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Abstract 

We present a novel ‘one-pot’ approach for strengthening reduced graphene oxide (rGO) 

hydrogels by nitrogen doping. Ammonia is directly added to the precursor reaction mixture 

prior to hydrothermal gel formation, as opposed to treating as-synthesised rGO hydrogel by 

ammonia in a second hydrothermal process. This process ensures that the resulting hydrogels 

are sufficiently robust that aerogels may then be produced by natural drying under ambient 

temperture and pressure. The as-formed rGO aerogel possesses a Young’s modulus as high as 

28 kPa and exhibits superelasticity, withstanding strains of up to 95%. Moreover, the strengthed 

graphene aerogel possesses an electrical conductivity of 1.5 S cm-1 and a specific surface area 

of 280.0 m2 g-1. Although the rGO aerogel was sufficiently reduced to provide good electrical 

conductivity, it retains a water contact angle of 47 ± 1º, indicating hydrophilic behaviour. 

Keywords 
Graphene aerogel, Graphene oxide, hydrothermal  synthesis, electrical conductivity, ambient 

pressure drying. 
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1 Introduction 
Aerogels produced from reduced graphene oxide (rGO) – often simply termed graphene 

aerogels (GA) – are three-dimensional structures which consist of interconnected microsheets 

and nanosheets of reduced graphene oxide assembled into a hierarchical pore structure and 

span multiple lengthscales from the microscopic to the macroscopic. GAs are characterised by 

their high porosity and low density which makes them suitable for applications such as the 

mitigation of organic pollution in water [1] or use as a three-dimensional framework for battery 

anodes to accommodate volume fluctuations during charging and discharging [2]. GA is 

usually hydrophilic as-produced, hence hydrophobic graphene aerogels with a high level of oil 

adsorption have been synthesized through the calcination of GA in a nitrogen environment, 

eliminating polar surface oxygen groups [1]. In contrast, enhanced hydrophilicity has been 

found to facilitate development of exoelectrogenic biofilms in microbial fuel cells, resulting in 

a decreased start-up period for these systems [2].  

Appropriate mechanical properties are crucial in several applications – in particular, cycling 

compressibility is required for both removal of absorbed species in pollution remediation and 

supporting volume change in electrochemical energy storage applications. By treating reduced 

graphene oxide hydrogel with ammonia for an hour at 90 ℃, ammonia can react with the 

oxygen groups on the surface of the rGO and strengthen both the mechanical [3] and 

electrochemical properties of the resulting GA [4]. N-doped graphene sheets are created as a 

result of this method, and they have an advantage over undoped graphene sheets in terms of 

specific capacity as lithium-ion battery (LIB) anodes, reaching 684 mAh g-1 after 500 cycles 

[5]. In addition, the three-dimensional graphene aerogel framework offers substantial support 

for silicon-based and phosphorus-based composite anodes of lithium-ion batteries. For 

example, Chen and co-workers utilised a porous graphene aerogel-wrapped silicon composite 

as the anode for lithium-ion batteries which possessed good cyclic stability, achieving a 

specific capacity of 850 mAh g−1 after 200 cycles with a coulombic efficiency of 99% at a 

current density of 0.5 C [6]. Similarly, Wang et al. used a graphene aerogel, phosphorus and 

silicon composite as an anode for lithium-ion batteries. This anode showed a specific capacity 

of 1094 mAh g−1 at a current density of 0.5C, with a capacity retention of 80.3% over 200 

cycles in half-cell testing [7]. 

The selection of an appropriate drying procedure is crucial to prevent volume shrinkage and 

structural cracking when producing monoliths of GA. Supercritical drying [8] and freeze-
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drying [9] are techniques commonly employed in preparation of GA, however, these 

approaches necessitate the use of significant amounts of energy, time and specialized 

equipment, which leads to high production costs and impedes their large-scale manufacture 

[10]. The “natural drying” technique, conducted under ambient pressure and temperature, is a 

cost-effective, energy-efficient, and straightforward alternative, which is therefore highly 

attractive. Application of natural drying to form GA is usually hindered due to the lack 

sufficient of strength to endure the capillary forces resulting from solvent evaporation under 

standard room temperature and pressure conditions [11] and, in consequence, a secondary 

hyrdothermal treatment with ammonia solution has been previously utilised to improve 

hydrogel properties prior to drying.  

In this work a single-step ‘one-pot’ strategy has been adopted for the production of hydrophilic 

GA with high electrical conductivity, elasticity and mechanical durability. Ammonia solution 

was directly added to the precursor mixture prior to gelification through hydrothermal 

treatment instead of using a second hydrothermal treatment once the gel had formed [11]. The 

resulting hydrogel was naturally dried under ambient pressure and temperature to form the 

aerogel. This use of ammonia in the precursor not only streamlines the process but also 

enhances negative charge on the surface of the rGO sheets, facilitating better dispersion.  

2 Experimental 
2.1 Raw material 

All chemicals were used as received without further purification. H2SO4 (98%), KMnO4 (99%), 

graphite flakes (99%), H3PO4 (85%) and ethylenediamine (99%) were purchased from Sigma-

Aldrich with ammonia solution (35%w/w) and ethanol (99.8%) purchased from Fisher 

Scientific. Spectra/Por 1 Dialysis Kits (6-8 kD MWCO) were purchased from Repligen. 

2.2 Preparation of graphene oxide (GO) 

Graphene oxide was synthesised by the modified Hummers’ method [12]. KMnO4 (8 g) and 

graphite (3 g) were gradually added to a mixture consisting of H3PO4 (20 ml) and H2SO4 

(100 ml), and then stirred continuously three days at 120 rpm rotation speed under ambient 

conditions. H2O2 was then slowly added dropwise into the mixture until the colour had been 

observed to change to a bright yellow. The resulting mixture was then filtered and washed 

using a Spectra/Por 1 Dialysis Kit with deionised water for approximately two weeks until the 

pH reached 7. The obtained GO was subsequently dried at 60 ℃ overnight and characterised 

by X-ray diffraction (XRD). 
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2.3 Synthesis of ammonia strengthened rGO aerogels by ambient pressure drying 

The hydrothermal approach was employed for the synthesis of rGO hydrogels (GH). In 

work reported by Xu and co workers [13] the reaction between 1 µl of ethylenediamine (EDA) 

and 1 mg of graphene oxide (GO) results in the formation of graphene aerogel (GA) which can 

be naturally dried with little volume reduction. In this study, a volume of 200 µl of EDA 

solution was added to a 20 ml of a GO suspension with a concentration of 10 mg ml-1. The 

mixture was treated ultrasonically using a Sonoprobe (Sonopuls Ultrasonic Homogenizer) for 

a duration of 5 minutes. To optimise the composition of the precursor solution varying 

quantities of 35% ammonia solution (0 µL,  25 µL, 50 µL, 75 µL, 100 µL) were added prior to 

gelation The precursors were enclosed within a Teflon-lined stainless-steel autoclave with a 

volume of 40 ml and held at a temperature of 140 ℃ in muffle furnace for 12 hours. Following 

heat treatment, the resulting hydrothermally produced GH samples were removed from the 

autoclave and immersed in a 1 wt% ethanol solution for a duration of 6 hours in order to reduce 

the re-stacking of graphene during the subsequent drying procedure. The GH was then 

subjected to pre-freezing at a temperature of -18 ℃ in a commercial freezer for a duration of 8 

hours. GA was produced from the resulting GH by ambient pressure drying for a duration of 

24 hours at room temperature. Samples are designated GA, GA-25, GA-50, GA-75, and GA-

100, with the numerical suffix indicating the quantity of ammonia (in µL) introduced during 

the synthesis.  

2.4 Materials characterisation and mechanical testing 

The surface morphology of the GA samples was studied using a Zeiss EVO 10 scanning 

electron microscope (SEM) located at the G.J. Russell Microscopy Facility, Durham University, 

using a beam energy of 20 keV and secondary electron detection. All other characterisation 

was undertaken at Newcastle University. XRD employed a Bruker D2 PHASER diffractometer, 

and it was used to determine the phase structure of the samples. A Hiden Isochema IGA  surface 

area analyser was used to measure N2 adsorption/desorption isotherms using Brunauer-

Emmett-Teller (BET) theory to calculate specific surface area using partial pressures, P/P0, in 

the range of 0.05 – 0.3 of the adsorption curve of the isotherm. X-ray photoemission 

spectroscopy (XPS) analysis was conducted by using a K-alpha (Thermo Scientific, East 

Grinstead, UK) X-ray photoelectron spectrometer. Spectra were acquired using a 

monochromatic Al Kα X-ray source (1486.6 eV) with a maximum X-ray spot size of 400 μm. 

Surface charge compensation was achieved with a low energy dual-beam electron/ion flood 

gun. High resolution spectra of the C 1s line were collected at 40 eV pass energy with a 0.05 eV 
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step size. Spectral analysis was carried out using Casa XPS (Casa XPS Ltd. Teignmouth, UK). 

Raman spectroscopy was undertaken at the  SAgE Analytical Facility, Newcastle University 

using a Jobin Yvon LabRam HR-800 (with Argon laser as excitation source at 514 nm).  

Compression tests were performed using a Tinius Olsen H25 universal testing machine. 

3 Results and Discussion 
Addition of ammonia solution to the rGO/EDA mixture is observed to lead to a considerable 

lowering of its viscosity (Supporting Material, Videos 1 and 2), which can be understood by 

the ammonia improving the dispersion of the graphene oxide sheets within the suspension. 

Adding the ammonia solution causes the surface of the GO sheets to acquire a negative charge, 

leading to repulsion between them and hence improved dispersion in solution [14, 15].  Figure 

1 present images of a rGO hydrogel produced with the addition of 100 µL of ammonia solution 

(Figure 1 (a and c)) and the GA-100 derived from it (Figure 1 (b and d)). It can be seen that in 

drying the hydrogel to form the GA capillary forces do not result in any significant reduction 

in volume under natural ambient pressure drying conditions. This phenomenon can be 

understood by recognising that the volume of water within the GH increases during the freezing 

step. Consequently, rGO sheets are squeezed together, increasing re-stacking, which leads to 

the formation of thicker gel walls which increases both the strength and the radii of the gel 

pores [16]. If the pores within the gel are considered to be cylinders the Young-Laplace 

equation relates the capillary pressure (P) to the solvent surface tension, γ, the contact angle 

between liquid and surface, θ, and the pore surface radius, R, as [17]:  

𝑃 = !"#$%Ɵ
'

	.                           (1) 
Therefore, after freezing the initial hydrogel, the capillary pressure is lowered, so that the gels 

do not collapse upon drying. 
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Fig. 1. (a, c) rGO hydrogel with 100 µL of ammonia solution; (b, d) rGO aerogel formed by 

drying hydrogel (GA-100). 

 

The structural and chemical composition of the GA was characterised by XRD, Raman 

spectroscopy, XPS and BET. XRD data from the GO, and rGO aerogels produced with 

differing ammonia concentrations, are presented in Figure 2. The diffraction peak observed in 

the GO diffraction scan at a 2θ angle of »10º corresponds to an interlayer spacing of 0.847 nm, 

confirming successful oxidation of graphite [18]. In contrast, there are no strong diffraction 

peaks seen in GA (Figure 2, red line), indicating exfoliation of the rGO platelets within this 

material. Hu and co-workers [18] have observed similar behaviour whereas Huang et al. [19] 

report clear diffraction peaks at 23.6º, which can be related to differences in the GO preparation 

process. When compared with the traditional Hummers’ method, the oxygen concentration of 

graphene oxide prepared via the modified Hummers’ method is higher [20]. In consequence, 

the GA produced from GO prepared via the improved Hummers’ method presents clear 

amorphous structure. GA samples synthesised from gels containing ammonia solution present 

a clear diffraction peak at 26.2º (corresponding to a d-spacing of 0.337 nm, characteristic of 

graphite), indicating that ammonia promotes development of graphitic structures [18] during 

the aerogel synthesis process. 
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Fig. 2. XRD patterns of GO, GA, GA-25, GA-50, GA-75, GA-100 . 

 

Raman spectra of the GA materials show two distinct lines, characteristic of amorphous carbon 

and graphitic materials containing defects: the G band, which is observed at 1587 cm−1 and the 

D band at 1352 cm−1, Figure 3. The ratio of the intensities of the D and G bands  (ID : IG) is 

often employed as a means of comparing the relative concentration of symmetry-breaking 

defects in graphitic materials [19]. However, care needs to be when considering GO and rGO 

due to the significant degree of disorder and sp3 bonding within this material [21]. In particular, 

although the D peak becomes Raman-active due to the presence of symmetry-breaking defects 

within a graphite lattice and initially increases with defect density, it originates from the 

“breathing” mode of hexagonal carbon rings and, if the presence of such ring structures is 

reduced it can subsequently decrease at high enough defect densities [22]. 

In consequence, with the reduction of GO sp2 hybridization is restored and thereby the ratio ID: 

IG increases despite a decrease in disorder. The spectra in Figure 3 show that ID: IG 

monotonically increases from 0.998 in GA to 1.217 for GA-100. In previous work by Han et 

al. [3] using post gelation ammonia treatment of rGO hydrogels the ID: IG ratio barely changed, 

indicating little to no structural recovery of the rGO sheets. In contrast, in this work, we 

demonstrate that addition of ammonia to the precursor mixture prior to hydrothermal gelation 

promotes the reduction of GO with the degree of reduction observed increasing with ammonia 

content. 
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Figure 3. Raman spectra of GA, GA-25, GA-50, GA-75, GA-100. 

 

XPS survey spectra and high resolution scans of the C 1s line from GA samples obtained as a 

function of ammonia solution added to the initial gel precursors are shown in Figure 4. The 

elemental composition of samples, obtained from the XPS survey spectra, is presented in the 

Supporting Information in Table S1. An obvious decrease of the oxygen concentration is 

observed in the survey spectra (Figure 4(a)), with the ratio of carbon to oxygen (C/O) increasing 

from 5.02 in aerogels produced without ammonia solution to 10.35 at the maximum addition 

of ammonia solution studied in this work. In accord with the XRD and Raman data discussed 

above , the conclusion can be drawn that the presence of ammonia in the precursor solution 

promotes the reduction of graphene oxide during the synthesis of graphene aerogel. The 

element content obtained from XPS data is presented in the Table S1. The N content in samples 

is determined to be GA: 4.87 atom%, GA-25: 6.91 atom%, GA-50 7.29 atom%, GA-75: 7.92 

atom% and GA-100: 8.09 atom%, correlating with the decrease in oxidation of the rGO, with 

the nitrogen in the GA sample originating from the EDA in the precursor. 

High resolution C 1s XPS data are shown in Figure 4 (b-f). An asymmetric line with binding 

energy of 284.6 ± 0.1 eV dominates the signal in each sample and corresponds to the presence 

of sp2 bound graphitic carbon [20, 23 - 25]. The remaining peaks correspond to C-O at 286.0 

± 0.1 eV [15] (which may overlap with the C-N functionality reported to have a binding energy 

of 285.7 ± 0.1 eV [26] and C-NH2 at 286.2 ± 0.1 eV[27] C=O at 288.0 ± 0.1 eV [25, 28], O-

C=O at 288.6 ± 0.1 eV [29] and p plasmon at 290.2 ± 0.1 eV [25]. As shown in Figure 4 (b, c, 
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d and e), the peak of O-C=O disappeared after the ammonia is added into the solution, 

inidcating that these functional groups, in particular, are preferentially reduced in the presence 

of ammonia solution.  

 

 

Fig. 4. (a) XPS survey scan of all samples. C 1s photoelectron spectra of: (b) GA; (c) GA-25; 
(d) GA-50; (e) GA-75; (f) GA-100;  

 

Cyclic stress-strain curves for a GA-100 sample with up to 50% of a strain are presented in 

figure 5(a). They show that the hysteresis loop contracts during the second cycle and then 

essentially stays the same for the following cycles. The Young’s modulus during the first cycle 

is found to be ~ 28 kPa and decreases non-linearly with cycling, retaining a value of 21.2 kPa 

after 50 cycles (figure 5 (b)). These high values indicate why the capillary pressures caused by 

solvent evaporation during the natural ambient pressure drying process do not cause collapse 
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of the gel. Figure 5(c) presents stress-strain curves measured for the GA-100 sample with 

strains of 95% and Figure 5(d) shows the recovery height of the same sample. The ultimate 

stress a GA-100 sample can achieve is ~ 0.32 MPa and the recovery height is found to remain 

constant (98%) for 10 cycles, indicating that GA-100 possesses excellent reversible 

compressive deformability. The GA prepared by the simple ‘one-pot’ process outlined in this 

study compares well with similar aerogels prepared through multi-step processes combing both 

cross-linking and bridging method and hydrothermal method [13]. Stress-strain curves for up 

to 95% strain are shown in Figure 5(e) for samples as a function of ammonia solution content 

during synthesis. The sample produced without addition of ammonia solution, GA, cracks 

readily during the compression process with the result that stress-strain curves cannot be 

measured. The fragility of the sample produced without addition of ammonia solution, coupled 

with the observation that the sample produced with highest amount of added ammonia can 

withstand the highest stress, indicates that increased rGO reduction, hence sp2 bonding [18], 

and incoporation of covalently-bound nitrogen [3] improves the strength and recovery of rGO-

based aerogels.  
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Fig. 5. (a) Stress–strain curves of GA-100 up to 50% strain; (b) Corresponding Young's 
modulii as a function of the number of compression cycles; (c) Stress–strain curves of GA-

100 up to 95% strain; (d) The variation of height as a function of cycle numbers for GA-100; 
(e) Stress–strain curves of all samples, GA-100, GA-75, GA-50 and GA-25 with up to 95% 

strain in the first cycle. 
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The hierarchical structure of GA-100 is shown in the SEM micrograph presented in Figure 6 

(a). The observed structure is similar to studies which employed ambient pressure drying to 

obtain graphene aerogels [16, 30]. Figure 6 (b-d) shows higher magnification of SEM images 

of GA, GA-50, GA-100. It is clear that the surface of the aerogel becomes smoother and less 

fractured upon increasing addition of ammonia. We suggest two possible reasons for this 

observation: during the hydrothermal reaction, a portion of the ammonia in solution may 

convert into ammonia gas, resulting in bubble formation that alleviates surface wrinkles on 

graphene oxide and consequently enhances its mechanical strength, as shown in the SEM 

images. This is consistent with previous research [31, 32] which demonstrated that a significant 

enhancement in the mechanical strength of graphene occurs when surface wrinkles are 

minimized. Improved mechanical behaviour can also be understood by the enhanced reduction 

of rGO sheets within the aerogel, as evidenced XRD, Raman spectroscopy and XPS. An 

increase in the relative area of sp2, as opposed to sp3, bound carbon reduces brittleness and as 

the rGO becomes more ‘graphitic’ we can expect its Young’s modulus to tend towards the 

exceptional values observed in pristine graphene [33]. 
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Fig. 6.  SEM images of: (a) GA-100 at low magnitication; (b) GA; (c) GA-50; (d) GA-100 at 
higher magnification. 

 

Water contact angles measued for GA, GA-50 and GA-100 are presented in Figures 7 (a-c) 

indicating that all samples are hydrophilic, irrespective of ammonia addition. This contrasts 

with the results obtained by Huang and co-workers for aerogels produced by post-gelation 

hydrothermal treatment with ammonia solution, which were observed to be hydrophobic [19]. 

Although an increase in contact angle with increasing ammonia concentration is observed in 

our work, indicative of increasing reduction of the rGO sheets within the gel, sufficient 

concentration of polar surface groups remain to preserve hydrophilic behaviour.  

 

 

(b) 

(d) (c) 

(a) 
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Fig. 7. Water contact angle measured on  (a) GA; (b) GA-50; (c) GA-100. 

 

Table 1 reports the specific surface area of all samples, obtained from nitrogen absorption 

isotherms, which shows that the specific area of GA increases with more ammonia addition. 

The EDA reduces the GO to rGO, but when 25 µL ammonia is added, all ammonia are likely 

to react with the carboxy groups of GO sheets. The negatively charged surface of graphene 

oxide sheets enhances electrostatic repulsion, so the aggregation and stacking of graphene 

sheets is reduced, and therefore the specific surface area of sample increases slightly. When 
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more (50 µL) of ammonia is added, ammonia partially reacts with epoxy groups and produces 

new hydroxy groups. These hydroxy groups might further remove residual EDA groups on 

surface, and therfore the reduction of  GO is higher which strengthens mechanical properties. 

When 75 µL of ammonia is added, there is enough residual ammonia after removal of the EDA 

to react with graphene sheets to form covalent bonds which further strengthen the GA. With 

more ammonia added, nonreacted residual ammonia might transform to gas bubbles inside the 

gel (in porous structures under high temperature ammonia in solution will transfer to gas). 

Similar studies with bicarbonates, have observed bubble formation which supports the porous 

structure from inside during the drying process [17, 34]. This may explain why GA-100 in this 

work has achieved higher specific area (280.0 m2 g-1) when compared with other studies of 

synthesis of GA via ambient pressure drying method (for example, reported surface areas of 

GA have been 160 m2 g-1 [13] and 30 m2 g-1 [35]. 

Table 1.  BET specific surface area of all samples. 

Samples GA GA-25 GA-50 GA-75 GA-100 

Specific 
surface area 

(m2 g-1) 
43 59 139 211 280 

 

The current-voltage (I-V) characteristics of selected samples are shown in Figure 8. In each 

case the I-V characteristic is ohmic, indicating metallic behaviour within the aerogels and 

enabling their electrical conductivity to be determined. GA-100 presents an excellent electrical 

conductivity of 1.5 S cm-1, greater than the value of 1.3 S cm-1 reported by Xu et al. [13]. 

Electrical conductivity is found to decrease to  1.1 S cm-1 for GA-50 and 0.5 S cm-1 in GA, 

reflecting the increased oxygen content in these samples. The coupling of a high degree of 

conductivity with retention of sufficient surface functional groups to maintain hydrophilic 

behaviour suggests that the aerogels produced in this work may be especially useful as 

electrodes in aqueous batteries and supercapacitors by promoting wetting which has shown to 

improve performance in carbon-based electrode materials through the alternative route of 

addition of surfactants [36]. 
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Fig. 8.  I-V curves measured for GA with different ammonia treatments. 

 

4 Conclusion  

 

In this work reduced graphene oxide aerogels strengthened by ammonia were synthesised by a 

novel ‘one-pot’ hydrothermal technique, avoiding the need for post-gelation treatment. The 

resulting aerogels showed negligible volume shrinkage when prepared via a natural ambient 

drying route and retained both good hydrophilicity and electrical conductivity (up to 

1.5 S cm-1). Samples prepared with the highest ammonia concentration studied demonstrated 

excellent mechanical strength, with a Young’s modulus of up to ~28 kPa, and excellent 

retention of mechanical behaviour upon cycling. Although adding ammonia lowers the 

hydrophilicity, all ammonia treated reduced graphene oxide aerogels remained hydrophilic 

with GA-100 showing the largest water contact angle of 47 ± 1º. A mechanism regarding how 

ammonia strengthens the graphene aerogel is proposed. The hydroxyl ion formed from 

ammonia reacts with GO sheets which removes EDA that is attached to the GO sheets, which 

then restores the sp2 hybrid structure which is responsible for excellent mechanical properties 

and excellent electrical conductivity of graphene. The residual ammonia can also form covalent 

bonds on the graphene sheet surface to further enhance the mechanical strength. Compared 

with previously reported studies, addition of ammonia prior to the gelation step provides a low-

cost and efficient route for the production of reduced graphene oxide aerogels with excellent 

mechanical and electrical performance. 
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