation dosages are shown in Fig. 1c and d. The C1s XPS
spectra exhibit four different peaks located at 284.46, 286.54,
287.08 and 288.13 eV, corresponding to aromatic (C-C/C=C),
epoxide (C-O/C-0O-C), carbonyl (C=0) and carboxyl group (O-
C=0) chemical shifts, respectively."* A clear reduction control
is shown by the specific peak area of C-O/C-O-C decreasing
with the increasing irradiation dosages, as shown in Fig. 1c. The
content of C-O/C-0O-C decreased from 39.11% to 11.07%, and
the content of O=C-O group was reduced from 88.75% to
25.58% with an increase in irradiation dose. On the contrary,
the proportion of C-C/C=C gradually increased from 52.73% to
80.55%. (Table 1). Similarly, the O1s spectrum was also resolved
into three individual component peaks centred at 533.16 eV
(0=C-0 and C-0-C), 532.32 eV (C-OH) and 531.60 eV (C=
0),*>** respectively (Fig. 1d). The content of C-OH decreased
from 42.42% to 26.24%, and that of COOH decreased from
20.31% to 12.16% (Table 2), which were consistent with the
results for C1s XPS. This indicated that a large number of
oxygen-containing groups had been removed as the irradiation
dose increased. The main oxygen-containing groups retained in
rGO were epoxy or carbonyl, which upon reduction with high
irradiation doses were reduced to epoxy ~11.07% and carbonyl
~8.02% (total oxygen content was ~17.2% at 40 kGy).

We confirmed the controllable reduction of oxygen-
containing groups using FT-IR spectra detection, which

Table 1 Cls XPS elemental analysis data of the samples at different
irradiation doses

Irradiation

dose (kGy) C-C/C=C (%) C-O/C-O-C (%) C=O (%) O-C=O0 (%)
GO (0 kGy) 52.73 39.1 5.18 2.99

5 kGy 56.79 35.12 6.51 1.58

15 kGy 61.05 30.19 6.46 2.31

20 kGy 75.42 21.43 1.33 1.82

40 kGy 80.55 11.07 8.02 0.37
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Table 2 O1ls XPS elemental analysis data of the samples at different
irradiation doses

Irradiation

dose (kGy) C=0 (%) C-OH (%) 0-C=0/C-0-C (%)
GO (0 kGy) 37.28 42.42 20.31

5 kGy 59.68 29.29 11.03

15 kGy 53.94 20.41 26.65

20 kGy 60.88 25.47 13.65

40 kGy 61.59 26.24 12.16

showed the same trends as the oxygen-containing group
contents with the irradiation doses increasing. Fig. 2 shows the
change in different oxygen-containing groups on the graphene
oxide surface. This suggests that the oxygen-containing groups
-OH (3430 cm ™), carboxyl C=0 (1735 cm™*), hydroxyl C-OH
(1416 cm™'), epoxy C-O-C (1240 cm ') and alkoxy C-O
(1074 em™ ') were all gradually decreased with the radiation
dose increasing. At 40 kGy dose irradiation, the oxygen-
containing groups almost disappeared, such as the -OH
(3430 cm™%), carbonyl C=0 (1735 cm™ '), carbonyl C-OH
(1416 cm™ ') and alkoxy C-O (1074 cm™ ') groups, consistent
with the reduction of rGO reported in the literature.**** More-
over, a single and less oxygen-containing group, such as epoxy
or carbonyl, can be retained in rGO. Therefore, it was indicated
that a series of different degrees of reduction of rGO were
successfully obtained by electron-beam irradiation.

Raman spectroscopy is a non-destructive technique used to
study the structural orders and disorders of various carbon
materials, including GO and rGO.” The Raman spectra of GO
and rGO in Fig. 3b show peculiar peaks designated as a D band
at 1350 cm™ ' and G band at 1590 cm™!, with the G band
assigned to the first-order scattering of the E,; mode observed
for sp® carbon domains, and the broad D band caused by sp’-
hybridized carbon, structural defects, carbon amorphous or
edge planes that can break the symmetry and selection rule, The
Ip/I; ratio is usually used to measure the disorder degree and

—GO
—— rGO-5kGy
c=C ——rGO-15kGy
c-0-C C-OH/ _ —— rGO-20kGy
c-o, ' _~ C=0 — rGO-40kGy

Transmittance (a.u.)

T T T 1
2000 2500 3000 3500

Wavenumber(cm™)

1 1
1000 1500 4000

Fig. 2 FTIR spectra of rGO under different irradiation doses (0, 5, 15,
20, 40 kGy).
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a photo of agglomerated rGOs; (b) Raman spectra of the rGOs irradiated with different irradiation doses.

— GO
231nm

— 5kGy-rGO
= 15kGy-rGO
= 20kGy-rGO

—~ = 40kGy-rGO

=

S

Q

o

c

(]

2

o

1%}

o

©

: L I T —
200 300 400 500 600

wavenumber(cm™)

Fig. 4 UV-visible absorption spectra of GO and rGOs.

size of sp® clusters in a network of sp® and sp®> bonded
carbons.**** An increase in the Ip/I; value means a degradation
of the crystallinity of the graphitic materials. Here, the Raman

a
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Fig. 5
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Interlayer spacing (A) U‘_\

spectroscopy results (Fig. 3) showed that the Ip/Ig value
increased from 0.790 to 1.951 with the increase in irradiation
dose, thereby the defects had increased following electron-
beam irradiation.

To analyze the oxygen content and defects in GO at high
doses, the irradiation dose was increased to 180 kGy. According
to the results of XPS and Raman detection, the C-C/C=C ration
increased to 91.28%, and the corresponding defects also
increased significantly, as shown in Fig. 3. These indicate that
there was a higher reduction with the increased irradiation
doses; however, the defects and agglomeration of rtGO was
a serious issue (inset in Fig. 3a), and further confirmed that
a controllable oxygen content of rGO is important to fulfil
specific requirements in applications.

Fig. 4 shows the typical UV-vis absorption spectra for GO and
rGO. There are two distinct characteristic absorption peaks at
231 nm and 304 nm for GO (0 kGy), which correspond to the =
— m* transition of C=C and the n — 7* transition of C=0,
respectively.®> With the increase in radiation dose (from 0 to 40
kGy), the absorption peak of GO at 231 nm was shifted slightly
to a longer wavelength near 256 nm. This shows that the
conjugated electron structure of graphene oxide is gradually
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(a) XRD spectra of rGOs and (b) interlayer spacing of rGO under different irradiation doses (0, 5, 15, 20, 40 kGy).
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Fig. 6 Adsorption kinetics of Pb(i) on GO and rGO under different
irradiation doses (0, 5, 15, 20, 40 kGy). The inset chart shows the
relationship between rGO with different irradiation doses and the
adsorption capacity of Pb(i).

restored, which is an indication of the increase in GO reduction.
The significant decrease of the C=0 characteristic absorption
peak at 304 nm (disappears at 40 kGy) further indicated
a decrease in the GO oxygen content. These results demonstrate
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again that a series of different degrees of reduction of rGO could
be obtained by precise control of the EBI.

The control or tuning of the interlayer spacing is a key issue
for ion sieving by GO membranes.** It is obvious that, the oxygen-
containing groups serving as pillars supporting the spacing
between GO flakes in membranes would have an impact on the
interlayer spacing. We therefore tested the interlayer spacing of
fabricated rGO membranes by X-ray diffractometry (XRD), and
found that there were clear shifts of the spacing (indicated by the
Bragg peaks in Fig. 5) relative to the GO membranes without EBI
reduction. The interlayer spacing showed a typical XRD pattern of
the rGO, with spacings of 9.6, 8.5, 8.1, 7.8 and 7.4 A for irradiated
doses of 0, 5, 15, 20 and 40 kGy, respectively. As the radiation
dose increased, the interlayer spacing of rGO decreased from 9.6
A to 7.4 A. This shows that the oxide contents can determine the
interlayer spacing of rGO membranes at sizes as small as
a nanometre, and the variable range of this spacing can be
controlled to within 1 A. The decrease in interlayer spacing
indicated that EBI could precisely deoxygenate and control the
reduction of rGO. It should be noted that the higher radiation
dose resulted in a weaker intensity of XRD peaks (Fig. 5a), indi-
cating a weakening of the levelling and ordering between GO
flakes by higher EBI doses, which would decrease the perme-
ability and mechanical properties of the membranes.

In addition, we analyzed the solution adsorption of the rGO
membranes with heavy metal ions. The adsorption

Fig.7 Drastically different stability of GO and rGO membranes in water. (1): GO, (2): rGO (5 kGy), (3): rGO (15 kGy), (4): rGO (20 kGy) and (5): rGO
(40 kGy). The photos were taken after the solutions had been stirred with a glass stirring rod.
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performance of Pb(1) by tGO membranes with different degrees
of reduction was measured as shown in Fig. 6. It was found that
a rapid adsorption process took place in the first 40 min and
reached an equilibrium of adsorption at ~1 h. This rapid
adsorption phenomenon is attributed to the strong cation-w
interactions between the adsorbents and heavy metal ions,
which allows a large number of heavy metal ions to enter the
channel between layers to achieve adsorption equilibrium.*
The adsorption capacity of Pb(u) by rGO under the different
doses was also studied. The results showed that the fastest
adsorption rate and maximum equilibrium adsorption capacity
(194.76 mg g~ ') occurred at a low dose of 5 kGy. According to
previous research, the mechanism of rGO adsorption of heavy
metals is mainly dominated by cation-r interactions, and the
intensity of the cation-m force is related to the area of the
aromatic ring. However, the area of the aromatic ring is related
to the hydrophilicity of rGO, and these are determined by the
oxygen contents on the rGO surface.> That is, aromatic rings
are the main contributing factor for Pb adsorption, but also
have an important influence on the hydrophilicity. Therefore,
the reason for this phenomenon is that the GO reduced by the 5
kGy dose both had a certain reducibility with good stability and
good hydrophilicity in water. Then, when the irradiation dose
was higher than 5 kGy, the maximum adsorption capacity
decreased with the increase in irradiation dose. This is related
to the removal of oxygen-containing groups on the surface of
the rGO.

Further experiments were carried out to observe the stability
of GO and rGO membranes. As shown in Fig. 7, the most
striking difference between the GO and rGO membranes is their
stability in water, which shows that the GO membrane disin-
tegrates after about 30 min upon hydration without any
mechanical agitation, and is then completely dispersed after
100 min. In contrast, all the rGO membranes remained intact in
water. This indicated that the reduction of GO by EBI, to
a certain extent, can well solve the swelling of GO membranes in
water.

Conclusions

We achieved a facile and precise control of the oxygen content
in rGO, with C/O atomic ratios from 1.6 to 4.8, and retention of
a single epoxy or carbonyl group, mainly though electron-beam
irradiation at different irradiation doses (5, 15, 20, 40 kGy).
Under the electron-beam irradiation, a large number of oxygen
functional groups on the surface of the GO were controllably
removed, and the interlayer spacing of GO decreased from 9.6 to
7.4 A, showing that the oxide content can determine the inter-
layer spacing of rGO membranes at sizes as small as a nano-
metre; also, the variable range of this spacing could be
controlled to within 1 A. The adsorption performance of Pb(u)
showed that the best adsorption effect occurred when the irra-
diation dose was 5 kGy, which represented the fastest adsorp-
tion rate and maximum equilibrium adsorption capacity
(194.76 mg g~ '). Overall, our findings represent a controllable
reduction of GO by EBI methods as an environmentally friendly,
efficient and advanced technology that has potential

This journal is © The Royal Society of Chemistry 2019
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application prospects in the controllable reduction of GO,
energy storage, ion sieves, water treatment, biomaterials,
conductive materials, among others.
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