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Abstract 

The atmospheric drying and freezing drying were utilized to prepare graphene aerogels (GAs), and the effect of the different 

drying methods and the key parameters on their structures and properties were comparatively investigated. Three kinds of GAs 

were synthesized using different reduction and drying ways. GA1 was prepared by subtly regulating the structure of the hydrogel 

and using an atmospheric drying, while GA2 and GA3 were prepared using a common reduction and freezing drying method. 

The results shows that GA1 possesses a uniform pore structure constituted by lamellar interconnected graphene oxide (GO) 

sheets with little of stacking texture, and it is super elastic and can restore to its original shape even after 90% strain. GA1 also has 

a high adsorption capacity ranging from 90.47-167.24 times of its own mass and a rapid adsorption efficiency toward organic 

solvents and in addition it possess excellent recyclability. The comparative study indicated that GA1 far surpasses GA2 and GA3 

in performance and structure. The study on the formation mechanisms revealed that the subtly regulated structure of the hydrogel 

is of key importance to the atmospheric drying, and the capillary force up on this drying can be utilized to adjust its pore 

structure. It is the firstly attempted to investigate the roles of reduction and drying methods upon preparing GAs, and the results 

will be of great importance to guide the synthesis, design, structure optimization and performance improvement of GAs. 
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1. Introduction 

Graphene is of 2D honeycomb structure formed by carbon 

monolayers, and it has many outstanding properties, so gra-

phene has become a research hotspot in materials and their 

related subjects since its discovery in 2004 [1-5]. Due to its 

low synthesis cost, Graphene Oxide (GO) has been thought as 

a good precursor to prepare graphene materials. However, 

graphene has a strong tendency of aggregation to form 

graphite due to the robust π-π stacking and van der Waals 

force between its sheets, thus greatly deteriorating its per-

formance [6, 7]. To prevent it from stacking, the researchers 

have adopted the means of composing graphene with nano-

materials [8-10], but these ways could not thoroughly resolve 

the agglomeration of graphene. Until 2009, 3D graphene 

aerogels (GAs) had been firstly reported by Wang and Ells-

worth [11], and their special 3D structure can well restrain the 

accumulation of graphene sheets. Moreover, the prepared 
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GAs show an excellent conductivity and a high surface area, 

far surpassing the traditional carbon aerogel in performance. 

GAs, macrostructural monoliths, utilize graphene sheets as 

building blocks to construct 3D networks, in which the gra-

phene sheets crosslink and support each other, greatly lowing 

the π-π and van der Waals force between graphene sheets. 

Therefore, GAs can fully maintain the specific properties of 

graphene. Meanwhile, GAs possess ultralow apparent density, 

large specific surface area, excellent compressibility, high 

conductivity and abundant hierarchical pore structure [12-14]. 

As a consequent, GAs have attracted more and more concern in 

the academic and industrial community [15-17]. At present 

many methods have been invented to synthesize GAs, includ-

ing chemical vapor deposition, liquid phase assembly (LPA), 

3D printing, and so forth. Among them, the LPA method has 

been most largely investigated due to its facile preparation and 

cost-effectiveness [18, 19]. For example, Zhao et al [12] used 

GO and pyrrole as precursors to obtain a versatile, N-doped, 

ultralight 3D GAs by hydrothermal reaction, lyophilization and 

subsequent heat treatment, and the resulting GAs show excel-

lent adsorption capacities for organic liquids. They also have a 

high specific capacitance of 484 F/g, and exhibit a high elec-

trocatalytic activity toward ORR reaction. For better improve 

the performance, recently lignin, cellulose and bio-mass mate-

rials have been employed to adjust the structure of GAs and 

these modified GAs have largely improved their mechanical 

strength and exhibit promising application in environmental 

remediation such as oil/water separation and adsorption to 

microplastics, dyes, oil and heavy metal ions [20-24]. 

The above LPA preparation researches undoubtedly have 

contributed much to the development of GA subject, but it 

generally adopts freezing drying or supercritical gas drying to 

remove the solvents. The drying method is time-consuming and 

energy-consuming, and it needs expensive equipment. More 

recently, Yao et al [25] took advantage of the reinforcement of 

a few carbon nanotubes, an atmospheric drying method had 

been developed to get rid of the solvents in graphene hydrogels, 

and the resultant GAs own excellent electrical and mechanical 

properties, therefore they are very suitable to be used as pie-

zoresistive sensors. Zhao et al [26] also utilized the atmospheric 

drying to prepare GAs, and the thus obtained GAs are highly 

compressible and super-elastic with high adsorption capacities 

for organics. Obviously, the atmospheric drying means could 

greatly decrease the preparation cost, and in consequence it 

would significantly accelerate the commercial applications of 

GAs. Unfortunately, the previous studies mainly focused on the 

investigations of the preparation and performance of GAs, and 

few researches explored the effect of the atmosphere drying on 

the structure and performance of GAs. For example, in what 

conditions could freeze drying be replaced by atmosphere 

drying, not resulting in the structure collapse of GAs? Could the 

drying way affect the structure of GAs and how it influences 

their structure? It will be of key importance to explore these 

issues for the further development of this subject. 

In this paper, several kinds of GAs were synthesized by 

hydrothermal and chemical reduction, and subsequent freeze 

drying or atmospheric drying was utilized to get rid of the 

solvents. The thus obtained GAs were comparatively studied 

to investigate the effect of reduction and drying methods on 

the structures and properties of GAs. For property examina-

tion, several organic solvents were chosen as adsorbates to 

inspect the adsorption and recyclability performances of GAs. 

To the best of our knowledge, it is firstly attempted to sys-

tematically investigate the roles of the reduction of GO and 

drying of hydrogels upon preparing GAs, and the results will 

be of great importance to guide the synthesis, design, structure 

optimization and performance improvement of GAs. 

2. Experimental 

2.1. Materials and Chemicals 

GO power prepared by Hummers’ method [27] was bought 

from Jiangsu Xianfeng nanomaterials Co. Ltd., and its CAS 

No. is 7440-44-0. The lateral size of GO sheets ranged from 

0.5 to 5 m. L-ascorbic acid, ethanol, cyclohexane, dimethyl 

sulfoxide and carbon tetrachloride were purchased from Si-

nopharm Chemical Reagent Co. Ltd. China. All chemicals are 

of analytical regents and were used as received. 

2.2. Synthesis of GAs 

Three kinds of GAs were successfully prepared based on 

their optimized parameters and the detailed synthesis pro-

cesses were described below. 

16 mg GO was added into a beaker containing 8 ml distilled 

water and the GO dispersed solution had been ultrasonicated 

for 30 min to form a uniform solution. Then, 32 mg 

L-ascorbic acid was added into the GO solution, and the 

mixture solution was stirred for 5 min and then transferred 

into a 10 ml Teflon-lined autoclave. After chemical reaction at 

80°C for 45 min, the resultant hydrogel was frozen at -18°C, 

then thawed for 2 h. After being frozen/thawed for 3 circles, 

the sample was treated again at 80°C for 6 h, washed with 

ethanol until ethanol has no yellow color, and then immersed 

into ethanol for 6 h. Finally, the thus obtained sample had 

been dried in an oven at 50°C for 24 h at an atmospheric 

pressure, and the GA is denoted as GA1. 

The hydrogel of the second sample was prepared based on 

the same procedures as GA1 except that 16 mg L-ascorbic 

acid instead of 32 mg dosage was used and the chemical re-

action time prolonged from 45 min to 60 min. After formation 

of the hydrogel, it was put into 20% ethanol solution for 6 h to 

get rid of the impurities, and freeze-dried at -50°C for 24 h, 

resulting in the GA2 sample. 

For synthesis of the third GA sample, 8 ml GO solution (2 

mg/mL) was prepared by the same steps as GA1. Whereafter, 

the GO solution was sealed in a 10 ml Teflon-lined autoclave 

and reduced hydrothermally at 180°C for 60 min to obtain a 
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hydrogel. The hydrogel was soaked in 20% ethanol solution 

for 6 h to remove the impurities, and freeze-dried at -50°C for 

24 h. The resultant GA is expressed as GA3. 

2.3. Characterization 

X-ray diffraction (XRD) patterns were documented on 

Bruker D8 Advanced Diffractometer using Cu-Kα radiation 

(λ = 0.154 nm) in the 2θ range of 5-90°. The morphologies of 

the GA samples were observed using a field-emission scan-

ning electron microscope (SEM) (Sigma 300, ZEISS, Ger-

many). The Fourier-transform infrared (FTIR) spectra of the 

sample were collected by FTIR spectrometer (Thermo Scien-

tific Nicolet iS20, US) and the data were recorded in the 

wavenumber range of 400-4000 cm-1. N2 adsorption tests 

were conducted at 77 K using BET specific surface area (SSA) 

analyzer (ASAP 2460, US). The SSAs of the samples were 

also measured by methylene blue adsorption (MB) method 

using MB as a molecule probe [28]. 

2.4. Adsorption Experiment 

The adsorption capacity of the sample was evaluated using 

ethanol, cyclohexane, dimethyl sulfoxide and carbon tetra-

chloride as absorbates. The aerogel was weighed and then 

immersed in the solvents until saturation was reached. Af-

terwards, the sample was quickly taken out with a tweezer and 

the excess solvent on its surface was removed to get the ad-

sorption mass. The adsorption capacity was calculated based 

on the following equation [29]: 

𝑄 = (𝑊 −𝑊0) 𝑊0⁄                (1) 

where Q represents the adsorption capacity of the GA sample, 

and W0 and W are the weighs of the sample before and after 

adsorption. 

3. Results and Discussion 

3.1. Aerogel Morphology and Elasticity Analyses 

 
Figure 1. SEM images of the GA samples: a-b GA1, c GA2, and d GA3. 
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Figure 2. The photographs of GAs under different strain levels: a GA1, b GA2, and c GA3. 

The morphologies of the GAs are displayed in Figure 1. 

Obviously, they present distinct appearances, in contrast to 

each other. From Figure 1(a) and (b), it can be clearly ob-

served that the graphene sheets in GA1 are well separated and 

they are interconnected and supported by each other, and they 

are arranged in lamellar structure, forming uniformly distrib-

uted pores. The more magnified SEM image (Figure 1(b)) 

shows that the GO sheets are very thin, inferring that no evi-

dent stacking of graphene sheets happened. In GA2, the gra-

phene sheets are interweaved each other to form open pores, 

which are formed by the induction of ice crystal. and in some 

place accumulation of graphene could be faintly observed, 

indicative of a little stacking of GO sheets (Figure 1(c)). By 

contrast, GA3 exhibits remarkable aggregations of graphene 

sheets, and the stacking of graphene sheets is so severe that it 

is hard to distinguish the GO sheets in this sample. The 

stacked GO sheets are linked to constitute the wall of pores. 

The micromorphology and microstructure of the samples 

would affect their elasticity property. Figure 2 displays the 

compression/release processes of the GA samples. It can be seen 

that GA1 can restore its original height ever after 90% strain, 

indicating that it is super elastic. GA2 can resist 60% strain 

without visible plastic deformation. However, GA3 is brittle and 

its fragility can be attributed to the significant stacking of GO 

sheets [20], so that it can only endure 10% strain. 

3.2. Aerogel Structural Characterizations 

The XRD patterns of the GO and GA samples are presented 

in Figure 3. From the figure, it can be seen that GO has a sharp 

peak at ~2θ=10.4°, which is attributed to its (001) lattice plane, 

and GAs present a broad peak at ~2θ=25°, corresponding to 

the (002) peak of graphite [6]. Compared with the other aer-

ogel samples, GA3 shows a much stronger (002) peak and it 

can be explained that GO has been partly reduced and the 

reduced GO sheets has considerably stacked to form graphite 

flakes, resulting a sharp graphite (002) peak. In contrast to 

GA3, the GA1 and GA2 samples exhibit weak (002) peak, 

suggesting that most graphene sheets are not aggregated and 

they are arranged in an irregular structure, which is good 

agreement with the results of SEM images. 

 
Figure 3. XRD patterns of the GA samples. 

The evolution of chemical groups in GAs was investigated by 

FTIR spectroscopy, and the results are shown in Figure 4. The 

rich functional groups of GO are distinctly reflected in its FTIR 

spectra. The peaks at 3620 and 1740 cm-1 are characteristic ones 

of GO and they are attributed to the O-H and C=O stretching 

vibrations from carboxyl groups, respectively. The broad peak at 

3320-3460 and 1610 cm-1 are ascribed to the O-H stretching 
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vibration and bending motion, respectively [3, 5]. The peak at 

1245 cm-1 is assigned to the C-OH bending motion and the peak 

at 1030 cm-1 is due to C-O-C of epoxy. After hydrother-

mal/chemical reduction, the peaks at 3620, 3320-3460 and 1030 

cm-1 almost disappear, and the peaks at 1740, 1610 and 1245 

cm-1 become much weaker, indicating that some functional 

groups have been removed and GO has been partly reduced. 

From the evolution of the peaks, it can be seen that GA1 has been 

most thoroughly reduced, GA2 possesses an inferior reduction 

degree, and GA3 has the lowest reduction degree. 

 
Figure 4. FTIR spectra of GO and the GA samples. 

To further explore the structure of GAs, N2 adsorp-

tion-desorption tests were carried out on the GAs samples and 

the data are shown in Figure 5. GA1 displays a typical IV-type 

curve with a H2 hysteresis loop, inferring that it contains some 

mesopores. Both of GA2 and GA3 have inapparent hysteresis 

loops, suggesting that they possess little mesopores. All aer-

ogel samples present low adsorption to N2 at low pressure 

stage, but the adsorption amounts increase sharply when rel-

ative pressure approaches 1.0, manifesting that the samples 

have a neglectable micropores and a great number of 

macropores. Because N2 adsorption test is mainly suitable to 

measure micropores and mesopores [30], MB was also uti-

lized as adsorbates to further survey the specific surface area 

(SSA). Table 1 listed the apparent densities and their SSAs of 

the GA samples measured by N2 and MB adsorption methods. 

The three samples used the same GO concentration to prepare 

the GAs, but GA3 has an apparent density of 13.05 mg/cm3, 

much larger than those for GA1 (7.78 mg/cm3) and GA2 (7.61 

mg/cm3) and it is caused by its severe GO stacking structure, 

inevitably enhancing its density. Compared with other carbon 

materials, GAs own an ultralow density, resulting in their 

ultrahigh porosity, so they have much larger pore diameters 

than traditional carbon materials, which lay beyond the range 

accessible to N2 adsorption [30]. The great data differences 

between N2 and MB adsorption tests further demonstrate that 

the GA samples are mainly composed of macropores, which is 

in good agreement with SEM results. Among the three kinds 

of GAs, GA1 had the highest MB SSA, reaching 963.86 m2/g. 

This figure is equal to 36.6% of the theorical SSA of graphene, 

which is 57.1% greater than GA2’s and 166% higher than 

GA3’s. The large SSA of GA1 can be attributed to its disper-

sive structure of GO sheets, in which the ultrathin graphene 

sheets are interconnected and supported each other, effec-

tively preventing them from stacking into graphite agglom-

erations. In contract, GA3 has a low MB SSA (362.48), and 

this can be attributed to its significant stacking of graphene, 

lowing the accessible area for MB molecules. 

 
Figure 5. N2 adsorption isotherms for GA1, GA2 and GA3. 

Table 1. The apparent density, and their BET and MB SSAs of the GA samples. 

Sample Density (g/m
3
) BET SSA (m

2
/g) MB SSA (m

2
/g) 

GA1 7.78 25.57 963.86 

GA2 7.61 16.64 613.59 

GA3 13.05 35.28 362.48 
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3.3. Adsorption Capacity and Recyclability 

The structure analyses demonstrated that the GA samples 

are of high porosities which are beneficial to adsorption to-

ward organic compound and oils [31, 32]. As a result, four 

pure organic solvents (ethanol, cyclohexane, dimethyl sul-

foxide and carbon tetrachloride) were used as adsorbates to 

measure the capacities of the GAs samples, and the results 

were presented in Table 2. Obviously, GA1 possesses a 

highest adsorption toward the tested solvents while GA3 

displays a lowest capacity. The adsorption capacities of GA1 

range from 90.47 to 167.24 g/g, which are also greater than 

other reported GAs [24, 26, 33]. It is worth noting that the 

capacities are approximately proportional to the solvent den-

sity, inferring that the adsorption is a volume filling behavior 

[34]. Nevertheless, the samples display different volume 

filling degrees (VFD) of solvents, which are 86.3%, 76.3% 

and 66.0%, respectively, corresponding to GA1, GA2 and 

GAs. The high VFD of GA1 means that its pores are mostly 

connected with open channels, while GA3 has only 66% VFD, 

indicating that some pores cannot be reached by solvent 

molecules. This can be explained that there exist graphene 

sheets to stack into graphite in GA3 and there are more open 

pores in GA1 and GA2, which is in good agreement with the 

results of SEM and XRD characterization. 

Table 2. Solution density and adsorption capacity for the GA samples. 

Organic species Density (g/m
3
) GA1 (g/g) GA2 (g/g) GA3 (g/g) 

Cyclohexane 0.778 90.47 81.93 40.66 

Ethanol 0.789 89.87 82.04 39.28 

Dimethyl sulfoxide 1.100 120.95 108.82 54.56 

Carbon tetrachloride 1.592 167.24 148.07 75.40 

 

 
Figure 6. The pictures of the samples adsorbing carbon tetrachlo-

ride (dyed with Sudan III) from the bottom: a GA1, b GA2, and c 

GA3. 

To further evaluate the adsorption efficiency, the GA sam-

ples was utilized to adsorb solvents from the bottom of the 

samples. As shown in Figure 6, 0.3 ml carbon tetrachloride 

can be completely adsorbed in 5 s by GA1 and in 8 s by GA2 

while GA3 can only adsorb a little of the solvent in 10 s. 

Obviously, the adsorption impetus comes from the capillary 

force, demonstrating that GA1 has a highest adsorption effi-

ciency and the strongest capillary force. In contrast, GA3 has 

the worst adsorption efficiency due to the lowest capillary 

force. The capillary force is highly related to the pore struc-

ture, lipophilicity and interface tension of the adsorbate [35]. 

For GA1, the uniform pore structure and good lipophilicity 

(due to a high reduction degree) are main reasons for high 

adsorption efficiency. But for GA1, the stacked graphene 

sheets cannot provide enough channels and impetuses for the 

adsorbate and in addition it has low reduction, resulting in a 

worse lipophilicity. 

Reusability is of key importance for GAs’ commercial ap-

plications. In this paper distillation was adopted to investigate 

the recyclability of the GA samples, using cyclohexane as an 

adsorbate. The GA samples were weighted before and after 

each adsorption/desorption cycle and the regenerability effi-

ciency was calculated [36]. The adsorbed GAs were placed in 

an oven at 70°C to remove the cyclohexane adsorbate. Ab-

sorption/desorption cycle for the GA samples was presented 

in Figure 7. Obviously GA1 possesses the best recyclability, 

even after 10 cycles of absorption/desorption, it still maintains 

~89% adsorption capacity toward cyclohexane, surpassing 

data for other reported GAs [23, 37]. The adsorption capaci-

ties of GA2 and GA3 decrease to 82% and 74%, respectively. 

It had been thought that the recyclability is related to the 

structure of GAs, and the steady and uniform structure of GA1 

results in its excellent regeneration [37]. 
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Figure 7. Absorption/desorption cycle by distillation for: a GA1, b GA2, and c GA3. 

3.4. Analyses of Formation of GAs 

The above characterizations and adsorption experiments of 

the GA samples proved that the GA samples have quite dif-

ferent structures and adsorption performances, which are 

highly related to their preparation methods. The formation of 

GA samples mainly consists of synthesis of hydrogel and 

drying of hydrogel. For the GA1 and GA2 samples, their 

hydrogels were partly reduced by chemical agents in a mild 

environment, they are dried by the atmospheric drying and 

freeze drying, respectively. For GA3, the sample was firstly 

hydrothermally reduced at 180°C, and then it adopted freeze 

drying to remove the solvent. 

Figure 8 is the force analysis diagram of graphene hydrogel 

during atmospheric drying. According to Young-Laplace 

formula (2) [35], Pc (capillary force) is proportional to γ, cosθ 

and r, where γ, θ and r represent interface tension, wetting 

angle of the liquid and pore radius, respectively. 

𝑃𝑐 = 2𝛾 cos 𝜃 𝑟⁄               (2) 

The detailed preparation processes and formation mecha-

nisms of the GA samples are depicted in Figure 9. 

 
Figure 8. The force analysis diagram of graphene hydrogel. 
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Figure 9. The detailed preparation processes and formation mechanisms of the GA samples: a GA1, b GA2, and c GA3. 

For GA1, the GO sheets were prereduced and precipitated 

to form hydrogel, then freezing rearranged the GO sheets, 

making them directional distribution [31], and the repeated 

freezing and thawing further adjust the structure of the hy-

drogel. After solvent exchange with ethanol, the atmospheric 

drying was used to remove the solvent. As shown in Figure 8, 

Pc' is the reactive force of Pc, which acts on GO sheets, and it 

makes the sheets curve, resulting in a porous elastic structure 

constituted by directional arrangement of GO sheets. 

For GA2, the reduced hydrogel was freeze dried and the 

thus obtained GA has an open porous structure, which comes 

from the ice template [38]. However, when the hydrogel was 

dried by the atmospheric drying, it would bring about the 

structural collapse of the hydrogel. 

For GA3, the hydrothermal reduction was carried out at 

180°C, the high reaction temperature can drastically agitate 

the partly reduced GO sheets, providing more chances for the 

stacking of GO sheets, and subsequent freeze drying preserve 

the stacking structure, endowing GA3 with obvious brittle-

ness. Like GA2, GA3 also cannot be prepared by the atmos-

pheric drying, otherwise its monolith structure will break 

down. 

Among the three GA samples, only GA1 can utilize the 

atmospheric drying to eliminate the solvent. Based on above 

analyses, in this sample the capillary force is so greatly de-

creased that its adjusted structure can endure it. Firstly, the 

hydrogel is more reduced than the other samples (double 

reductions), making the wetting angle θ become big; secondly, 

ethanol displaces water, significantly lowing the interface 

tension γ; thirdly, the repeated freezing-thawing process ad-

just the structure of the hydrogel, making the GO sheets dis-

tribute more uniformly and directionally arrange at fixed 

volume, equally increasing the pore radium. According to 

Equation (2), Pc' would be largely reduced. Furthermore, Pc' 

can make the GO sheets more crinkle, endowing it with super 

elasticity. 

Compared with GA1, GA2 has less reduction degree and its 

hydrogel has not orientation arrangements, and the precursor 

of GA3 has been synthesized in a violent environment, its 

severe stacking structure and low reduction prevent it from 

being dried using the atmospheric drying. 

4. Conclusions 

Three kinds of GAs were successfully prepared using GO as 

the precursor by liquid phase assembly technology. The hy-

drogel of GA1 was well designed, and its synthesis procedures 

included 3 circles of freezing-thawing, twice chemical reduc-

tion, solvent displacement, so it can endure the atmospheric 

drying. In GA1, the lamellar GO sheets interconnect and sup-

port each other, forming a uniform pore structure. GA2 and 

GA3 were roughly reduced by chemical agent and hydrother-

mal method. They were obtained by freeze drying, otherwise 

the atmospheric drying would cause the collapse of their 

structure. GA1 has a high SSA of 963.86 m2/g, significantly 

greater than those of GA2 (613.59 m2/g) and GA3 (362.48 

m2/g), and it has a super elasticity, which is much better than 

GA2 and GA3. Furthermore, GA1 has high adsorption capacity 

(up to 90.47-167.24 times of its own mass) to organic solvents, 

which is higher than GA2 and GA3, and in addition it possesses 

a very quick adsorption efficiency, better than GA2 and GA3. 

Furthermore, GA1 have an excellent recyclability. In a word, 

GA1 surpasses GA2 and GA3 in the structure and performance, 
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and its atmospheric drying method is highly efficient and cost 

saving. Therefore, it is very worth to systematically investigate 

the drying method, including the effect of reduction method, 

wetting angle, interface tension and capillary force on GAs. It is 

believed that the study will be of enlightenment to innovate the 

synthesis method of GAs, modify their structure and improve 

their performance. 
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