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Abstract 

In this thesis, I have been focusing on the investigation of 3D graphene aerogel 
nanoarchitectures to be used as advanced supports for heterogeneous catalysis. The 
combination of 3D graphene nanostructures with noble-metal-free electrocatalysts 
materials can produce systems with a large surface area, but also provide an 
architecture with tailored porosity, offering an efficient interaction with the electrolyte, 
which requires a combination of micro- and meso-porosity. Moreover, the crosslink 
within the 3D graphene network can avert the degradation of the catalytic 
performance caused by the re-stacking of graphene sheets or the coarsening of the 
hosted active phases. In this work, I have exploited a combined technique for the 
preparation of 3D graphene aerogels: electrospraying and freeze casting. Both steps 
are extremely cheap and quick, very suitable for a fast and continuous production (e.g. 
hundreds of mg per hour of material produced with lab scale equipment). Nonetheless, 
these extreme high productivity and cost effectiveness do not come at the expenses of 
materials properties: a mesoporous hierarchical morphology perfectly suited for the 
interactions with electrolyte can be easily realized and also the atomic composition 
can be tuned with high flexibility, resulting in the synthesis of complex 
nanocomposites designed at multiple scales. 

The thesis is divided in four main chapters.  

Chapter 1 is an introduction and summary of the preparation and application of 3D 
graphene aerogel composite materials, and explains its application scope and 
collocation within the broader context of modern catalysis. In addition, it also 
provides some basic information about the materials studied and the basic principles 
behind their design. Moreover, GOAMs with well-controlled morphologies and 
highly ordered structures will be introduced, display a quite unique center-diverging 
microchannel dandelion-like structure.  

In Chapter 2, we investigated the preparation of innovative hybrid electrocatalysts 
coupling TMDCs nanosheets with GOAMs (TMDC/GOAM) by electrospray and 
freeze casting techniques. The aim is to prove that it is possible to integrate into the 
GOAM graphene network the functional properties of active electrocatalysts without 
altering the microchannel central divergence morphology. The procedure of 
incorporation has been optimized using exfoliated MoSe2, and subsequently it was 
successfully extended to other exfoliated TMDCs, i.e., MoS2, WS2 and WSe2. The 
aim was to create a hybrid material where electronic contacts among the two pristine 
materials are established in a 3D architecture, to test any improvement in the HER 
activity while maintaining accessible the TMDC catalytic sites. The final materials 
were used to prepare an electrode suitable for the HER characterization. Interestingly, 
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the adopted approach, based on combining electrospraying with freeze-casting 
techniques, successfully, provides stable electrodes where the dandelion-like structure 
is retained. After a heat treatment, the scaffold transform into a partially reduced one 
(prGOAM) which increases the mechanical stability of the assembly while 
maintaining the same 3D structure. The actual HER tests on TMDC/prGOAMs 
display an interesting improvement of the HER activity in an acidic environment 
compared to the pristine TMDC, confirming a kind of synergetic interaction between 
the TMDC catalyst and the scaffold. Moreover, the comparison of the HER results of 
TMDC/prGOAM modified electrodes with those obtained from TMDC/prGO and 
TMDC/Vulcan analogous hybrid materials (benchmark samples) allowed us to 
demonstrate the role of the 3D architecture in the catalytic HER performance. More 
interestingly, this 3D architecture is also preserved after the electrochemical tests. The 
hybrid electrocatalysts were also HER verified under light in PEC tests displaying 
interesting results. 

In Chapter 3, we made a step forward and propose a synthesis strategy to control not 
only the morphology of the nanocomposite, but also the chemistry of the active phase. 
To achieve this goal, we envisaged a fully bottom-up approach for preparing the MoS2 
phase decorating the 3D GOAM scaffold, which is based on a molecular precursor, e.g. 
ATM, ((NH4)2MoS4). The advantages of this approach to prepare the hybrid 
MoS2/prGOAM materials are: i) fine and homogeneous dispersion of MoS2 on the 
graphenic support, ii) higher scalability of the preparation procedure, and shorter 
preparation time since there is no need to prepare the TMDC by a lengthy and 
expensive exfoliation procedure, iii) possibility to introduce a large variety of dopants 
into the MoS2 moiety. The resulting materials with both tailored morphology and 
chemistry demonstrated to be outstanding catalyst for the HER, superior to previous 
top-down MoS2 (in Chapter 2) based catalysts. The as-prepared catalysts were 
evaluated by structural characterization covering characterized by SEM, EDX, BET, 
XRD, Raman and XPS. 

In Chapter 4, in order to study the general applicability of our materials, we have 
studied the development of a heterostructure constructed by CoAl-LDH NR supported 
on GOAMs as a highly efficient electrocatalyst for water oxidation. The presence of 
negatively charged GOAMs can play an import role in supporting and dispersing 
positively charged CoAl-LDH NR. The as-prepared electrocatalyst, denoted as CoAl-
LDH NR/GOAMs, inherits the special centre-diverging microchannel 3D structure 
from GOAMs, with numerous CoAl-LDH NR decorating quite homogeneously the 
GO surface. As a result, the CoAl-LDH NR/prGOAMs (treated in oven at 200 °C in 
inert atmosphere) exhibit a remarkable electrocatalytic activity in the OER, which is 
attributed both to the peculiar centre-diverging mesoporous structure of the carbon 
scaffold, which allows an easy access to the active sites and an optimal mass transport, 
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and to the presence of many catalytically active sites associated with the nanorings. 

The general conclusions and perspectives of this work are summarized in Chapter 5. 
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Zhao et al. [62] proposed a composite nanocatalyst made up by MoS2 nanosheets 
installed into a 3D GA. The material was prepared by a two-step procedure: first a GA 
was obtained from a GO solution after solvothermal treatment and then the resulting 
GA monolith was used for the deposition of MoS2 again by the solvothermal method 
starting from ammonium heptamolybdate and thiourea. The highly flexible graphene 
sheets forming the aerogel are tightly interconnected in a 3D manner preventing the 
restacking of graphene, and providing a large surface area for growing MoS2 
nanosheets. The resultant MoS2 supported on 3D GA (GA-MoS2) composite 
possesses uniform high and homogeneous dispersion of MoS2 and excellent electron 
transfer properties, exhibiting high catalytic performance and strong stability for 
electrocatalytic application in the HER. 

1.1.2 Organic sol-gel method 

Organic sol-gel chemistry involves the polymerization of organic precursors to form a 
highly cross-linked organic gel, which can then be dried and pyrolyzed to form a 
carbon aerogel. When the organic precursors are added to a suspension of GO, 
polymerization occurred primarily on the GO surface, both coating the nanosheets and 
forming junctions between adjacent bundles. Upon drying and pyrolysis, the organic 
coating and junctions are converted to carbon, yielding the aerogel.  

Marcus et al. [54] have reported the preparation of ultra-low-density 3D 
macroassemblies of GO sheets, which exhibit high electrical conductivity (87 S/m), 
large internal surface areas (584 m2/g) and a high pore volume (2.96 cm3/g). These 
materials are synthesized as monolithic structures from suspensions of single-layer 
GO in which organic sol-gel chemistry is used to cross-link the individual sheets, as 
shown in Figure 1.6. The graphene aerogels exhibit an improvement of the bulk 
electrical conductivity of more than 2 orders of magnitude compared to those 3D 
graphene networks prepared with physical cross-links alone.  
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added to the oil for better observation) after 0, 1 and 4 min, respectively.[72] 

 

1.1.3.4 Freeze drying method 

The use of freezing of colloids to template the porosity in materials is known as ice-
templating or freeze-casting. The basic idea is to obtain a porosity that is a replica of 
the ice crystals, by freezing a suspension and subsequently removing the ice crystals 
by sublimation.  

Qiu et al. [73] reported that the combination of graphene oxide chemistry, namely the 
presence of polar groups that can be used for hydrogen bonds and a variety of 
dispersive interactions, and ice physics can form super-light and ultra-elastic 
graphene-based cell structures, as shown in Figure 1.15. The unique biomimetic 
hierarchical structure endows this new class of elastomers with exceptionally high 
energy absorption capability (the graphene elastomer with a density of 5.1 mg cm-3 
gives an energy loss coefficient of 82.5% at the first compressive cycle and 65% after 
four cycles of compression) and good electrical conductivity (0.12 S cm-1), at a 
density of 5.1 mg cm-3.  

 

Figure 1.15 Morphology and formation mechanism of the cork-like GO elastomer.[73] 
Scale bars, 50 mm (a,c) and 10 mm (b). 

 

Li et al.[74] prepared hybrid aerogel microspheres from GO and Ti3C2Tx MXene by 
rapid freezing combined with electrospraying, as shown in Figure 1.16. This method 
allows preparing a large amount of GO-based hybrid aerogel microspheres without 
inducing any reduction of the GO moiety, like it general happens in the case of 
solvo/hydrothermal methods. The resulting materials have been used for 
electromagnetic screening since the unique aerogel structure not only provides the 
advantage of a light weight, but also extends the attenuation path when 
electromagnetic waves enter the material. As microwaves adsorbers, these hybrid 
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method and using as template a polymer such as PEG-200, as shown in Figure 1.19. 
The result is the formation of CPRF microspheres with a unique 3D structure that can 
be easily tuned in terms of pore dimensions (10-35 nm), pore volume and surface 
areas in a wide range Such microspheres exhibit a high specific surface area (up to 
798.3 m2g-1) characterized by mesopores, resulting an excellent support for 
electrocatalysis. As an example, they were used to support Pt nanoparticles to be used 
in alkaline conditions for the oxygen reduction reaction. Comparing commercial 
Pt/amorphous carbon catalysts with such Pt/CPRF microspheres, it turns out that the 
latter show a much higher electrochemically active surface area and higher mass 
activity.  

 

Figure 1.19 Diagram of the processing method used for the preparation of CPRF 
microspheres.[77]  

 

Zhai et al. [78] combined water-in-oil (W/O) emulsification process and freeze-drying 
process to prepare cross-linked superhydrophobic polyvinyl alcohol (PVA)/cellulose 
nanofibril (CNF) aerogel microspheres, as shown in Figure 1.20. The prepared 
PVA/CNF microspheres have ultra-low densities ranging from 4.66 to 16.54 mg/cm3, 
which demonstrated an ultrahigh crude oil absorption capacity (up to 116 times 
compared to their own weight). 

 

Figure 1.20 Schematic description of the synthesis route of the PVA/CNF aerogel 
microspheres via the emulsification process combined with freeze-drying.[78]  
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Yue et al. [79] have prepared urchin-like reduced graphene oxide microspheres 
(UrGOMS) with adjustable size and structure by a simple water-in-oil (W/O) 
emulsion technology, as shown in Figure 1.21. The structure has a high specific 
surface area (356.33m2 g-1) and bulk density (1.37g cm-3). When used as an electrode 
material in supercapacitors, the UrGOMS exhibits high volume capacitances of 527.6 
F cm-3 and 452.1 F cm-3 at 10 mV s-1 and 0.2 A g-1, respectively. In addition, they also 
exhibit excellent long-term cycle stability (the capacity retention rate is about 99.43% 
after 5000 cycles). 

 

Figure 1.21 Schematic of the fabrication process of the UrGOMSs and Volumetric 
capacitance of the UrGOMSs and rGO electrodes as a function of the current 
density.[79] 

1.2.2 Injection Dropping  

The injection dropping is one of the first example of GAM preparation method. This 
method is based on a simple injection equipment that extrudes the precursor droplets, 
and then the final aerogel microspheres are obtained by in-situ freezing and followed 
by lyophilization. This method is simple and widely used. However, the size of the 
GAMs is generally rather large, and the preparation efficiency is low. 

Through the encapsulation of GO into sodium alginate (SA), Fei et al.[80] have 
prepared composite GO-SA hydrogels and aerogels (by lyophilization of the 
hydrogels) (Figure 1.22). The SA was transformed into a hydrogel through the 
standard CaCl2 hardening technique. The resulting materials were used as an 
adsorbent to remove ciprofloxacin from aqueous solutions. The maximum adsorption 
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capacities of GO-SA aerogel and GO-SA hydrogel reached 55.55 and 86.12 mg/g, 
respectively. The adsorption capacity of GO-SA composite gel is about 7 to 9 times 
higher than that of SA only. Moreover, these graphene composite materials can 
remove organic pollutants from aqueous solutions. 

 

Figure 1.22 Schematic diagram of the preparation process of GO-SA-H.[80]  

 

Zhao et al.[81] have prepared millimeter-scale superelastic GOAMSs, which 
exhibited an interesting response to external stimuli and high versatility of 
applications (in wireless electrostatic charge manipulation, fast oil/organic solvent 
adsorption with high capacity, effective electrode materials in battery, and strain 
sensors). As shown in Figure 1.23, GSs are obtained by wet spinning of GO solution 
(i.e. by injecting the precursor solution into a rotating coagulation bath of 5 wt% 
CaCl2 solution), then drying and thermal annealing. The GOAMs have a special core-
shell structure made by a thin continuous and compact skin supported on a highly 
porous core, which results in excellent elasticity and high specific strength. Both 
horizontally and vertically assembled sphere arrays exhibit superelasticity comparable 
to that of a single sphere, allowing it to fully recover under 95% strain, and even after 
1000 compression cycles under 70% strain. Given these quite unique mechanical, 
electric, and porosity properties, they can be used as adsorbents materials for 
electromechanical devices and supports for electrochemical applications.  
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Figure 1.23 a) Scheme and b) digital photo of the wet-spinning process of GO 
hydrogel spheres. c-e) Schematic illustration of the preparation process of GO aerogel 
spheres from GO hydrogel spheres. Digital photos of f) freshly formed GO hydrogel 
spheres, g) rGO aerogel spheres (VcNa), and h) GO aerogel spheres after 2500 0C 
annealing. The inset in (h) is a photo of a single GO aerogel sphere.[81]  

1.2.3 Electrospraying method 

Electrospraying, also called electrohydrodynamic (EHD) or EHD atomization 
(EHDA), is a sister technology to electrospinning and is a very promising technique 
for the preparation of micro- and nanoparticles. It is based on the use of a high electric 
field to break up an electrically conductive solution. The particle size is controlled by 
varying solution properties such as concentration, conductivity surface tension, as 
well as processing parameters, such as flow rate and applied voltage, geometrical 
configuration. The solution flows through an emitter, in general a needle or small 
capillary, and a high voltage is applied to the emitter tip and an electrical field is 
established with the grounded collector. When the energy of the electric field 
overcomes the surface tension of the solution, the solution breaks into small charged 
microdroplets. The so formed aerosol can be used for the preparation of materials 
with microsphere morphology, in general by directing the microdroplet in a receiving 
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Figure 1.27 Schematic of the fabrication process of the Ti3C2Tx/rGOAMs and The 
LSV curves and Tafel plots of the Ti3C2Tx/GOAMs.[89] 
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performance. The preparation of the other TMDC/GOAM systems was subsequently 
adopted for the same optimized ratio value obtained on MoSe2/GOAM. 

The exfoliated MoSe2 nanosheets were obtained as described in the Section 2 and 
characterized by SEM, Raman and XPS, comparing the data with those measured on 
analogous bulk materials. Chemical exfoliation produces few layer thick nanosheets 
that according to the SEM images (Figure 2.3a), have an average lateral size in the 
micrometer range. 

 

 

Figure 2.3 (a) Typical SEM image of the exfoliated MoSe2 supported on an Au 
substrate; (b) XPS characterization of exfoliated and bulk MoSe2 . On the left the Mo 
3d region, on the right the Se 3d region. 

 

The exfoliated TMDCs samples are typically composed of a mixture of 1T and 2H 
polymorphs, which can be identified by Raman spectroscopy: in Figure 2.4 we report 
the Raman spectra of the bulk MoSe2 and of the exfoliated sheets. The Raman 
spectrum of bulk MoSe2 shows three signals at 167, 241 and 285 cm-1 , which can be 
associated, respectively, with the E1g , A1g and E2g normal modes of the 2H-MoSe2. 
After exfoliation, the normal modes E1g and A1g of the 2H phase (171 and 238 cm-1) , 
and the modes J1 , J2 , J3 and A1g of the 1T phase (108, 154, 228 and 287 cm-1) 
become visible.[31] The Raman spectrum of the exfoliated sample reported in Figure 
2.4b is compatible with the literature data of few-layers MoSe2 [32] and show the 
typical feature of both polymorphs. 
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O-C=O 288.8  7.2 289.0 4.2 

C sp x /CO x  1.9   2.7 

 

 

Figure 2.8 Deconvolution of the Raman spectrum of graphene oxide of 
MoSe2/GOAM and MoSe2/prGOAM reduced to 450 °C (right).  
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Figure 2.9 SEM images of MoSe2/prGOAM samples reduced to 450 °C  in the 
atmosphere Ar:H2= 90:10 (100 sccm in total). MoSe2/prGOAM samples obtained 
using a 3(a), 5(b), and 7 mg/mL (c) concentration of MoSe2. Scale bars are 50 µm. 

 

 

 

Figure 2.10 SEM images and EDX chemical map of the 5 mg/mL MoSe2/prGOAM. 
EDX showing the maps of C (green) and Mo (blue) and Se (red) signals. Scale bars 
are 20 µm. 
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Figure 2.11 Optical microscope image (63x) of MoSe2/prGOAM samples obtained by 
reduction at 450 °C with different scale bars. 

 

Finally, the thermal treatment induces the 1T- to 2H-MoSe2 phase transition [41] (see 
Raman in Figure 2.4), thus replacing the metallic phase, which typically shows better 
electrocatalytic performances, with the semiconducting polymorph, which on the 
other hand exhibits photoactivity (vide infra).[35] 

 

2.3.2. Electrocatalytic HER Characterization 

The MoSe2/prGOAM systems can be dispersed in ethanol without losing their 
dandelion-like morphology, and even after the electrocatalytic test, no substantial 
differences could be observed (see Figure 2.12). 
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Table 2.9 BE values and composition of Mo 3d core level of MoS2 samples. The 
reported BE values error is ± 0.1 eV. Percentage value of non-oxidized Mo and 1T:2H 
ratio of MoS2 are reported as well. 

 

 Exfoliated MoS 2  Bulk MoS 2 

Mo 3d BE (eV) % BE (eV)  % 

1T-Mo IV 228.1  71.8   

2H-Mo IV 229.1 15.8 229.1   96.1 

Mo V S x O y  35.0 7.1    

Mo VI O x  232.3 5.3   232.3 3.9 

1T:2H 82:18  0:100 

Mo IV /Mo 88% 96% 

 

Table 2.10 BE values and composition of S 2p region of MoS2 samples. S 2s BE 
values are reported as well. The error on BE values is ± 0.1 eV. 

 Exfoliated MoS 2  Bulk MoS  

S 2p  BE (eV) % BE (eV)  % 

1T-S 2- 160.8 21.0    

2H-S 2- 161.9 79.0  161.9   100 

S 2s   225.5    226.4    
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Figure 2.20 Raman spectra of bulk (a), exfoliated (b) and prGOAM hybrid (c) WS2 
samples. 

 

 

Figure 2.21 XPS spectra of W 4f (left) and S 2p (right) regions for exfoliated and bulk 
WS2 samples. 

 

Table 2.11 BE values and composition of W 4f core level of WS2 samples. The 
reported BE values error is ± 0.1 eV. BE of W 5p3/2, percentage value of non-
oxidized W and 1T:2H ratio of WS2 are reported as well. 

 Exfoliated WS 2  Bulk WS 2 
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W 4f  BE (eV) % BE (eV)  % 

1T-W IV 31.5 74.2 -  

2H-W IV  32.4 15.5 32.2 94 

W V S x O y  35.0 5.0 -  

W VI O x  35.7 5.3 35.7 6.0 

W 5p 3/2  37.0 - 37.6 - 

1T:2H  83:17 0:100 

W IV /W 90%  94% 

 

Table 2.12 BE values and composition of S 2p region of WS2 materials. BE values 
error is ± 0.1 eV. 

 Exfoliated WS 2  Bulk WS 2 

S 2p  BE (eV) % BE (eV)  % 

1T-S 2- 161.4 79.3   

2H-S 2- 162.0   19.7 162.1 100 

 

 

Figure 2.22 Raman spectra of bulk (a), exfoliated (b) and prGOAM hybrid (c) WSe2 
samples. 
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Figure 2.23 XPS spectra of W 4f (left) and Se 3d (right) regions for exfoliated and 
bulk WSe2 samples. 

 

Table 2.13 BE values and composition of W 4f core level of WSe2 samples. The 
reported BE values error is ± 0.1 eV. BE of W 5p3/2, percentage value of non-
oxidized W and 1T:2H ratio of WSe2 are reported as well. 

 Exfoliated WSe 2  Bulk WSe 2 

W 4f   BE (eV) % BE (eV)  % 

1T-W IV  31.5 36.5   

2H-W IV 32.2 14.4   32.1 87 

W V S x O y  34.7 19.3   

W VI O x  35.8   29.8 35.7  13 
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W 5p 3/2  37.2  37.5    

1T:2H   72:28 0:100 

W IV /W   52%   87% 

 

Table 2.14 BE values and composition of Se 3d region of WSe2 materials. BE values 
error is ± 0.1 eV. 

 Exfoliated WSe 2  Bulk WSe 2 

Se 3d   BE (eV) % BE (eV)  % 

1T-Se 2-  54.1 71.4   

2H-Se 2-  54.6 28.6 54.5   100 

 

The same TMDC mass loading (5 mg/mL) was explored to test the different 
TMDC/prGOAM systems, without any optimization for the different MX2. For this 
reason, the reported data must be considered as explorative. From SEM images and 
relative EDX data, no relevant changes are observed in the whole MX2/prGOAM 
series (Figure 2.24).  
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electrodes by a fine tuning of the graphene/TMDC interactions inside the dandelion-
like microspheres. 
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literature demonstrates that the modification of MoS2 with foreign metals can be 
extremely beneficial for the electrocatalytic activity. As case study we investigated 
the doping with Ni, which has been widely investigated both theoretically [32] and 
experimentally [33] even though, different works connect the higher activity to 
different reasons such as formation of new phases,[33] substitutional doping with 
consequent modification of structural and electronic properties,[32] complex 
interaction with oxygen,[34] change in the morphology.[35] This work therefore 
exemplifies the enormous potential of electrospray and freeze casting for the 
preparation of highly sophisticated electrocatalytic materials. This technique is 
extremely cheap and quick, very suitable to a rather fast and continuous production 
(e.g. hundreds of mg per hour of material produced with lab scale equipment). 
However, these extreme high productivity and cost effectiveness are not at the 
expenses of materials properties: as demonstrated here, a mesoporous hierarchical 
morphology perfectly suited for the interactions with electrolyte can be routinely 
realized and also the atomic composition can be tuned with high versatility, resulting 
in the synthesis of sophisticated nanocomposites designed at multiple scales. 

 

3.2 Experimental section 

3.2.1 Synthesis of the MoS2/prGOAMs and Ni -doped 
MoS2/prGOAMs  

Scheme 3.1 illustrates the synthetic route for the preparation of Ni-doped 
MoS2/prGOAMs (Ni doping of 5 at.% vs. Mo). GO, NiCl2·6H 2O and ammonium 
thiomolybdate (ATM) in different ratios were used to prepare a series of samples, 
which in the following are labelled as Ni-doped MoS2/prGOAM-X-Y (where X 
indicates the weight percentage of MoS2, and Y is the annealing temperature). GO, 
NiCl2·6H 2O and ATM were added to 10 mL of deionized water, stirred and 
ultrasonicated at room temperature for 30 minutes to obtain a homogeneous 
suspension of 7.0 mg mL-1. Table 3.1 summarizes the amount of the reagents used for 
the different samples. Starting from the precursor solution, a combination of 
electrospraying, ice templating and thermal annealing was used for the synthesis of 
the Ni-doped MoS2/prGOAMs composites. Regarding the electrospraying step, a 
beaker containing n-hexane was cooled down to -45°C by an acetone/dry ice mixture 
and used as receiving liquid. Then, the NiCl2/GO/ATM suspension was added to the 
injection pump of the electrospraying device, which was terminating with a small 
capillary (nozzle) connected to a high voltage power supply. After a careful 
optimization, the parameters for the electrospraying procedure were set within the 









Chapt er 3  

89 

crystals grow in the radial direction triggering the self-assembly of NiCl2/GO/ATM 
blocks, which may organize through electrostatic/dispersive interactions and 
hydrogen bonds.[29,30] The radially oriented microchannel structure is retained after 
the removal of the templating ice crystals during the lyophilization step. The SEM 
images at larger magnification (reported in Figure 3.1f), show that the Ni-doped MoS2 
nanoparticles (vide infra), which typically exhibit a brighter contrast, are uniformly 
dispersed on the prGO surface. Such nanoparticles are often observed on GO wrinkles 
where sometimes they form larger aggregates, whereas on flatter GO sheets they 
show a variable size ranging between 20 and 80 nm. Figure 3.1g and h show the SEM 
image and the corresponding EDX spectra: the total mass percentage of S and Mo is 
approximately 39.6%, very close to the 40% value expected from the concentration in 
the precursor suspension, and the atomic ratio of Ni/Mo (5.7%) is very close to the 
nominal 5%, deriving from the precursor Ni:Mo ratio. Overall, the SEM/EDX 
investigation suggests that Ni-doped MoS2 nanoparticles finely decorates the prGO 
sheets, which are efficiently interconnected creating a series of centre diverging 
channels. 

 

Figure 3.1 (a - c) SEM images of typical Ni-doped MoS2/prGOAM-40%-500 (a: 
lower magnification; b and c: higher magnification); (d - f) Ni-doped 
MoS2/prGOAM-40%-500 aerogel hemispheres made by cracking the microspheres; 






























































































































































