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Reduced graphene oxide (RGO) with different amounts of wrinkling were synthesized in a

water–ethylene glycol (EG) system with different volume ratios. The obtained RGO were

characterized by X-ray powder diffraction, Raman spectroscopy, X-ray photoelectron spec-

troscopy, scanning and transmission electron microscopy, thermogravimetric analyze, and

Brunauer–Emmett–Teller N2 adsorption–desorption analysis. It was found that the degree

of wrinkling decreased with an increase in the EG/water volume ratio. A possible mecha-

nism for the formation of wrinkles was proposed. The adsorptive and catalytic properties

of the RGO were investigated. Bare RGO were used to adsorb dyes as well as catalyze the

reduction of 4-nitrophenol. The results revealed that neither the most wrinkled nor the

smoothest RGO was best for the adsorptive and catalytic applications, while an intermedi-

ate state showed the best performance. A relationship between morphology, and the

adsorptive and catalytic performance was discussed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, a two-dimensional (2D) material, composed of lay-

ers of carbon atoms packed into a honeycomb network, has at-

tracted intense scientific interest mainly because of its large

surface area and exceptional electrical, mechanical, thermal

and optical properties [1–3]. Up-to-date, various methods have

been developed for producing graphene. Among them, the

method of sonication exfoliation-chemical reduction of graph-

ene oxide (GO) into reduced graphene oxide (RGO) is both easily

scalable and versatile in realizing abundant chemical function-

alization and decoration [4,5]. However, the as-obtained RGO

are different from the pristine graphene with the reason that

the defects and oxygen-containing functional groups could

not be removed completely during the reduction process [6].
er Ltd. All rights reserved
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In spite of this, RGO are widely used for the synthesis and prac-

tical application of graphene-based materials [7].

Wrinkles or ripples always exist in graphene in both exper-

imental observation and theory simulations with the reason

that perfect 2D crystals are thermodynamically unstable

and cannot exist in the free smooth state, and the graphene

become intrinsically stable by crumpling in the third dimen-

sion and minimizing the total free energy [8,9]. Wrinkling

behavior has an important effect on the properties of graph-

ene. For instance, Zheng et al. studied the effect of functional

groups on the wrinkling properties of armchair graphene

through molecular dynamics and molecular mechanics simu-

lations [10]. Glukhova and Slepchenkov investigated the influ-

ence of the curvature of deformed graphene nanoribbons on

their electronic and adsorptive properties based on the anal-

ysis of the local stress field for an atomic grid [11]. However,
.
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almost all of these researches are based on pristine graphene

through theoretical investigation approach. In our previous

works, smooth RGO and wrinkled RGO were used to fabricate

hybrids for various applications, respectively [12,13]. Then the

question is RGO, wrinkled or smooth, which is better? Obvi-

ously, it is also necessary to investigate the influence of wrin-

kling on the properties of RGO from an experimental

viewpoint. However, so far, there has not been any report on

the synthesis of RGO with different wrinkling.

Herein, we investigate the synthesis and properties of RGO

with different amounts of wrinkling. The different wrinkling

in RGO is achieved through changing the volume ratio of

water to ethylene glycol (EG) in the reaction medium. With

the removal of organic dye and reduction of 4-nitrophenol

(4-NP) by NaBH4 as model reactions, a systematic investiga-

tion into the adsorptive performance as well as catalytic

activity of RGO with different wrinkling degree has been car-

ried out. It is expected that this research presented here can

provide some implications for the practical use of wrinkling

in graphene-based materials for various applications.

2. Experimental

2.1. Materials

Natural flake graphite was purchased from Qingdao Guyu

Graphite Co., Ltd. with a particle size of 150 lm. All other

chemicals are of analytical grade and used without further

purification.

2.2. Preparation of graphite oxide

Graphite oxide was synthesized from natural flake graphite

by a modified Hummers method [14]. In a typical procedure,

2.0 g of graphite powder was added into cold (0 �C) concen-

trated H2SO4 (100 mL) solution containing NaNO3 (4.0 g) in a

500 mL flask. Under vigorous stirring, KMnO4 (10.0 g) was

added gradually and the temperature of the mixture was

kept below 10 �C. The reaction mixture was then stirred at

35 �C for 2 h until it became pasty brownish, and was diluted

with de-ionized water (100 mL). When the addition of water,

the reaction was cooled with an ice bath to keep the temper-

ature below 100 �C, because the addition of water in concen-

trated H2SO4 medium violently released a large amount of

heat. Then, the mixture was stirred for 30 min and 20 mL

of 30 wt.% H2O2 was slowly added to the mixture to reduce

the residual KMnO4, after which the color of the mixture

changed to brilliant yellow. The mixture was then filtered

and washed with 5 wt.% HCl aqueous solution (800 mL) to re-

move metal ions followed by washing with 1.0 L of de-

ionized water to remove the acid. For further purification,

the as-obtained graphite oxide was re-dispersed in de-ionized
Table 1 – Samples of RGO obtained with different water–EG volu

Samples RGO-1 RGO-2

Water–EG volume ratio 40:0 20:20
water and then was dialyzed for one week to remove resid-

ual salts and acids. The resulted solid was centrifuged and

dried at 60 �C for 24 h.

2.3. Preparation of RGO

The typical procedure for the preparation of RGO is as follows:

100 mg of graphite oxide was dispersed in 40 mL of water–EG

mixed solvent by ultrasonication for 1 h. Then 2.0 mL of

hydrazine hydrate was slowly added in. The mixture was stir-

red for 5 min, and then was transferred to a 50 mL Teflon-

lined stainless steel autoclave and heated at 180 �C for 10 h.

The resultant black product was isolated and washed with

de-ionized water and ethanol several times by centrifugation,

and finally dried at 45 �C in a vacuum oven. With the same

procedure and the same amount of reaction reagents, various

RGO were synthesized by adjusting the initial volume ratio of

water to EG. The samples synthesized under different water–

EG volume ratios were summarized in Table 1.

2.4. Characterization

The phase of the as-synthesized products was characterized

using X-ray diffraction (XRD, Bruker D8 Advance diffractome-

ter) with Cu Ka radiation (k = 1.5406 Å) at a scanning rate of

4� min�1. Raman spectra were carried out at room tempera-

ture using a DXR Raman microscope with 514.5 nm excitation

source from an Ar+ laser. The X-ray photoelectron spectros-

copy (XPS) measurements were performed on a PHI 5000 Ver-

saProbe. The morphology and size of the products were

examined by transmission electron microscopy (TEM, JEOL

JEM-2100) and field emission scanning electron microscopy

(FESEM, JSM-7001). Thermogravimetric analyze (TGA) was

conducted by an integrated thermal analyzer (STA 449C) with

a heating rate of 10 �C min�1 under nitrogen atmosphere. The

Brunauer–Emmett–Teller (BET) surface area of the RGO was

tested using ASAP 2010 sorption analyzer. Ultraviolet–visible

(UV–vis) spectroscopy measurements were performed on a

UV-2450 UV–vis spectrophotometer.

2.5. Dye adsorptive experiment

Dye removal efficiency was determined by measuring the dye

concentration before and after adsorption with constant stir-

ring under ambient conditions. The initial concentration of

dyes was 10 mg/L for methylene blue (MB) and rhodamine B

(RhB), while the adsorbent concentration was 40 mg/L. For

adsorption experiments, 4.0 mg of RGO was taken in 250 mL

beaker and 100 mL of the dye solution was added. The mix-

ture was sonicated for 1 min and then kept stirring. 2.0 mL

of the dye solution was withdrawn at regular intervals, and

their concentrations were determined by measuring the
me ratio.

RGO-3 RGO-4 RGO-5 RGO-6

10:30 5:35 2.5:37.5 0:40
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absorbance of the solutions at 664 nm for MB and 554 nm for

RhB with the UV–vis spectrophotometer. The adsorption

amount (qt, mg/g) can be calculated by the mass balance

equation as follows:

qt ¼
ðC0 � CtÞV

m
ð1Þ

where C0 (mg/L) is the initial dye concentration before re-

moval, Ct (mg/L) is the concentration of dye at time t, V (L)

is the volume of the aqueous solution, and m is the weight

of the RGO adsorbents.
2.6. Catalytic reduction of 4-NP

In a typical reaction, 1.0 mL of 4-NP aqueous solution

(5.0 mM) was added into 100 mL of de-ionized water. A

freshly prepared aqueous solution of NaBH4 (2.0 mL, 3.0 M)

was added in, leading to a color change from light yellow

to yellow green. Then the as-obtained solution was added

into a 250 mL beaker containing 10.0 mg of a catalyst to

start the reaction, and the reaction solution was kept

stirring. During the reaction process, 2.0 mL of the reaction

solution was withdrawn at a given time interval, which
Fig. 1 – (a) XRD patterns and (b) Raman spectra of (1) RGO-1,

(2) RGO-2, (3) RGO-3, (4) RGO-4, (5) RGO-5, (6) RGO-6 as well as

graphite oxide (red lines). (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
was immediately recorded in the UV–vis spectrophotometer

in a scanning range of 200–600 nm at ambient

temperature.
3. Results and discussion

3.1. Characterization of RGO

The RGO were solvothermally synthesized by reduction of GO

nanosheets with hydrazine hydrate in a water–EG system.

With the increasing volume ratio of EG in the reaction system

from 0% to 100%, the RGO samples from RGO-1 to RGO-6 were

synthesized. The XRD patterns of the as-synthesized RGO as

well as graphite oxide are shown in Fig. 1a. Compared with

the pattern of graphite oxide, the strong (001) peak centered

at 2h = 10.2� disappears in the diffraction patterns of RGO,

confirming that graphite oxide has been flaked and reduced

[15]. The as-obtained RGO (RGO-1–RGO-6) show a broad

(002) peak at 2h of 24.2�, 23.3�, 22.8�, 22.1�, 22.7� and 23.6�,
respectively, corresponding to the d-spacing of 0.36, 0.38,

0.39, 0.40, 0.39 and 0.37 nm, respectively. All the d-spacings

of RGO are larger than that of pristine graphite (0.34 nm),

which may be due to the irregular stacking of wrinkled graph-

ene. From RGO-1 to RGO-6, it was also found that the d-spac-

ing increased firstly, and then decreased. Another peak with

2h at about 42.5� was also observed, corresponding to its

(100) reflection. It should be noted that the relative peak

sharpness of the (100) peak decreases from RGO-1 to RGO-6,

showing the decline of graphitization degree [16].

Fig. 1b shows the Raman spectra of the as-obtained RGO as

well as graphite oxide, which display two prominent peaks,

corresponding to the well-documented D and G bands,

respectively. The D band is associated with the defects, while

the G band corresponds to the graphitic band related to the

order of the sample [17]. Graphite oxide displays the D band

and G band at 1357 and 1600 cm�1, respectively, while pristine

graphite shows G band at 1575 cm�1 [18]. This difference was

attributed to the presence of isolated double bonds in GO,

which resonate at frequencies higher than that of the G band

of the graphite [19]. For RGO, the D band is located at about

1344 cm�1, while the G band shifts upward from the

1575 cm�1 of RGO-1 to 1585 cm�1 of RGO-6 (1577, 1579, 1582

and 1584 cm�1 for RGO-2, RGO-3, RGO-4 and RGO-5, respec-

tively), which is more and more far from the value of pristine

graphite, corresponding to the decrease in the recovery of the

hexagonal network of carbon atoms, once again confirming

the decline in the degree of graphitization from RGO-1 to

RGO-6 [20–23]. In addition, the integrated intensity ratio of

the D and G band (ID/IG) for RGO shows an enhanced value

(ID/IG P 1.3) in comparison with graphite oxide (ID/IG = 0.95),

indicating more sp2 domains were formed during the reduc-

tion of GO [24].

The C 1s XPS spectra of as-obtained RGO as well as graph-

ite oxide are shown in Fig. 2. The deconvolution spectra show

four different peaks centered at 284.6, 286.4, 287.8 and

289.0 eV, corresponding to C–C, C–O, C@O and O@C–O groups,

respectively [25]. In comparison with the C 1s spectra of

graphite oxide, the intensities of C–O, C@O and O@C–O peaks

decrease significantly, confirming the effective removal of



Fig. 2 – C 1s XPS spectra of (a) RGO-1, (b) RGO-2, (c) RGO-3, (d) RGO-4, (e) RGO-5, (f) RGO-6 as well as (g) graphite oxide.
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oxygen-containing functional groups and the high reduction

degree of RGO. The C 1s spectra of the different RGO look

much similar with the reason that the same amount of strong

reducing agent was added. However, when observed carefully,

it could be found that the intensity of C 1s peaks from the

carbon binding to oxygen shows a slight increase from

RGO-1 to RGO-6 (peak area ratio of C–O, C@O, O@C–O bonds
to C–C bond for RGO-1, RGO-2, RGO-3, RGO-4, RGO-5 and

RGO-6 is 0.39, 0.41, 0.46, 0.48, 0.54, and 0.56, respectively), sug-

gesting a little decline in deoxygenation degree of RGO. There

is no difference in the O 1s peaks among the different RGO

samples (Fig. S1). They are located at 531.8 eV, corresponding

to the remaining O–C bond [26]. But their intensities were

much lower than the O 1s peak of graphite oxide (Fig. S1). Also
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from the XPS data, the C/O molar ratio of RGO-1, RGO-2, RGO-

3, RGO-4, RGO-5 and RGO-6 was 17.94, 15.18, 12.35, 11.32, 11.02

and 10.63, respectively, showing the trend of decrease. Natu-

rally, these values are much larger than the C/O molar ratio

(2.25) of graphite oxide. These results agree well with the

decline of graphitization degree from RGO-1 to RGO-6 due to

the deoxygenation function of the graphitization process

[27,28].

The morphology of the as-synthesized RGO was character-

ized by FESEM and TEM (Fig. 3). From the FESEM images, it can

be clearly seen that many RGO nanosheets closely associate

with each other in all the samples. Meanwhile, these RGO

samples show different morphology on the whole. Among

them, the RGO-1 and RGO-2 show the highest degree of wrin-

kling, which aggregated severely into flower petal-like shapes.

From the TEM images, it can be seen that the wrinkles with

high amplitude/wavelength aspect ratio in RGO-1 and RGO-2

are much clear, and the fold lines within the nanosheets are

very long and thick. On the contrary, the RGO-6 show the low-

est degree of wrinkling. The nanosheets are very flat and
Fig. 3 – FESEM and TEM images of (a, g) RGO-1; (b, h) RGO-2; (c, i)
smooth, and the fold lines on them are vague. The TEM and

FESEM images of RGO-3, RGO-4 and RGO-5 exhibit that the

wrinkling situation of them falls in between RGO-2 and

RGO-6, and the wrinkling degree gradually decreases from

RGO-3 to RGO-5, revealing that the degree of wrinkling de-

creases with the increasing volume ratio of EG in the reaction

medium. Furthermore, considering the distinctive morphol-

ogy of RGO-6 as compared with other RGO samples, it could

be concluded that water plays an important role in the forma-

tion of wrinkles on RGO.

To investigate the formation mechanism of wrinkles on

RGO, it is firstly needed to determine when the wrinkles are

formed. FESEM images (Fig. 4a and b) shows that no apparent

wrinkle exists in the graphite oxide. After the graphite oxide

was dispersed into pure water through ultrasonication, the

obtained GO nanosheets do not show apparent wrinkles as

shown in the TEM images (Fig. 4c and d), revealing that the

wrinkles were not formed in the ultrasonic process. There-

fore, it can be reasonably inferred that the followed solvother-

mal-reduction process should be responsible for the
RGO-3; (d, j) RGO-4; (e, k) RGO-5 and (f, l) RGO-6, respectively.



Fig. 4 – (a, b) FESEM images of graphite oxide, (c, d) TEM images of GO nanosheets dispersed in water, (e, f) FESEM images of

RGO nanosheets obtained in water/PVP system (water: 40 mL; PVP K30: 4 g).
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formation of the wrinkles. As an analogous case, it has been

reported that flake-like GO can be reflux-reduced to crumpled

RGO in a water/ethanol system [29]. We consider that in the

heating process, the heat energy decreases the stability of

the 2D nanosheets, resulting in the crumpling of them

through bending or buckling. On the other hand, with the

reduction of GO into RGO, the rich functional groups on them

are removed, which also reduces their thermodynamic

stability.

Then the question is why EG in the solvent can restrain the

formation of wrinkles on RGO. Paredes et al. have shown that

through sonication, both water and EG as solvent can fully

exfoliate graphite oxide and disperse the as-obtained GO

nanosheets well [30]. We believe that the higher viscosity of

EG may contribute to the lower wrinkling degree of RGO.

Viscosity is a measure of the resistance to fluid deformation.

In the reduction process, whether through hydrothermal/

solvothermal route or reflux approach, the deformation of

solvents results from the high temperature, high pressure or

stirring can also drive the deformation of RGO nanosheets.
The deformation of RGO in EG with higher viscosity would en-

dure bigger obstruction than in water and thus leads to rela-

tively low wrinkling. Moreover, high viscosity decreases the

diffusion rate of GO nanosheets in EG during the reduction

process [31], thus the chance of collision, overlapping and

cross-linking of flexible RGO nanosheets, which would lead

to the deformation of RGO, could be reduced [32]. This can

be supported by FESEM images (Fig. 4e and f) of the RGO syn-

thesized in a water/PVP system under the same experimental

condition, in which PVP increases the viscosity of the solvent

and thus alleviates the degree of wrinkling. Another

possible reason may be the larger heat capacity of water in

comparison with EG. Water as a solvent can absorb more

quantity of heat during the heat-reduction process when

heating up to the same temperature (180 �C), which leads to

the increase of the instability of RGO nanosheets and, as a re-

sult, the higher degree of wrinkling formed. More quantity of

heat may also cause the higher graphitization degree of RGO.

It was reported that graphitization and deoxygenation can

cause the shrinkage of RGO agglomerations [27].



Fig. 5 – TGA curves of the obtained RGO as well as graphite

oxide.
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The TGA curves of as-obtained RGO as well as graphite

oxide under nitrogen flow are shown in Fig. 5. For graphite

oxide, there is a small weight loss (below 100 �C) and a major

weight loss (180–240 �C), corresponding to the loss of ad-

sorbed water and pyrolysis of labile oxygen-containing func-

tional groups, respectively [33]. In contrast, TGA curves of

RGO only exhibit slight weight loss below 100 �C, showing

the removal of oxygen-containing functional groups as well

as relatively low and approximate water content of various

RGO. Moreover, RGO-1 and RGO-2 show better thermal stabil-

ity in comparison with the others, corresponding to their

higher graphitization degree.

Nitrogen adsorption and desorption measurements are

used to further estimate the inner structures of RGO. The

nitrogen adsorption and desorption isotherm curves of the

obtained RGO are shown in Fig. 6a. The shape of the iso-

therms indicates that the RGO contain both micro and mes-

opores [24]. Moreover, it can be clearly seen that the

hysteresis loops of RGO-1 and RGO-2 are much broader than

those of other RGO, showing the existence of many large

pores in highly crumpled RGO. The BET specific surface area

of the samples from RGO-1 to RGO-6 is calculated to be

427.2, 836.9, 1004.3, 662.7, 57.6 and 36.2 m2/g, respectively.

The value of RGO-1 is much larger than that of RGO-6, show-

ing that the surface area of wrinkled RGO is larger than that of
Fig. 6 – (a) N2 adsorption–desorption isotherms and (b)
flat RGO. The curve of the change in BET surface area from

RGO-1 to RGO-6 is shown in Fig. 6b. It can be seen clearly that

the surface area increases from RGO-1 to the largest of RGO-3,

and then decreases to the smallest of RGO-6. This agrees with

the change trend in the d-spacing of RGO, displaying the rela-

tionship between the BET surface area and the d-spacing. It is

believed that there is an optimum wrinkling degree for the

biggest surface area. If the graphene sheets are highly wrin-

kled, which are just like agglomeration within one RGO nano-

sheet, it will obviously decrease the d-spacing and surface

area. On the other hand, flat RGO without wrinkling incline

to restack, forming graphite structure and causing smaller

surface area. It seems that the different restacking behaviors

of RGO nanosheets with different wrinkling have a bigger

influence on their surface area. It is also worth to point out

that the irreversible agglomeration has happened in all of

the RGO samples during the reduction process with the rea-

son of their hydrophobicity. So the restacking behaviors of

RGO samples in dry condition could not change when they

are dispersed in water. This could be supported by the poor

dispersibility of RGO in water with different pH values

(Fig. S2).

3.2. Adsorption properties of RGO

RGO-based materials are well known as adsorbents for dyes

due to the layered nature and large surface area of RGO.

Moreover, the p–p stacking between aromatic structure of

dyes and sp2 regions of RGO, as well as the electrostatic inter-

actions between charged dye and the surface oxygen-con-

taining groups of RGO may also assist in the adsorption of

dyes [34]. The adsorption behavior of the RGO with different

wrinkling degree was probed through the adsorption of MB

and RhB with the dye concentration of 10 mg/L and RGO con-

centration of 40 mg/L. After the addition of adsorbents, the

concentration of the dyes decreased in the process of time

(Fig. 7a and b). The time-dependent removal efficiency curves

of MB and RhB are shown in Fig. 7c and d, respectively. For all

adsorbents, it can be seen that the increase of the removal

efficiency is rapid at the beginning and then gradually slows

down with the prolongation of the adsorption time. However,

the detailed adsorption behavior of these RGO samples is not

identical. For RGO-1, RGO-2, and RGO-3 with heavy wrinkles,

the removal efficiency of the dyes keeps increasing even
the BET specific surface area of the obtained RGO.



Fig. 7 – UV–vis absorption spectra of the MB (a) and RhB (b) with RGO-1 as absorbent. Removal efficiency of (c) MB and (d) RhB

on RGO, pseudo-second-order kinetic plots for the adsorption of (e) MB and (f) RhB on RGO, and the corresponding kinetic

parameters (g) qe and (h) V0 of the RGO samples for MB and RhB adsorption. The initial concentration of dye solution was

10 mg/L and the concentration of RGO was 40 mg/L.
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when the adsorption time is up to 4 h. While for RGO-4, RGO-

5 and RGO-6 with less wrinkles, the increase of the removal

efficiency is not obvious when the adsorption time is more
than 1 h, suggesting that the adsorption tends to saturation.

This indicates that the wrinkles in graphene sheets contrib-

ute to durative adsorption performance of RGO. With 4 h
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adsorption, the removal efficiency of MB decreases in the

following order: RGO-3 > RGO-2 > RGO-1 > RGO-4 > RGO-

5 > RGO-6. We also find that the adsorption efficiency of

RGO to RhB is much lower than that to MB, making the

advantage of high wrinkling RGO over low wrinkling RGO

not too obvious in RhB removal in a relatively short

adsorption time (4 h). From the removal efficiency curves, it

is also observed that in the first 14 min adsorption, the

RGO-4 shows the highest adsorption efficiency, while the

RGO-1 shows the lowest adsorption efficiency, indicating that

RGO with heavy wrinkling may have a relatively low initial

adsorption rate.

In our previous work, it was found that RGO-based materi-

als followed the pseudo-second-order kinetics nature in the

adsorption processes [35]. So here we use pesudo-second-

order model to analyze the adsorption kinetics of the RGO,

which is defined as follows:

t
qt

¼ 1
k2q2

e

þ t
qe

ð2Þ

where qe (mg/g) is the adsorption capacity at equilibrium and

qt is the adsorption amount of dye at time t. The parameter k2

(g/(mg min)) represents the pseudo-second-order rate con-

stant of the kinetic model. The slope and intercept of the lin-

ear plot of t/qt against t yield the values of qe and k2.

Additionally, the initial adsorption rate V0 (mg/(g min)) can

be determined from the Equation:

V0 ¼ k2q2
e ð3Þ

The plots of t/qt versus t for MB and RhB are given in Fig. 7e

and f, respectively, and the parameter of qe (mg/g), k2 (g/

(mg min)), V0 (mg/(g min)), and correlation coefficients (R2)

are also shown (Table S1). It can be seen that low wrinkling

RGO (RGO-4, RGO-5 and RGO-6) show good linearity of the

plots (R2 > 0.995), revealing the good agreement between

experimental and calculated qe values. But for high wrinkling

RGO (RGO-1, RGO-2 and RGO-3), the plots have relatively poor

linearity and the values of R2 are relatively low. For each of the

RGO samples, the value of qe for MB is larger than that for

RhB. For both MB and RhB, the qe values of the RGO samples

show an increase from RGO-1 to RGO-3, and then a decrease

from RGO-3 to RGO-6 (Fig. 7g). Thus RGO-3 and RGO-6 show

the largest and smallest values of qe, respectively, which cor-

respond to the largest BET surface area of RGO-3 and the

smallest one of RGO-6. Moreover, from RGO-1 to RGO-6, the

change in the value of qe matches well with the BET surface

area, confirming the positive correlation between them. The

change of the value V0 from RGO-1 to RGO-6 also confirms

the high and low initial adsorption rate of RGO-4 and RGO-

1, respectively, as well as the relatively high initial adsorption

rate of RGO with low wrinkling (Fig. 7h). Moreover, the recy-

cling of RGO in the removal of dyes could be realized with

the reason that the RGO could be separated and the desorp-

tion of dyes from RGO could be happened when ethylene gly-

col (EG) was added in (Fig. S3).

Due to the high and similar reduction degree of different

RGO (Fig. 2), the p–p and electrostatic interactions between

dyes and various RGO may not contribute to the different

adsorption performance. We believe that the different stack-

ing structure (Fig. 3) of RGO due to their different wrinkling de-
gree as well as the resulting different micropore/mesopore

distribution in them may be the true reason. This could be fur-

ther confirmed by the adsorption performance of pristine flake

graphite as well as pure GO nanosheets (Fig. S4). The flake

graphite shows very low removal efficiency due to the tight

stacking of flat graphene leading to few micropores/mesop-

ores; while for GO, smooth nanosheets were fully exfoliated

and dispersed in water, and no micropore/mesopore was pro-

duced. So GO shows a high initial adsorption rate but reaches

its saturation point at a very early stage. Of course, its high

adsorption efficiency was mainly due to large surface area

and the large amount of oxygen-containing groups of GO.

3.3. Catalytic properties of RGO

It has been reported that RGO could be used as catalysts in

some organic reactions, such as hydrogenation of nitroben-

zene [36] and oxidation of organic pollutants [37]. The catalytic

mechanism could be attributed to the zigzag edges of RGO,

which act as catalytic active sites to facilitate the activation

of reactant molecules [36,37]. Moreover, the strong adsorption

capability of RGO as well as the p�p stacking interaction

between the organic molecules and RGO was believed to

enhance the catalytic activities. Herein, the catalytic properties

of the RGO were evaluated with the reduction of 4-NP into

4-aminophenol (4-AP) by NaBH4. As far as we know, there are

few reports on the catalytic activity of bare RGO in reduction

of 4-NP. The reactions were monitored by the time-dependent

UV–vis absorption spectra. When 4-NP was mixed with an

excess amount of NaBH4, the mixture showed a strong absorp-

tion peak at 400 nm. With the addition of RGO catalysts, the

absorption peak at 400 nm gradually dropped in intensity as

the reduction reaction proceeded. Meanwhile, a new peak at

300 nm started to rise with the production of 4-AP (Fig. 8) [38].

The catalytic activity of RGO was clearly confirmed when we

compared the UV–vis spectra in Fig. 6 with the absorption spec-

tra of 4-NP with no catalyst added (Fig. S5a), in which the peak

at 400 nm does not apparently drop even after 3 h. From

Fig. 8a–f, it can be seen that the RGO-4 and RGO-5 show high

catalytic activity with about 35 min to finish the reaction, while

RGO-1 exhibits the lowest catalytic activity and only about half

of the amount of 4-NP was reduced with reaction time of

140 min.

It is proposed that the rate of the reduction reaction is

independent of the concentration of NaBH4 and the reaction

follows the pseudo-first-order kinetics with respect to the

concentration of 4-NP [39]. Fig. 8g shows the plots of

ln(Ct/C0) (Ct and C0 are 4-NP concentrations at time t and 0,

respectively) versus time t obtained based on the absorbance

as the function of time. Good linear correlations (R2 > 0.97) of

the plots are observed for the RGO catalysts, confirming the

pseudo-first-order nature of the reaction. From the slopes of

the plots, the apparent rate constants (kapp) can be obtained.

The values of kapp for different RGO catalysts are shown in

Fig. 8h, which shows that the catalytic activities decrease in

the following order: RGO-4 > RGO-5 > RGO-6 > RGO-3 > RGO-

2 > RGO-1, suggesting that the RGO with high wrinkling de-

gree show relatively low catalytic activities. This result is in

contrast with the adsorption performance, in which RGO with

high wrinkling degree display good adsorption performance,



Fig. 8 – UV–vis absorption spectra of the reduction of 4-NP by NaBH4 in the presence of RGO catalyst: (a) RGO-1; (b) RGO-2; (c)

RGO-3; (d) RGO-4; (e) RGO-5 and (f) RGO-6. (g) Plots of ln(Ct/C0) of 4-NP versus reaction time for the RGO catalysts. (h) Values of

kapp with different RGO as catalysts. The error bars in (h) represent the standard errors of the slopes in the plots.
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revealing that high adsorption performance did not necessar-

ily result in high catalytic activity. In spite of this, we found

that RGO-4 with the highest adsorption rate in the first

14 min also showed the highest catalytic activity in the initial

15 min (Fig. 8d), while RGO-1 with the lowest initial
adsorption rate exhibited the lowest initial catalytic activity

(Fig. 8a), indicating the correlation between initial adsorption

rate and initial catalytic activity. What’s more interesting is

that the values of kapp also increased firstly from RGO-1 to

RGO-4, and then decreased from RGO-4 to RGO-6. This change
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trend is similar to the changes in the BET surface area and in

the value of qe, showing that neither the most wrinkled nor

the smoothest RGO but an intermediate state shows the best

performance in various properties and applications.

For comparison, the catalytic properties of pristine flake

graphite and pure GO in the reduction of 4-NP were also inves-

tigated. The flake graphite shows very low catalytic activity

(Fig. S5b); while for GO, its UV–vis absorption spectrum over-

laps with that of 4-NP. Moreover, the absorbance at 400 nm in-

creases rather than decreases as time goes on, and thus no

catalytic activity was observed for GO (Fig. S5c). All of these

demonstrate that RGO with zigzag edges is a unique metal-

free catalyst for the reduction process.

4. Summary

RGO with different degree of wrinkling have been synthesized

through solvothermal reduction of GO in a water–EG system.

The wrinkling degree of the as-synthesized RGO decreases

with the increasing volume ratio of EG to water. The influence

of EG/water volume ratio on the wrinkling of RGO would be

related to the different viscosity and heat capacity between

water and EG. EG with higher viscosity restrains the deforma-

tion of RGO; meanwhile, EG with lower heat capacity in-

creases the thermostability of RGO. It is found that the RGO

with different wrinkling degree show different performances

in the adsorption of organic dyes and catalytic reduction of 4-

NP. It is interesting that neither the most wrinkled nor the

smoothest RGO but an intermediate one shows the best per-

formance in the adsorption and catalysis applications. Fur-

thermore, the relationship between morphology, and the

BET surface area, adsorptive and catalytic performances of

the RGO is clearly revealed.
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