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ABSTRACT: The fabrication of porous ceramic materials is of 

great importance for various applications in energy, catalysis, 
filtration, and refractory applications. Achieving rational design of 
polymer-derived ceramics (PDC) with hierarchical porosity has 
been made possible with the use of porous agents, direct foaming, 
or replicates. However, these synthetic approaches often suffer from 
complexity and limited control over their desired porous 
architectures. In this study, we report an innovative method for 
preparing porous polymer-derived ceramic (PDC) monoliths by 
combining the preceramic polymer route and the Pickering 
emulsion method. The emulsions were prepared by using a SiOC 
precursor and stabilized with graphene oxide nanosheets modified 
with hexadecylamine. The effects of formulation on the final 
properties of Pickering emulsions were thoroughly studied, taking into account the emulsification process, emulsification rate, 
concentration of modified graphene oxide (GO), and DMSO/cyclohexane ratio. As a proof of concept, we have used the monoliths 
obtained as electrode materials for electrochemical energy storage in Li-ion batteries (LIBs), exhibiting higher specific capacities that 

are approximately 2 times higher than that of the graphite anode. Among the tested electrodes, the SiOC-GO-R16 (23%, 900 °C) 
electrode showed the best overall performance, displaying impressive insertion and extraction capacities of approximately 2399 and 

1176 mAh g−1 at 50 mA g−1, respectively, in the first cycle. At 800 mA g−1, the charge capacity was 350 mAh g−1 after 175 
consecutive cycles, accompanied by a Coulombic efficiency of 88%. Our approach offers a novel and efficient route to fabricate 
porous PDC monoliths with tailored properties and superior electrochemical performance compared to traditional PDC-based 
electrodes in LIBs and highlights their potential for advanced energy storage applications. 

 

1. INTRODUCTION 

The increasing number of applications of porous materials in 
highly demanding sectors such as environment, healthcare, and 
energy has led to growing interest in exploring new synthesis 
methods. Achieving a large specific surface area, ideally 
distributed in an accessible hierarchical porosity, and providing 
significant surface reactivity have become a central focus. These 
characteristics enable the materials to exhibit a large active 
surface for energy storage or catalysis, among other desired 
functionalities. Several synthetic routes involving different 
fundamental concepts based on the use of hard or soft 
templating techniques have been reported in the literature. 
Examples include hydrothermal synthesis, freeze-drying, direct 
foaming, hard and soft replication techniques, and emulsion 
templating.1,2 In addition to the self-organization of amphiphilic 
molecules, emulsions can also be used as soft templates. In the 
latter case, Pickering emulsions, which are stabilized by solid 
particles, fall into the category of soft template-assisted 
emulsions that require mild conditions and are relatively 

straightforward to realize.3 These emulsions exhibit a relatively 

high interfacial attachment energy and long-term stability. These 

characteristics make Pickering emulsions ideal candidates as 

models or intermediates for the design of new porous functional 

materials.4 The specific principle is to use solid particles as 

stabilizers for the emulsion, which then serves as the matrix for 

the final ceramic monolith. Once the dispersed and continuous 

phases have been eliminated, the particles are assembled to form 

the ceramic scaffold with tunable pore size and distribution. As a 

result, Pickering emulsion processing can be applied to the 

manufacture of a variety of nanocomposite materials with open 
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or closed porosity.5 Porous polymer-derived ceramics (PDC) 
are advanced materials that have attracted growing interest in 
recent years due to their unique properties and potential 
applications in fields such as aerospace, electronics, and energy. 6 
Porous polymer-derived ceramics can be classified on the basis 
of their chemistry, i.e., the chemical composition of the 
precursor and the final ceramic obtained after heat treatment 
for the conversion into a material. Among porous ceramics, 
nonoxide ceramics have received particular attention in recent 
years due to their excellent resistance to corrosion and oxidation 
and their high-temperature stability. These characteristics 
enable applications in harsh environments. Examples of 
nonoxide porous ceramics include Si3N4,7 which has been 
proposed for hydrogen generation through NaBH4 hydrolysis 
and other materials such as SiC,8 SiAlCN,9 and SiBCN prepared 
using a hard template approach.10,11 The main challenge of this 
method lies in the sensitivity of ceramic precursors to air and 
moisture.10 In this context, silicon oxycarbide (SiOC) is a 

and the polymer-derived ceramics route. The emulsion is 
stabilized by hexadecylamine-modified GO nanosheets as a soft 
template to generate porosity, and the water-sensitive methyl 
polysiloxane precursor of SiOC is dissolved in the continuous 
phase. This synthesis approach allows the synthesis of porous 
conducting SiOC/graphene oxide nanocomposite named 
SiOC-GO-R16 [X, T (°C)] and Ni/SiOC-GO-R16 [X, T 

(°C)], where X represents the mass ratio of modified GO and T 

(°C) refers to the pyrolysis temperature with respect to varying 
amounts of the preceramic polymer. We have examined the 
properties of the SiOC/graphene oxide nanocomposite as 
electrode materials in LIBs and found the insertion and 

extraction capacities of 2399 and 1176 mAh g−1, respectively, 
in the first cycle. We believe that our study sheds light on a novel 
synthetic approach to porous ceramic-based monoliths. 

2. EXPERIMENTAL SECTION 
2.1. Materials. Sulfuric acid (H SO , 98%), hydrogen peroxide 

promising material because it can be obtained by the pyrolysis of 2 4 

polysiloxanes in air or in an inert atmosphere. SiOC displays 
good chemical and thermal stability, can be produced at 
relatively low cost, and is easy to process. Depending on the 

processing temperature, which can vary from 1000° to 2000 °C 
under an inert atmosphere, the polymer can be converted into an 

amorphous or crystalline ceramic containing Si−C and Si−O 
bonds in the presence of free amorphous carbon. SiOC is known 
for its high-temperature stability and high resistance to corrosion 11 

(30%), graphite powder, hexadecylamine (90%), and nickel acetyla- 
cetonate were purchased from Sigma-Aldrich. Nickel acetylacetonate 
was incorporated as a cross-linking agent for the methyl polysiloxane 
resin. Chloroform (ASC, 99.8%), cyclohexane (ASC, 99%), dimethyl 
sulfoxide (99%), potassium permanganate (99%), sodium nitrate 
(99%), and chlorhydric acid (36%) were purchased from Alfar Aesar, 
Germany. A commercial methyl polysiloxane resin (Silres MK) was 
purchased from Wacker Chemie (Munich, Germany). 

2.2. Sample Characterization. The infrared spectra were 
obtained using a Nicolet Nexus FTIR spectrometer equipped with an 

and oxidation.  Several research efforts have been carried out to ATR (Golden Gate Diamond) system in the 600−4000 cm−1 range. 

develop porous SiOC using methods such as conventional 

emulsions stabilized by organic surfactants.12−17 The integration 
of PDC and in particular SiOC into negative electrodes for 
lithium-ion batteries (LIBs) has garnered significant interest due to 

their specific capacity ranges from 200 to 1300 mAh g−1.18−24 
The performance of LIBs crucially depends on the nature of the 
materials used in the electrodes, making the quest for novel 
materials a highly sought-after scientific and technological 
challenge. Combining the PDC route with the Pickering 
emulsion method opens prospects to prepare new ceramic 

matrix materials with hierarchical porosities presenting sig- 
nificant advantages for LIBs due to their large surface area and 
reactivity. Porous materials used as negative electrode materials 
have been reported to perform better in high-speed regimes due 
to better penetration of the electrolyte into the deep pores. That 
decreases the diffusion distance of Li+-ions during the insertion/ 
extraction process, thus facilitating the rapid storage of Li+- 
ions.25 Two-dimensional (2D) materials such as GO,26 
exfoliated smectic clay,27 boron nitride (h-BN),28 or Mxenes29 
have been used as stabilizers for Pickering emulsions. GO is one 
of the most studied 2D materials, attracting attention due to its 
ability to bind various compounds such as amines,30 for example, 
via its carbonyl, epoxy, hydroxyl, and carboxylic functional 
groups present on the surface. Due to their amphiphilic nature, 
GO nanosheets can assemble and form 3D structures at the 

liquid−liquid interface, for example, between water and oil. 
Indeed, hydrophilic and hydrophobic interactions between the 
GO sheets and the two liquids enable favorable alignment and 
organization at the interface. These three-dimensional (3D) 
structures exhibit unique properties, such as porosity, 
conductivity, and mechanical strength, and pave the way to 
prepare composite materials for a variety of applications.31 

In this paper, we report, for the first time, the preparation of a 

porous SiOC/graphene oxide nanocomposite material with 
hierarchical porosity by a combination of Pickering emulsions 



 
 

 

The morphologies of GO and nanocomposites were imaged by using 
a Hitachi S4800 scanning electron microscope (SEM). The 
elemental analysis of nanocomposites was performed locally by energy-
dispersive X-ray (EDX) spectroscopy with an Oxford detector (X-Max 
N SDD). X-ray diffraction (Philips X’pert PRO X-ray diffraction system) 
with Cu Kα radiation (λ = 0.154 nm) was used to study the crystal 
structure. The thermogravimetric analysis (TGA) was carried out 
under nitrogen 

on a TGA-STD Q600 thermal analysis device up to 1000 °C with a 

heating rate of 5 °C min−1. The size and morphology of the droplets of 
the emulsions were observed by using an optical microscope (LEICA 
DM1750M). Optical microscopy measurements were performed 15 
min after emulsification by depositing a drop of the emulsion phase on a 
microscopy slide. The ζ-potential was measured using Anton-Paar 

Litesizer 500 at 20 °C. Samples were prepared at a concentration of 3 
mg mL−1. The nitrogen sorption isotherms were measured with a 
Micromeritics ASAP 2020 analyzer at 77 K. After grinding the 

monoliths, the samples were degassed at 200 °C under vacuum for 12 h 
before measurements were taken. The specific surface area was 

calculated using the Brumauer−Emmett−Teller method (BET), and 

the size distribution was calculated using the Barrett−Joyner−Halenda 
(BJH) method. 

2.3. Preparation of Graphene Oxide Nanosheets. GO 
nanosheets were prepared by a modified Hummers method.32 Briefly, 
the powdered natural graphite (>120 μm, 1 g) was mixed with 
concentrated H2SO4 (33.8 mL) and sodium nitrate (0.76 g). Then, 
potassium permanganate (4.5 g) was slowly added to the mixture. 
A solution of sulfuric acid (100 mL) was added after 7 days. 
Hydrogen peroxide (3 mL) was added at the end of the reaction to 
stop the reaction. A solution of hydrochloric acid (10%, 500 mL) 
was then added. The GO suspension was dialyzed in deionized water 
for 10 days to remove metal ions and acid. Then, 50 mL of the 
solution was dispersed in 450 mL of water and sonicated for 30 min, 
followed by centrifugation at 3000 rpm for aggregate removal. The 
recovered supernatant was centrifuged at 10000 rpm to obtain 
a final 
concentration solution (7.5 mg mL−1). 

2.4. Modification of GO Nanosheets with Primary Alkyl- 
amines. Graphene oxide (72.5 mg) was dispersed in 20 mL of DMSO, 
and (0.33 g) hexadecylamine dispersed in 5 mL of chloroform was 
added dropwise with sonication. The mixture was stirred for 48 h at 



 
 

 

room temperature and then filtered on a poly(vinylidene fluoride) 
(PVDF) support. The final product was washed several times with 
chloroform to remove nonreactive elements. The final material named 

GO-R16 was placed in the oven at 65 °C for 2 h. 
2.5. Preparation of Pickering Emulsions Stabilized by 

Functionalized Graphene Oxide. Pickering emulsions (total 
volume 20 mL) were prepared according to the formulation protocol 
described in Figure 1: (1) Functionalized graphene oxide (GO-R16) 

 

 

Figure 1. Schematic illustration of the preparation of the DMSO/ 
cyclohexane Pickering emulsion stabilized with modified graphene 
oxide nanosheets (GO-R16). 

 

was dispersed in 10 mL of cyclohexane by sonication for 10 min. (2) 
Then, 10 mL of DMSO was added. (3) The emulsification was carried 
out by a high-speed homogenizer (ultra turrax T25) for 2 min to form 
stable Pickering emulsions. 

2.6. Preparation of Graphene-Based Polymer-Derived 
Ceramic Nanocomposites. The porous monoliths were prepared 

via DMSO/cyclohexane Pickering emulsions combined with the 
preceramic polymers pathway. First, 30 mg of GO-R16 was dispersed 
in 3 mL of cyclohexane by sonication for 10 min and 200, 100, and 50 
mg of methyl polysiloxane resin (Silres MK) received in powder form 
was dissolved in 2 mL of cyclohexane by sonication for 2 min to 
produce a solution. These two solutions were then mixed, followed by 
sonication again for 15 min. Once the sonication was complete, 2 mL of a 
previously prepared nickel acetylacetonate containing DMSO 
solution of concentration 10 mg/mL was added, and the mixture was 
homogenized for 2 min at 15 000 rpm. The volume fraction of DMSO 
and cyclohexane is 28 and 72%, respectively. After a rest of 15 min, the 
emulsion was freeze-dried. This was followed by the pyrolysis of the 

freeze-dried material at 1 °C min−1 up to temperatures of 600 and 900 
°C for 2 h in an argon atmosphere. This same procedure and condition 
were used to produce monoliths without nickel acetylacetonate. We 

have prepared nanocomposites named SiOC-GO-R16 (X, T (°C)) and 

Ni/SiOC-GO-R16 (X, T (°C)), with X representing the mass ratio of 

modified GO and T (°C) referring to the pyrolysis temperature. The 

samples were designated as follows: SiOC-GO-R16 (38%, 900 °C), 

SiOC-GO-R16 (23%, 900 °C), and SiOC-GO-R16 (13%, 900 °C) for 
the composites containing 50, 100, and 200 mg of methyl polysiloxane 
resin, respectively. 

2.7. Electrochemistry Measurement. Electrodes were prepared 
by hand-mixing the active material monoliths (70 wt %), carbon black 
as the conducting agent (15 wt %) (Alfa Aesar 99.9%), and 
poly(vinylidene difluoride) as the binder (15 wt %) (Alfa Aesar). 
Few drops of 1-methyl-2-pyrrolidinone (Sigma-Aldrich) were added 
until a homogeneous mixture was obtained.33 Subsequently, a uniform 
thin film of approximately 125 μm was deposited on a 9 μm copper 
(current collector) substrate through the doctor blade technique and 

then dried for 18 h in an oven at 80 °C for solvent removal. After drying, 
a 7.94 mm circular punch was used to cut the composite electrodes, 
which were then used as a working electrode in the assembly of the CR 
2023 type coin-shaped Li+ half-cell. The cell assembly was carried out in 
a glovebox, and the counter-electrode of the assembly was pure lithium 
metal (diameter 14.3 mm and thickness 75 μm). The electrolyte 
solution used for the measurements was a mixture of 1 M lithium 
hexafluorophosphate (LiPF6) and dimethyl carbonate (DMC) 1:1 v/v 
with ethylene carbonate (EC) (Sigma-Aldrich). This solution had an 

 
 

 

 
Figure 2. (a) Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of pristine GO and modified GO nanosheets 
(GO-R16), (b) X-ray diffraction (XRD) patterns of GO-R16 (red) and GO (blue), (c) thermogravimetric analysis (TGA) curves of GO-R16, GO, and 
hexadecylamine, (d) scanning electron microscopy (SEM) image of GO-R16, (e) atomic force microscopy (AFM) image of an individual layer of GO- R16, 
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and (f) Corresponding height profile measurements on the AFM image of GO-R16. 



 
 

 

ion conductivity of 10.7 mS cm−1. A glass separator of diameter 19 mm 
and a thickness of 25 μm was placed between the two electrodes as they 
were presoaked with the electrolyte. The multichannel BT 2000 Arbin 
(College Station, TX) was used for carrying out electrochemical 
measurements in a voltage range between 2.5 V and 10 mV at current 

densities of 50, 100, 200, 400, 600, and 800 mA g−1.33 
2.8. Electrochemical Impedance Spectroscopy. Electrochem- 

ical reactions involve the transfer of electrons between two distinct 
chemical states. These reactions are mainly characterized by electrolyte 
resistance, the adsorption of electroactive species, charge transfer to the 
electrode surface, and mass transfer of the bulk solution to the electrode 
surface. Electrochemical impedance spectroscopy (EIS) is a powerful 
tool to investigate properties of materials and electrochemical reactions. 
Equivalent electrical circuit models can be envisaged to study the 
impedances resulting from the electrode material, the electrolyte, and 
the current collector, generally based on physicochemical pro- 
cesses.34,35 In this study, the most essential parameters are examined 
in detail: 

• The Ohmic resistance of a cell is constituted by the ionic and 
electronic resistances of the electrodes, flow fields, current 
collectors, and contact resistances. Because the impedance of a 
resistor only considers the real part of a complex number, the 
different resistances resulting from various physicochemical 
processes are easily identifiable from the Nyquist plot. 

• The evaluation of the nonideal surface area of the electrode is 
done using a constant-phase component (CPE), and the 
resulting impedance can be expressed as follows: 

Z ( ) = 
  1 

 

The mass loss profile of unmodified GO shows an initial loss 

below 100 °C when heating begins (Figure 2c). This 
corresponds to a loss of the adsorbed water. A second mass 

loss is visible between 150 and 250 °C, which can be attributed 
to the loss of oxygenated fractions on the surface of GO.38 The 
TGA curve of GO modified with hexadecylamine (GO-R16) 
shows a three-stage degradation profile. The main loss of around 

84%, in the temperature range 200−550 °C, is attributed to the 
decomposition of the grafted alkyl amine chain.26 On the other 
hand, for R16, the decomposition takes place in the temperature 

range 200−300 °C with a residual mass of 2% at 300 °C. To 
confirm the presence of the functional group on the basal plan of 
the nanosheets, we investigated the X-ray diffraction (XRD) 
patterns of thin GO films prepared by vacuum filtration.39 Our 

XRD analyses show the (001) peak at 2θ = 9.7°, corresponding 
to an interlayer distance of 0.91 nm. This finding is in agreement 
with the typical value cited in the literature and is attributed to 
the presence of water interposed between the layers of GO as 
well as the oxygenated functional group.32 For GO-R16, the 

(001) peak is displaced to a lower angle (2θ = 5.8°) which 
demonstrates that the interlayer distance has increased up to 1.5 
nm compared to GO. This corresponds to an increased 

interlayer distance of ∼0.6 nm caused by the intercalation of 
hexadecylamine in the graphene oxide layers (Figure 2b). This 
combined with the absence of a diffraction signal at 0.91 points 
to a uniform functionalization of the basal planes of the 

Y0(jw)N (1) nanosheets. 

j = (complex unity), w is angular frequency, and N is a To demonstrate the hydrophobic nature of GO-R16, a thin 

constant-phase angle, which accounts for losses that occur in 
porous electrodes. 

• At high frequencies, an inductive behavior caused by the 
movement of electrons in the potentiostat cables is observed. 
The resulting impedance can be calculated using the following 
equation: 

film was prepared by vacuum filtration on a PVDF porous 

support using a 1 mg mL−1 solution of the modified GO. 
Contact angle measurements were performed with water. 

Noticeably, the contact angle value increases from 47° for the 

unmodified graphene oxide to 97° for the graphene oxide 
functionalized with hexadecylamine, as shown in Figure S1b. 

ZL ( ) = jwL 

where L = inductance in Ω·S 

(2) 
This highlights the modification of the surface chemistry of the 
nanosheets, thanks to the presence of long alkyl chains of the 
functional groups. On confirming the successful functionaliza- 

• The transport of electroactive substances by diffusion can be 

determined by the Warburg impedance ZT(Ω), which is defined 
by the following equation: 

tion of the GO, GO-R16 was dispersed in various polar and 
nonpolar aprotic organic solvents. Our observations revealed 
that GO-R16 sheets show improved dispersion in nonpolar 
solvents. Dispersion of nanosheets in solution reveals a charged 

ZT ( ) = 

 

3. RESULTS AND DISCUSSION 

(3) surface with chemical composition-dependent ζ-potential 
values, as illustrated in Figure S2. We examined the uniformity 
of the dispersion by performing scanning electron microscopy 
(SEM) on the dispersed nanosheets drop-cast on the Si/SiO2 

3.1. Characterization of Functionalized Graphene 
Oxide. ATR-FTIR analysis was used as direct evidence of GO 
functionalization, as it provides information about the functional 
groups present in the sample. As shown in Figure 2a, typical 
signatures for the GO nanosheets have been obtained with peaks 

at 1021, 1624, and 1741 cm−1 corresponding to the stretching of 
C−O−C, C�C, and C�O respectively. The peak at 3353 

cm−1 corresponds to the vibration mode of the OH group.36 
After functionalization, we noticed the appearance of two new 

peaks of significant intensity at 2850 and 2923 cm−1, attributed 
to the stretching and vibration modes of the CH2 groups, 
respectively, which probably arise from alkyl amine with a peak 

around 728 cm−1.37 An additional peak appears at 1082 cm−1 

and is attributed to the C−N vibration mode, indicating the 

formation of C−ONH− bonds, corresponding to the formation 
of an amide bond between the alkyl amine and GO. 

To further characterize the functionalization of the GO 
nanosheets, we performed thermogravimetric analyses (TGA). 

1 

R cot h( jw)p 

( jw)p 

CPE 

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
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wafer, and the results showed that the functionalized graphene 
oxide sheets are mainly present as individual single layers 
(Figure 2d). This observation is further supported by atomic 
force microscopy (AFM) images (Figure 2e). The height profile 
measurements from the AFM image (Figure 2f) indicate a 
thickness of 2 nm, which is typical for functionalized graphene 
oxide. 

3.2. Characterization of Pickering Emulsions Stabi- 
lized by GO-R16. Nonaqueous emulsions were prepared by 
combining immiscible organic solvents. Such systems avoid the 
difficulties associated with the handling of water-sensitive 
monomers.40 It is worth noting that among the different 
preceramic polymer, polysiloxanes are the least water-sensitive 
but remain poorly dispersible in water. This motivated us to 
identify a suitable solvent pair containing polar and nonpolar 
aprotic solvents for the preparation of the emulsion, which are 
compatible with the PDC route. Obtaining nonaqueous 
emulsions is usually governed by the stabilizer, namely, the 



 
 

 

particles at the interface, and remains a great challenge. Here, we 
used DMSO (dimethyl sulfoxide) and cyclohexane as organic 
solvents to form the nonmiscible organic phases required for 
Pickering emulsion formation. Remarkably, DMSO and cyclo- 
hexane are also compatible with freeze-drying by adjusting 
temperature and pressure conditions during lyophilization.41 
Modified GO-R16 was chosen as a stabilizer in this work. To 
formulate the Pickering emulsions, we initially fixed the volume 
fraction DMSO/cyclohexane at 50%. To explore the effects of 
concentration, emulsification rate, emulsification time, and 
volume ratio on Pickering emulsion stability and droplet size 
distribution, a series of emulsion formulations were performed 
under controlled experimental conditions and are presented in 
Table S1. The influence of the aforementioned factors on the 
droplets stability and size distribution was systematically 
analyzed using optical microscopy. 

3.2.1. Effect of Emulsification Speed and Time on GO-R16- 
Stabilized Emulsion Droplet Size. To find the ideal 

emulsification speed, we studied the effect of the homoge- 
nization rate on the size of the Pickering emulsion droplets. 
Several speeds were applied with the formulation conditions 
presented in Table S1. The different stirring speeds chosen are 
10 000, 15 000, 20 000, and 24 000 rpm. We found that it was 
not possible to establish a linear correlation between the 
emulsification speed and droplet size distribution. However, in 
our observations, we consistently found that the average droplet 
size remains smaller at a speed of 15 000 rpm, regardless of the 
concentration of GO-R16. This trend is illustrated in Figure S3. 
Subsequently, we explored the effect of the emulsification time 
on the droplet size distribution for each speed used in this study. 
The emulsification time was tested successively for different 
periods (1, 2, and 4 min). Our results demonstrate a decrease in 
the average droplet size over time for shearing speeds of 15 000 
and 10 000 rpm. Particularly, at a shearing speed of 15 000 rpm, 
the average droplet sizes as a function of time are smaller (Figure 
S3). However, it is important to note that the error bars in our 
data are relatively large, indicating the formation of emulsions 
with nonuniform droplet sizes. Considering the observed trends, we 
have decided to use a shear speed of 15 000 rpm for the 
remainder of our studies. 

3.2.2. Effect of GO-R16 Concentration on the Pickering 
Emulsion Droplet Size. To ascertain the presence of either 
cyclohexane or DMSO in the continuous phase of the emulsion, 
we used confocal fluorescence microscopy. To specifically 
identify the presence of DMSO, we employed Nile red (NR), a 
fluorescent dye that is solely soluble in DMSO (inset Figure 3a). 
On examination, Nile red dissolved in DMSO was indeed found 
in the droplets, confirming the presence of DMSO as the 
dispersed phase. In contrast, cyclohexane was observed to 
constitute the continuous phase of the emulsion (Figure 3a). 
This suggests that GO-R16 nanosheets wrap well the DMSO 
droplets and, thus, stabilize the emulsion. As shown in Table S1, 
we investigated different concentrations of functionalized 
graphene oxide (GO-R16) ranging between 0.5 and 6 mg 

mL−1 (Figure 3b−e). The diameter of the emulsion droplets was 
systematically measured for the different DMSO/cyclohexane 
emulsions, and the droplet size distribution of the emulsions for 
the different concentrations of GO-R16 was determined (Figure 
S4). Our results indicate that as the amount of functionalized 
graphene oxide (GO-R16) increases, the droplet size decreases 
with a narrower size distribution. Specifically, we observed that 
when the concentrations of functionalized graphene oxide (GO- 

R16) varied from 0.5 to 6 mg mL−1, the average droplet size 

 

 

Figure 3. (a) Confocal optical microscopy image in fluorescence mode 
of the DMSO/cyclohexane emulsion in the presence of Nile red (NR). 

The inset shows the solubility of NR in DMSO. (b−e) Optical 
microscopy images of the droplet size distribution of Pickering 
emulsions with different concentrations of GO-R16 (b = 0.5 mg/mL, 
c = 1 mg/mL, d = 3 mg/mL, e = 6 mg/mL). (f) Relationship between 
the average droplet size and the creaming index and concentration in 
GO-R16. 

 

decreases from approximately 155 to 35 μm. This finding 
suggests that higher concentrations of GO-R16 lead to the 
formation of smaller emulsion droplets in agreement with the 
literature.42,43 The stability of an emulsion is typically influenced 
by four main mechanisms: sedimentation, creaming, floccu- 
lation, and coalescence. In our emulsion stability tests using GO- 
R16 as the stabilizer, we observed that the emulsions showed 
minimal changes over 24 h, indicating high stability against 
droplet coalescence and creaming.43 The creaming index is 
based on the total volume and is a visual test that allows one to 
see the presence or absence of a phenomenon of destabilization 
of the emulsion. The creaming index was calculated by 
measuring the height of the clarified layer and dividing by the 

total height of the emulsion. Figure 3b−e displays the evolution 
of the droplet size when increasing the concentration of 
functionalized graphene oxide (GO-R16). We systematically 

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02502/suppl_file/cm3c02502_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02502?fig=fig3&ref=pdf


 
 

 

 

 

Figure 4. (a, b) Optical microscopy images of Pickering emulsions after addition of methyl polysiloxane resin (a = 38%, b = 23% of functionalized 
graphene oxide (GO-R16)) and (c, d) Scanning electron microscopy (SEM) images of the porous structure of composites for different formulations (c 
= 38%, d = 23% of functionalized graphene oxide (GO-R16)) after ceramization, (e, f) Scanning electron microscopy (SEM) images of the porous 
structure of composites for different formulations (e = 38%, f = 23% functionalized graphene oxide (GO-R16)) in the presence of nickel 
acetylacetonate after ceramization. 

 

 

analyzed the optical microscopy observations of the Pickering 
emulsion. Our findings reveal that the creaming index increases 
with the concentration of functionalized graphene oxide (GO- 
R16), likely due to the related increase in viscosity (Figure 3f).42 

3.3. Characterization of Porous Graphene-Based 
Polymer-Derived Ceramics Monoliths. The preparation of 
porous monoliths was carried out using Pickering emulsions 
based on DMSO (dimethyl sulfoxide) and cyclohexane 
combined with the polysiloxane preceramic polymer. The 
polysiloxane was used as precursor of SiOC ceramics and is 
soluble in cyclohexane, i.e., the continuous phase of the 
emulsion. The formulated Pickering emulsions were observed 
under an optical microscope and are shown in Figure 4a,b. A 
diminution in droplet size is detected at a higher concentration 
of the polysiloxane preceramic polymer due to the larger 
viscosity of the continuous phase. 

The pyrolysis was performed by heating the samples at a rate 

of 1 °C min−1 until reaching specific temperatures, either 600 or 

900 °C under argon to form ceramer and ceramic monoliths, 
respectively. The samples were held at these temperatures for 2 h 
under argon. After pyrolysis, the morphology of the monoliths 
was characterized by SEM as displayed in Figure 4c,d. Figure 4e,f 

shows SEM images of the same samples prepared in the presence 
of nickel acetylacetonate used as cross-linker of the preceramic 
polymer. We found that the monoliths consist of interconnected 
pores with almost spherical and nonhomogeneous open cavities. 
These open channels reflect the shape of the DMSO droplets in 
the continuous phase and confirm that the shape of the starting 
droplets can be overall preserved after sublimation and 
ceramization. The nonhomogeneous morphology of the cavities 
is attributed to the coalescence43 of the droplets before and 
during the freeze-drying step. Similarly, the SEM images in 
Figure 4e,f of the monoliths with nickel acetylacetonate show an 
open-cell macroporous structure resulting from the initial drops, 
which proves that the Pickering emulsion acts as a soft template. 
The ATR-FTIR analysis in Figure S7a shows the presence of 
peaks corresponding to the presence of the different chemical 
bonds of the methyl polysiloxane resin and the resulting SiOC 

ceramics. The peaks at 2917 and 2850 cm−1 correspond to the 
C−H stretching vibration. The strong peaks in the range 1038− 
1089 cm−1 are attributed to the Si−O−Si bridge vibration. The 
bands at 1272, 860, and 760 cm−1 correspond to the stretching 
of Si−CH3, Si−OH, and Si−C, respectively. After the pyrolysis, 
we noticed the presence of a peak at 1507 cm−1 reflecting the 
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Figure 5. (a, b) N2 adsorption/desorption isotherms for Ni/SiOC-GO-R16 (X, T (°C)) composites pyrolyzed at 900 and 600 °C and (c, d) pore size 
distribution of Ni/SiOC-GO-R16 (X, T (°C)) composites pyrolyzed at 900 and 600 °C. 

presence of the C�C bond. In contrast, only Si−O−Si and Si− 
C stretching vibrations at 1010 and 795 cm−1 remain visible in 

the samples ceramized at 900 °C, indicating that the process was 
complete.44 Figure S6b,c shows the TGA of various polysiloxane 
resin compositions used in the formulation of Pickering 
emulsions, highlighting the transformation of the polymer into 

ceramics. We estimated the ceramic yield at 1000 °C for the pure 
polysiloxane precursor to be approximately 82%. SiOC-GO-R16 
composites showed overall mass losses on the order of 35, 30, 

and 44% at 1000 °C for samples containing 23, 13, and 38% of 
the functionalized graphene oxide (GO-R16). The lower mass 
losses of composites of the emulsions compared to pristine 
polysiloxane are attributed to the reduction of graphene oxide 

and the loss of the functional groups. We also examined the mass 
loss for the composites with the incorporation of nickel 
acetylacetonate and did not observe a significant difference. 
However, the samples containing 23% of functionalized 
graphene oxide (GO-R16) showed a residual mass of 72% at 

1000 °C, corresponding to a mass loss of 28%, which is 
attributed to the decomposition of the cross-linking agent and 
the reduction of graphene oxide. 

To provide information about the crystalline state of ceramics, 
we performed XRD analyses on the composites, with and 
without the addition of nickel acetylacetonate, pyrolyzed at 900 

°C (Figure S7d−i). The diagram shows a wide diffraction signal 

in the 2θ interval between 8 and 30° corresponding to the 
formation of an amorphous structure associated with the SiOC 
matrix.45 After pyrolysis, the diffractograms of samples 
containing nickel acetylacetonate in the dispersed phase showed 

peaks (2θ = 39; 44; 48°) indicating the formation of crystalline 
metallic nickel particles.44 This suggests that Ni+(II) was 

reduced to form Ni (0) nanoparticles. The presence of nickel 
in the SiOC matrix was further confirmed by EDX analyses 
(Figure S8). To better characterize the nickel particles, 
transmission electron microscopy (TEM) investigations were 
carried out. The TEM images show nanoclusters of nickel 
nanoparticles embedded in the amorphous matrix of Ni/SiOC- 

GO-R16 (23%, 900 °C) with an average diameter of 67 nm 
(Figure S8g).46 In addition, a submultilayer and sandwich 
structure consisting of carbon planes probably present in the 
amorphous SiOC-GO-R16 matrices is noticed (Figure S8h). 
This indicates the presence of graphene layers.47 The XPS 
analyses provided information on the samples, enabling us to 
identify the functionalized groups present in the material, the 
chemical species, the bonds, and the chemical states, as 
described in the Supporting Information (Figure S11). 

To better characterize the monoliths, we then investigated the 
microporosity of the composite ceramics. The adsorption and 
desorption behavior determined by BET are illustrated in 
Figures 5a,b and S12. All composite samples exhibit a hysteresis 
loop in the N2 adsorption isotherms, revealing the mesoporous 

nature of the pores. On the contrary, the pure SiOC (900 °C) 
sample does not possess any porous structure. The hysteresis 
indicates a network of pores consisting of macropores that are 
not completely filled with pore condensate.48 According to 
IUPAC classification, the isotherms are of type IV with distinct 
H4 type hysteresis loops at a relative pressure p/p0 of 0.42. 
According to the analysis of the pore size distribution by the BJH 

method for the ceramic monoliths pyrolyzed at 900 °C, we 

detected macrosize pores (>50 nm) and mesosize pores (2−50 
nm) (Figure 5c,d). We observed that the largest number of 
pores is distributed at about 4 nm for most other samples, 
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Figure 6. (a) Charge/discharge profile for the 1st cycle at 50 mA g−1 of composite samples SiOC-GO-R16 (X, T (°C)), GO-R16 (900 °C), and SiOC 
(900 °C) pure, (b) cycling performance of composite samples SiOC-GO-R16 (X, T (°C)), GO-R16 (900 °C), and SiOC (900 °C) pure with 
increasing current rates, (c) charge/discharge profile for the 1st cycle at 50 mA g−1 of composite samples Ni/SiOC-GO-R16 (X, T (°C)), GO-R16 
(900 °C), and SiOC pure and (d) cycling performance of composite samples Ni/SiOC-GO-R16 (X, T (°C)), GO-R16 (900 °C), and SiOC (900 °C) 
pure. 

 

 

suggesting a dominating mesoporosity. Our BET study also 
indicates a clear overall increase in specific surface area (SSA) of 
10% on average after introduction of nickel acetylacetonate 
(Figure S13) in agreement with previous results from the 
literature.14 This result confirms the beneficial effect of nickel 
acetylacetonate in preventing the collapse of the porosity.45 The 
effect of the temperature on the specific surface of the monoliths 
was then investigated. Our results show that the samples 

pyrolyzed at 600 °C showed higher specific surfaces than those 

pyrolyzed at 900 °C. The apparent low specific surface values 
(SSA) could be related to the pyrolysis conditions as previously 
reported by Colombo et al.16 The increase in surface area after 

pyrolysis at 600 °C is attributed to transient porosity during the 

polymer−to-ceramic conversion, which typically disappears at 

temperatures above 900 °C. Taken together, our results 
demonstrated the successful preparation of porous silicon 
oxycarbide/graphene oxide (SiOC-GO-R16) porous monoliths 
using the Pickering emulsion route. The presence of mesopores 

and macropores in the SiOC-GO-R16 (900 °C) and Ni/SiOC- 
GO-R16 (900 °C) samples, along with the incorporation of 
conducting reduced graphene oxide (rGO) nanosheets, suggests 
potential benefits for utilizations as battery anode by providing 
active lithium-ion storage sites and facilitating the diffusion of 
the electrolyte.49 

3.4. Electrochemical Properties. We investigated the 
electrochemical properties of porous composite ceramics used 
as the Li+-ion battery anode, focusing on the Li+ insertion/ 
extraction behavior. 

Figure 6a represents the first cycle Li+-ion insertion/ 

extraction curves of the SiOC-GO-R16 (900 °C) porous, 

SiOC (900 °C) nonporous, and GO-R16(900 °C) anodes at a 

current density of 50 mA g−1. To observe small transitions in the 
voltage profiles by transforming plateaus into peaks, we 

performed differential capacity analyses (dQ/dV vs voltage) 
(Figure S14). The differential capacity curves of the SiOC-GO- 

R16 (900 °C) and nonporous SiOC (900 °C) composite 
electrodes showed distinct peaks during the first cycle of lithium 
insertion.33 These peaks can be attributed to the decomposition 

of the electrolyte and the formation of the solid electrolyte 

interface (SEI) during the initial Li+-ion insertion process.50 

Remarkably, in the second cycle, the shape of the differential 

capacity curves remained consistent for all samples, with no 

peaks observed, indicating that the SEI had already been formed, in 

agreement with previous observations. 

The SiOC-GO-R16 (23%, 900 °C) electrode shows an initial 
Li+-ion insertion/extraction capacity of approximately 2400 and 

1176 mAh g−1 respectively during the first cycle. These values 
represent some of the highest performances reported for silicon 
oxycarbide (SiOC)/rGO composite electrodes in the literature 
(Table S3), highlighting the excellent electrochemical properties of 

our synthesized material. The SiOC-GO-R16 (23%, 900 °C) 
electrode has a Coulombic efficiency of 49%. In addition, the 

SiOC-GO-R16 (23%, 900 °C), SiOC-GO-R16 (13%, 900 °C), 
SiOC-GO-R16 (38%, 900 °C) electrodes all showed a large 
irreversible loss of capacity (Table S3), which corresponds to the 
difference between the first Li+-ion insertion and first Li+-ion 

extraction. The irreversible loss of capacity in the first cycle is 

typically observed for silicon oxycarbide anodes and is attributed 

to several major phenomena: (1) electrolyte decomposition; (2) 
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the formation of a solid electrolyte interface (SEI) during the 
Li+-ion insertion process,51 and (3) specific surface areas. 

For comparison, we also tested nonporous SiOC (900 °C) 
and GO-R16 (900 °C) electrodes and observed an initial 

insertion capacity of only 619 and 723 mAh g−1 and an initial 
extraction capacity of 146 and 359 mAh g−1 with a Coulombic 
efficiency of about only 23 and 50%, respectively, in the first 
cycle. The results of Table S3 suggest that the best Coulombic 
efficiency and the lowest irreversible capacity are obtained for 

the SiOC-GO-R16 (38%, 900 °C) sample with a Coulombic 
efficiency of about 55%. After the first cycle, the Coulombic 
efficiency of all of the samples gradually increased to 99% 
(Figure S15). We then examined the cycling performance of the 

SiOC-GO-R16 (900 °C), SiOC (900 °C), and GO-R16 (900 
°C) electrodes at different insertion/extraction current 
densities, illustrating the cycling behavior of composites for 
different preceramic polymer contents (Figure 6b). For the 

initial cycle, a slow charge/discharge current rate of 50 mA g−1 
was used, and after each 10 cycles, the current density was 

increased up to 100, 200, 400, 600, and 800 mA g−1 and then 

decreased to 50 mA g−1 after 60 cycles. When the electrodes 
have been further cycled with increasing current densities, a 
decrease in charge capacity is observed. For example, at 800 mA 

g−1 in the 60th cycle, the charging capacity of SiOC-GO-R16 

(23%, 900 °C) dropped to 603 mAh g−1 corresponding to 51% 

of its initial capacity at 50 mA g−1. Regarding the SiOC-GO-R16 

(38%, 900 °C) and SiOC-GO-R16 (13%, 900 °C) electrodes, 
the average charge capacity is about 304 and 338 mAh g−1 (37 
and 36%) of the initial charge capacity, respectively. For the pure 

SiOC (900 °C) anode, the charging capacity fades to 28 mAh 

g−1. After 60 cycles, the GO-R16 (900 °C) electrode shows a 

charging capacity of more than 120 mAh g−1. When the density 

is reduced to 50 mAh g−1, the SiOC-GO-R16 (23%, 900 °C) 
electrode fully recovers, displaying a reversible capacity of 

approximately 1119 mAh g−1. Among the other tested 

electrodes, the SiOC-GO-R16 (38%, 900 °C), SiOC-GO-R16 

(13%, 900 °C), SiOC (900 °C) pure, and GO-R16 (900 °C) 
electrodes retain 68, 91, 88, and 73% of their initial capacity, 

respectively. The SiOC-GO-R16 (23%, 900 °C) electrode 
exhibits an exceptional restoration of the insertion performance 
with a good 95% retention. This result indicates excellent 
stability against multiple electrochemical cycles, with no 
significant damage to the electrode structure, even under high- 
rate cycling conditions. Additionally, it is worth noting that there is 
no linear dependence between the electrochemical perform- 
ance and the amount of preceramic polymer added, highlighting 
the complex interplay of factors influencing the material’s 
behavior. 

We then scrutinized the influence of nickel acetylacetonate on 
the electrochemical performance of SiOC-GO-R16 electrodes 
by comparing the Li+ insertion/extraction behavior of Ni/SiOC- 

GO-R16 (900 °C) and SiOC-GO-R16 (900 °C) samples. 
Although the introduction of nickel acetylacetonate improves 
the specific surface area, it should be noted that the 
incorporation of nickel acetylacetonate in the SiOC-GO-R16 
matrix does not significantly improve the lithium insertion 

capacity in the first cycle of the SiOC-GO-R16 (900 °C) 
composite anodes. We finally examined the role of the porosity 
in the electrode storage capacity. It can be observed that the 
introduction of the porosity improves the insertion capacity 

during the first cycle for the porous SiOC-GO-R16 (900 °C) 
electrode compared to the nonporous SiOC (900 °C). The 
improved performance of the porous electrodes can be 

attributed to the interconnected networks of macro- and 
mesopores. Additionally, the porous structure facilitates shorter 
diffusion pathways, allowing for faster ion movement and 
enhancing ion transport.52 Our results also reveal that further 
increasing the surface area does not result in improved 
capacitance beyond a value of the specific surface area of 11 

m2 g−1 (Figure S16). Overall, our study underscores the 
importance of optimizing the porosity and surface area to 
achieve the best possible electrochemical performance for 
porous ceramic electrodes.52 

3.5. Electrochemical Impedance Spectroscopy. The 
Li+-ion storage behavior within neat and composite ceramic 
electrodes was further highlighted by utilizing EIS analysis. In 
this study, EIS spectra of all of the cells were obtained after 76th 
cycle discharge (presented as Nyquist plots in Figure 7), after 

 

 

Figure 7. Real vs imaginary impedance (Nyquist) plots of electrodes 
after 76th cycle discharge. 

 

 

ensuring complete relaxation when the open-circuit voltage of 
the cells reached 0.1 V. Obtaining data in such a manner ensures 
the clarity of the EIS spectra without any anomalies and noise 
generation. All of the acquired spectra were additionally fitted 
using Zview software (v3.2b, Copyright Scribner Associates, 
Inc., Southern Pines, NC) for quantitative analysis and are 
displayed in Table S4. 

An inductive behavior is observed in the high-frequency range 
for all of the spectra due to the measurement system 
(connection of wires from the half-cell and potentiostat) and 
is fitted using inductive element L in the equivalent circuit model 
shown in Figure S18. The inductive loop next intersects the real 
impedance axis, which is denoted as the electrolyte resistance 
(Rohm). A general trend of increase in electrolyte resistance was 
observed as a function of precursor amount. For example, the 
highest resistance from the electrolyte was realized for the SiOC- 

GO-R16 (38%, 900 °C) sample, while the SiOC-GO-R16 (13%, 

900 °C) electrode showed the least electrolyte resistance in the 
same group. A small flat depressed semicircle is present next in 
the spectra, denoting the impedance of SEI formation, and is 

fitted by utilizing an R|Q element (parallel CPE and RSEI 
element). Notably, RSEI values for the SiOC-GO-R16 (23%, 

900 °C) (22.02 Ω) and Ni/SiOC-GO-R16 (13%, 900 °C) 
(14.94 Ω) electrodes were the lowest among the two sets of 
composite electrodes, which also reflected better capacity in the 
cycling test shown in Figure 6b,d. The midfrequency second 
depressed semicircle in Figure 7 was ascribed to the charge- 
transfer phenomena and fitted with another resistor (RCT) and 
constant-phase element (CPEdl) in parallel shown in Figure S18. 
The CPEdl-N values for all of the electrodes were around 0.9, 
indicating a porous electrode’s surface capacitive-type charge 
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storage behavior for all of the electrodes.53 The charge-transfer 
resistance (RCT) values for all of the electrodes were 
considerably high. This high value can be correlated to the 
aging mechanism of the cells contributing to morphological 
changes, particle cracking, and particle disconnection with the 
current collector due to the repeated cycling process.54,55 The 
tail of the Nyquist plots for all of the electrodes indicates finite 
space type Warburg impedance reflecting solid-state diffusion. 

For all of the electrodes in this study, the W−P values were 
around 0.4, which is a slight deviation from the ideal value of 0.5 

or 45° inclination of the tail. This deviation might result from ion 
diffusion in the electrolyte phase. Therefore, diffusion coefficient 

determination from the W−T value is also avoided, as the 
diffusion would be a result of mixture from both solid and 

electrolyte phase diffusion.56 Furthermore, the W−R values 
indicating the diffusion resistances were highest for the SiOC- 

GO-R16 (13%, 900 °C) and Ni/SiOC-GO-R16 (38%, 900 °C) 
electrodes, which can be well corroborated by the low capacity 
retention observed in Figure 6. 

4. CONCLUSIONS 

We demonstrated the preparation of graphene-based silicon 
oxycarbide composites with hierarchical porosity, intercon- 
nected pores, and an open cavity. This was achieved by 
combining the PDCs route and the nonaqueous Pickering 
emulsion method in DMSO/cyclohexane stabilized by function- 
alized graphene oxide nanosheets (GO-R16). This synthetic 
route enables the preparation of porous conducting ceramic- 
based nanocomposites with tunable specific surface area, which 
have been utilized as working electrodes for Li+-ion half-cells. 
Regarding the electrochemical properties, the SiOC-GO-R16 

(23%, 900 °C) electrode with a surface area of 11 m2 g−1 
demonstrated a charge capacity of 1176 mAh g−1 in the first 

cycle at 50 mA g−1 and 350 mAh g−1 at current densities of 800 
mA g−1 after 245 cycles. The porous structure and the 
incorporation of graphene oxide in the SiOC matrix contributed 
to the improvement in charge/discharge capacity. Our study 
highlights the advantages of Pickering emulsions in preparing 
porous electrodes, although further optimization is required to 
fully harness their potential and address challenges associated 
with irreversible capacitance loss of the first cycle. Our findings 
pave the way for the development of high-performance porous 
ceramic electrodes with potential applications in energy storage 
devices. 
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