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Abstract: Surface modified reduced graphene oxide (rGO) aerogels were synthesized using the hy-
drothermal method. Ethylene diamine (EDA) and a-cyclodextrin (CD) were used to functionalize
the surface of the graphene oxide layers. The oxygen reduction and surface modification occurred
in-situ during the hydrothermal self-assembly process. The chemical functionality and structure of
the resulting ethylene diamine modified (rGO-EDA) and cyclodextrin modified (rGO-CD) aerogels
as well as of the pristine unmodified rGO aerogel were studied using XPS, SEM, XRD, and SANS
techniques. The overall surface composition showed a significant decrease in the oxygen content
for all synthesized aerogels. The surface modified aerogels were characterized by a disordered
stacking of the assembled rGO layers. The surface functionalities resulted in a broad distribution of
the interlayer spacing and introduced structural heterogeneities. Such disordered structures can
enable a better adsorption mechanism of the sodium ions. Coin cells based on the synthesized aer-
ogels and sodium metal were assembled and tested at several charge and discharge rates. The cor-
relation between the surface functionality of the rGO, the induced structural heterogeneities due to
the disordered stacking, and the electrochemical performance of sodium-ion batteries were investi-
gated. Operando XRD measurements were carried out during the battery cycling to investigate the
adsorption or intercalation nature of the sodiation mechanism.

Keywords: reduced graphene oxide; aerogel; hydrothermal; sodium-ion batteries

1. Introduction

High performance electrochemical energy storage devices are in high demand due
to the recent technological advances in the transportation and consumer electrics sectors
[1-5]. Among various technologies, lithium-ion rechargeable batteries have been estab-
lished as the most widespread type of batteries for energy storage devices. The increasing
demand for low-cost commercial energy storage devices has driven significant research
studies to identify new materials that can potentially reduce the cost and improve the
electrochemical properties of current lithium-ion technologies [6-9]. Among them, so-
dium-ion batteries have recently attracted the scientific attention due to the natural abun-
dance and low cost of sodium and the similar electrochemical mechanism with the lith-
ium-ion batteries [10-18]. Additional advantages for the development of the sodium-ion
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batteries are associated with the utilization of the infrastructure and technologies that
were established for the commercialization of the lithium-ion batteries [19-22].

The main challenges of the sodium-ion batteries are related to the limitations in the
Na* diffusion due to the larger atomic size of the Na* compared to the Li* ions and the
unstable intercalation of the Na* in graphite structures [23,24]. To overcome these perfor-
mance barriers and implement sodium-ion batteries with high-capacity and good cycling
stability [25-30] it is imperative to design advanced electrode structures with excellent
electrochemical properties, high structural stability, and high electrical conductivity.
Three-dimensional (3D) carbon structures such as graphene or reduced graphene oxide
(rGO) aerogels are strong candidate materials for electrodes due to their superior electro-
chemical and mechanical properties as well as due to their high specific surface area [31-
34]. Such 3D structures can be prepared by hydrothermally assisted self-assembly [35],
templating [36], or chemical vapor deposition (CVD) [37]. The interconnected carbon
platelet network can provide open channels for the easy access of the electrolyte and mul-
tiple channels for fast electron transport [35-39]. For sodium-ion batteries, the rGO assem-
bly configuration can facilitate the sodiation and desodiation mechanism during the elec-
trochemical cycling. Unlike non-graphitizable carbons (or hard carbons), the disordered
stacking of the assembled rGO platelets and the formation of long-range defects can be
tailored through the surface functionalization of the rGO. The micro-pore structure of the
assembled graphene layers plays an important role in the electrochemical performance of
the electrode by controlling the Na* transport mechanism [31-33]. The Na* ions can be
adsorbed on the surface of the assembled porous graphene layers that can easily be acces-
sible by the electrolyte. Doping the graphene aerogels with electronegative atoms like ni-
trogen or encapsulating nanoparticles between the graphene layers has shown to enhance
the electrochemical performance of the sodium-ion battery [40—43]. Defects on the gra-
phene surface that were created during the doping process have shown to assist the
transport properties of the Na* ions [43]. Electrode structures based on rGO, TiO2, and
nitrogen doped carbon foams (the latter can be derived from the pyrolysis of melamine
foam) have also been studied [44,45].

A significant drawback in the design of graphite electrodes for Na* ion batteries is
the energetically unfavorable formation of sodium-graphite intercalation compounds ac-
cording to first-principles calculations [23,24]. In absence of Na* intercalation, a disor-
dered assembly of the rGO layers may increase the rGO surface area that is accessible by
the Na* ions. This configuration is expected to enhance the Na* ion adsorption on the in-
terconnected rGO channels and improve the electrochemical performance of the sodium-
ion battery. To validate this supposition, short polymer groups were covalently bonded
on the rGO surface. Self-assembled rGO aerogels with functionalization-driven disor-
dered stacking were synthesized. The surface functionalities were introduced to cova-
lently interconnect the rGO layers, hinder their ordered assembly and create defects dur-
ing the hydrothermal reaction. The covalently bonding and reduction of the GO were im-
plemented in-situ during the one-step hydrothermal reaction. Ethylenediamine (EDA)
and a-cyclodextrin (CD) were used for the surface modification of the rGO. In addition to
the heterogeneous assembly due to steric constraints, the surface functionalities intro-
duced nitrogen (EDA functionality) and additional oxygen (CD functionality) atoms in
the interlayer space of the rGO assemblies. The EDA functionality was used as a facile
alternative to the N-doped carbon structures. The a-cyclodextrin is the smallest cyclic ol-
igomer compared to the 3- and y-cyclodextrins (a-CD is a six-unit oligosaccharide with a
ring diameter approximately 5 A). The oxygen-rich structure of the CD has shown to im-
prove the water solubility and stability of graphene nanosheets [46]. Moreover, the in-
creased oxygen content in the interlayer domains has significant advantages as it differs
from the oxygen content in the crystal structure of the rGO. The latter results in decreased
electronic conductivity due to the decrease in the sp? hybridized carbon whereas, the for-
mer does not alter the electronic conductivity and improves the hydrophilicity of the rGO
aerogel and wetting properties of the Na* electrolyte on the rGO aerogel. The focus of this
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study is to correlate the nano-scale heterogeneities and functionality in the structure of
rGO-based aerogel electrodes with the electrochemical performance of the sodium-ion
batteries. Operando X-ray diffraction (XRD) measurements were performed to investigate
if the sodiation of the disordered aerogel electrode occurs through an adsorption or inter-
calation mechanism.

2. Experimental

Graphene oxide (GO) aqueous dispersion was purchased from Graphenea (San Se-
bastidn, Spain). EDA and CD were purchased by Sigma Aldrich (USA) and used as re-
ceived without further purification. Three-dimensional rGO aerogels were synthesized
using the hydrothermal method [47]. EDA or CD (0.1 weight ratio with respect to the GO)
was dissolved in a graphene oxide aqueous dispersion (10 mL of a 2 mg/mL GO), and the
mixture was then sonicated for 30 min. The pH of the rGO-EDA aqueous dispersion was
adjusted to 8 using 1 mM NaOH solution. The pH of the rGO and rGO-CD dispersions
were 2.5. The dispersions were sealed in a 23 mL Teflon-lined autoclave and heated at 180
°C for 12 h. Then the autoclave was naturally cooled to room temperature and the hydro-
gels were retrieved, soaked in ethanol and water to remove the non-bonded EDA or CD.
The surface adsorbed water was carefully removed and then the hydrogels were freeze-
dried for 24 h to obtain rGO aerogels. The structure of the synthesized aerogels is shown
in Scheme 1. Small-angle neutron scattering (SANS) measurements were performed on
the GP-SANS CG-2 beamline at the High Flux Isotope Reactor (HFIR) at Oak Ridge Na-
tional Laboratory (ORNL) [48]. Samples were sandwiched by two 1-in diameter quartz
plates. Three instrument configurations were used to cover the scattering wavevector g
range of 0.0015-0.8 A-1. Here, g = 47sing/2 with @ and A being the half of the scattering
angle and neutron beam wavelength, respectively. The low g data were acquired using
19.2 m sample-to-detector distance (SDD) and 12 A wavelength with spread AA/A = 13%,
the medium ¢ and high g data were acquired with 4.75 A wavelength (AA/A = 13%) at two
SDDs of 6.8 m and 1 m, respectively. All the measurements were performed at ambient
conditions. The obtained two-dimensional (2D) scattering images were corrected for
empty cell, instrument background, transmission, thickness, and detector sensitivity prior
to being azimuthally averaged to one-dimensional (1D) curves as a function of wave vec-
tor of q. A secondary standard sample (porous silica) was used to place the scattering
intensity at the absolute scale.
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Scheme 1. Graphical illustration of the ethylene diamine and a-cyclodextrin modified aerogels. The
hydrothermal method was used for the synthesis of the aerogels. The 3D scan image of the aerogel
was obtained using X-ray tomography measurements.

CR2032 coin cells were assembled with the aerogels (pristine, CD, and EDA) as the
free-standing positive electrodes and sodium metal as the negative and reference elec-
trode. The assembly of the coin cells was performed in an argon-filled glovebox. The free-
standing electrodes were cut into individual circular pieces with average masses
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approximately 3 mg and 8 mm diameter. The positive and negative electrodes were elec-
trically separated with a glass fiber separator (Whatman GF/F). The electrolyte used was
a 1 M NaClO4 dissolved in propylene carbonate (PC) (Sigma-Aldrich) with 5 vol.% fluo-
roethylene carbonate (FEC) (Sigma-Aldrich) solution. Electrochemical characterization
was performed using a VSP potentiostat (Biologic, Seyssinet—Pariset, France). Scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and XRD measure-
ments were performed using a Merlin VP SEM/STEM (Zeiss, Oberkochen, Germany) a
Model K-Alpha (Thermo Scientific, Waltham, MA, USA) and a X'pert Pro MPD (Malvern
Panalytical, Malvern, United Kingdom), respectively. Rheology measurements on the
synthesized rGO aerogels were carried out on a Discovery Hybrid Rheometer (DHR-3,
TA Instruments, New Castle, DE, USA. The diameter of the disks was 8 mm. Oscillatory
frequency sweeps tests were conducted at a preset strain of 0.1% to measure the storage
modulus, and loss modulus over a frequency range from 0.1 to 100 rad/s at 25 °C. Oscilla-
tory strain sweep tests were conducted from 0.1 to 20% at an angular frequency of 10 rad/s.
A commercial electrochemical cell (shown in Figure S9) was used to perform oper-
ando XRD measurements. The cell consisted of a stainless-steel stub on which the Na
metal, a glassy fiber separator and the aerogel sample were mounted. An Al mesh that
allows contact with the positive pin that connects to the potentiostat was placed on top of
the rGO sample. A 7 um thick Kapton film was placed between the Al mesh and the Be
window to avoid redox reaction with the Be. The electrochemical cell was sealed by placing a
stainless-steel plate with a rectangular opening on the top via an O-ring. XRD patterns were
measured every 30 min during the charging/discharging of the aerogel based half-cell [49].

3. Results and Discussion

The microstructure of the hydrothermally assembled graphene aerogels is shown in the
SEM images presented in Figure 1. The pristine aerogel as well as the functionalized aerogels
exhibit foam-like, porous structures with a broad pore size distribution. The size of the large
pores is several micrometers whereas, the smaller pores have sub-micrometer size. The walls
of the pore channels are made of assembled rGO layers. The interconnected multi-sized chan-
nels can provide a highly porous electrode scaffold that can accommodate the NaClOs/PC
electrolyte and the Na* ions. The assembled rGO layers can facilitate additional adsorption
sites for the Na* ions. The structure of the assembled layers is dependent on the surface func-
tionality and the spatial heterogeneities that are formed during the assembly process.

Figure 1. SEM images of the reduced graphene oxide aerogel and of the ethylene diamine and a-
cyclodextrin modified aerogels at different areas and several magnifications (a—c) rGO, (d—f) rGO-
CD, and (g-i) rtGO-EDA aerogels. The areas of the aerogels that were used for the SEM imaging are
(a,d,g) top view, (b,e,h) side view, and (c,f,i) cross-sectional view.
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The XPS core level spectra for the C 1s, O 1s, and N 1s and the atomic percent of the
element groups according to the fitting analysis are shown in Figure 2 and in Table 1,
respectively. According to the C 1s spectra, C-C is the primary bonding on the surface of
the aerogels (a combination of sp? and sp?). C-O, C=0O, and O=C-O features are also
marked on the C 1s spectra. The O 1s spectra are a combination of O-C bonds and O=C
bonds. The concentration of the OH groups due to the adsorbed water is not significant.
The survey spectra and the element composition of the aerogels are shown in Figure S1 in
the Supplementary Materials. The carbon and oxygen content of the pristine GO (prior to
the hydrothermal reaction) were 68.1 and 29.8 at.%, respectively. During the hydrother-
mal reaction, water molecules were subtracted from the assembled GO stack resulting in
the regaining of the pi-conjugation [35,50-52]. The surface functionalization has also
shown to contribute to the oxygen reduction [53,54]. The C and O contents of the rGO
aerogel were 87.5 and 11.8 at.%, respectively. Similar oxygen reduction levels were meas-
ured for the functionalized aerogels. The oxygen content of the rGO-CD aerogel was
slightly higher (15.0 at.%) due to the oxygen-rich cyclodextrin groups whereas, the lowest
oxygen content was measured for the rGO-EDA aerogel (9.0 at.%) due to the lack of ox-
ygens in the ethylenediamine. Although the reduced aerogels have significantly lower
oxygen content compared to the pristine GO, the reduction process was only partial and
did not completely remove the oxygen from the surface of the rGO. The measured atomic
percent values of the oxygen are between the respective values for the GO and graphene.
For comparison, the survey spectra and the C 1s and O 1s core level spectra along with
the functional group content for the exfoliated graphite as well as for a graphene powder,
are shown in the Supplementary Materials (Figures 54-56). The oxygen content for the
graphene and exfoliated graphite is 3.8 and 1.2 at.%, respectively. The intermediate oxy-
gen content values for the rGO aerogels impart them with unique surface properties. The
increased pi-conjugated bonds enhance the electronic conductivity of the aerogel scaf-
folds. The moderate content of the oxygen groups reduces the hydrophobicity of the car-
bon scaffolds and results in better wetting properties of the electrolyte and thus to a better
distribution of the Na* in the electrode structure [51]. Moreover, an increase in the d-spac-
ing of the rGO layers and a better adsorption of the Na* is expected due to the oxygenated
C-0O, C=0, and O=C-O groups. Significant pyridinic/pyridinium-like nitrogen bonding
(pyridinium is a protonated form of pyridine) was measured in the N 1s spectra of the
rGO-EDA aerogel (13.1 at.%) due to the ethylene diamine functionality.
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Figure 2. C 1s, O 1s, and N 1s core level spectra and individual peak fitting for the (a) rGO, (b) rGO-

EDA, and (c) rGO-CD aerogels.

Table 1. Quantitative analysis of the overall surface composition for the rGO, rGO-EDA, and rGO-
CD aerogels according to the core level spectra fitting in Figure 2.

rGO rGO-EDA rGO-CD
Name At.% B.E. (eV) Name At.% B.E. (eV) Name At.% B.E. (eV)

C(sp?) 476 2845 C(sp?) 212 2845 C(sp?) 4358 284.5
C(sp?) 214 285.4 C(sp?) 34.6 285.2 C(sp?) 273 285.2
Cc-0 6.0 286.3 Cc-0 11.2 286.3 Cc-0 4.8 286.7
C=0 8.5 288.2 Cc=0 8.2 288.2 C=0 6.2 288.4
0=C-0 4.0 290.3 0O=C-0 2.1 289.0 0O=C-0 1.4 290.1
N+ 0.3 401.5 N+ 2.0 401.4 O=C 7.7 531.6
N-pyr 0.3 399.7 N-pyr 11.1 399.5 O-Si 1.3 532.5
O-C 5.5 533.4
O-C 5.7 533.2 O-C 1.0 533.3 -OH 0.5 535.6

0=C-0 5.5 531.2 0=C-0 7.9 531.4
-OH 0.6 535.5 -OH 0.1 535.8 Si 1.3 101.7
Na 0.2 1071.6

S 0.1 168.2 S 0.1 168.2

Si 0.1 102.1

Na 0.4 10714
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The viscoelastic properties of the aerogels were evaluated using oscillatory frequency
sweeps. The frequency dependence of the storage (elastic) and loss (viscous) modulus are
shown in Figure 3. The storage modulus values of the rGO and rGO-CD aerogels are com-
parable. At 0.1 rad/s both values are approximately 0.3 MPa. Similar values have been
reported in the literature for graphene hydrogels [35]. The storage modulus value of the
rGO-EDA aerogel showed a two-fold increase (0.8 MPa) compared to the respective val-
ues of the pristine and cyclodextrin-modified aerogels. This increase can be attributed to
the crosslinking of the rGO layers through the diamine groups.
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Figure 3. Rheological properties of the synthesized rGO and rGO functionalized aerogels. (a) The
storage and (b) loss modulus were measured from oscillatory frequency sweeps.

The XRD patterns of the rGO-based aerogels are shown in Figure 4. For comparison,
the diffraction pattern of the unmodified GO that was used in the hydrothermal reaction
is also presented. The 20 value of the diffraction peak for the GO is positioned at of 10.4°
and corresponds to an interlayer spacing (dsp) of 0.85 nm, where dsp = A/2sin 0 with A being
the wavelength of X-ray beam. The X-ray beam wavelength was 4 =1.5418 A, Cu Ka ra-
diation. The typical interlayer spacing of the natural graphite for the (002) diffraction peak
is approximately 0.34 nm (26 = 26.4°) [35,55]. The higher interlayer spacing of the GO is
attributed to the repulsive forces between the basal planes due the presence of oxygen
groups. The aerogels do not exhibit the characteristic diffraction peak for the GO. The 20
values for the diffraction peaks of the aerogels are positioned at higher values compared
to the GO diffraction peak. The shifting towards higher 20 values can be attributed to the
hydrothermally induced oxygen reduction and the resulting decrease of the interlayer
spacing. The latter is 0.37 nm (20 =24.1°) for the rGO aerogel, which is in good agreement
with values reported in literature for hydrothermally reduced graphene oxide [35,55]. The
interlayer spacings of the tGO-EDA and rGO-CD aerogels are 0.36 nm (20 = 24.5°) and
0.34 nm (20 =26.2°), respectively. These values approach the 20 value of the natural graph-
ite however, the diffraction peaks are very broad compared to the very narrow diffraction
peak of the natural graphite (FWHM approximately 0.2 degrees [56]) as well as to the
diffraction peak of the GO. The broadening of the diffraction peaks indicates a disordered
stacking of the assembled rGO layers [35,55]. This structural disorder is more evident in
the surface modified aerogels and especially in the rGO-CD that is characterized by an
asymmetrical broadening of the diffraction peak. This behavior can be associated with the
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intricate ring-type structure of the cyclodextrin molecules that resulted in a more aniso-
tropic assembly mechanism. The introduced functionalities prevent the ordered assembly
of the reduced oxide layers and introduce structural heterogeneities that can provide ad-
ditional adsorption sites for the sodium ions. The XRD results are in good agreement with
the BET measurement results (Figure S3 in the Supplementary Materials). The half pore
width and the pore volume distributions show a clear shift towards higher values for the
rGO-CD aerogel in the 30 to 80 A range.

rGO-EDA

Intensity (a.u.)

5 10 15 20 25 30 35 40
26 (°)
Figure 4. XRD patterns for the GO, rGO and the surface modified rGO-EDA and rGO-CD aerogels.

The SANS 1D spectra of the aerogels are shown in Figure 5. At wavevector (q) values
higher than 0.3 A~ different scattering intensities can be seen for the three aerogels. The
PRINSAS software was used to analyze the data assuming that the pores are spherical
(there is no analytical function to fit scattering from slit-like pores with polydisperse size
distribution [57]). The cut-off pore size was 10 A. The volume-weighted pore size distri-
butions for all three samples are displayed in the inset plot in Figure 5. All aerogels show
significant number of pore formation between 10 to 80 A and a peak around 48 A that is
in good agreement with the BET and XRD results. The rtGO-CD and rGO-EDA aerogels
are characterized by more pronounced pore structures with size below 20 A compared to
the rGO aerogel.



Batteries 2022, 8, 12

9 of 14

B f(R) (cm™)

N W R OO N B ©

o
-
o
=3

@ rGO
2 @ rGO-CD
10°1 & |Go-EDA
103

16-2 16'1 10°
q (A7)

Figure 5. SANS measurements for the GO, and the rGO, rGO-EDA and rGO-CD aerogels. The inset
plot shows the pore size distribution of the aerogels.

Characteristic charge and discharge voltage profiles of the assembled cells are shown
in Figure 6. The high-capacity values during the first cycles are associated with the for-
mation of the solid electrolyte interphase (SEI) and such high values are typical for porous
electrode structures with large surface area [43,44]. The SEI formation is also shown in the
cyclic voltammetry (CV) measurements in Figure S8 (Supplementary Materials). The SEI
for the rGO-EDA and rGO-CD is formed at higher potential values compared to the pris-
tine rGO. This is in good agreement with the charge and discharge voltage profiles in
Figure 6a. The electrolyte reduction (decomposition) in the CV measurements of the rGO
is present in all measured (10) cycles indicating a less stable SEI compared to the SEI in
the modified aerogels. The electrolyte reduction in the modified aerogels is present only
in the first cycle. The rate performance of the aerogels is summarized in Figure 7. The
cycling stability of the pristine unmodified rGO aerogel was poor. The cells failed after 20
cycles at 0.05 C. This behavior can be attributed to the electrolyte decomposition [58] that
is evident in the CV testing results in Figure S8. The cyclability of the surface modified
aerogels was significantly improved. The rGO-CD exhibited the highest capacity values
at 0.05 and 0.1 C rates. This can be related to the more disordered structure of the assem-
bled rGO layers (the asymmetric broadening of the XRD pattern for the rGO-CD indicates
a broad distribution in the interlayer spacing) as well as to the higher oxygen content of
the CD functionality. The amine modified rGO-EDA aerogel, although it demonstrated
lower capacity values at 0.05 and 0.1 C rates, its cycling performance was more stable and
the trend in the capacity and Coulombic efficiency values was consistent with less scatter-
ing over the measured cycles. The introduced structural heterogeneities enhanced the rate
performance with the more anisotropic assembled structure resulting in higher capacity
values. Interestingly, at the highest measured rate (1 C) the capacity values of the two
surface modified aerogels coincide. This behavior can be attributed to the slow diffusion
mechanism of the Na* ions. At low charge and discharge rates there is sufficient time for
the Na* ions to occupy more sites resulting in a better sodiation and desodiation of the availa-
ble sites in the cathode. At a higher rate, not all available sites for the adsorption of the Na*
ions can be utilized, and the rate performance of the surface modified aerogels is similar.
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Figure 6. Charge and discharge profiles of the rGO and rGO modified aerogels. (a) Formation of the
SEI during the 1st discharge cycle. Voltage profiles at several cycling rates (b) rGO at 0.05 C, (c)

rGO-EDA at 0.1 C, (d) rGO-CD at 0.1 C rate.
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Figure 7. Discharge capacity of the rGO and rGO modified aerogels at 0.05, 0.1, and 1 C rates.

The operando XRD patterns of the rGO-CD aerogel at 0.1 C rate are shown in Figure
8. The characteristic broad peak at 20 = 26° does not shift during the charge and discharge
cycling indicating the absence of Na* intercalation between the assembled rGO-CD layers.
The experimental results are in good agreement with first-principles calculations indicat-
ing that the Na* intercalation in graphite structures is not energetically favorable because
the weak bond between the sodium alkali metal and the carbon atoms results in a positive
formation energy for the intercalated structures [23,24]. According to the operando XRD
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measurements the mechanism responsible for the sodiation of the aerogels is the adsorp-
tion of the Na* ions on the rGO surface. The disordered assembly of the functionalized
rGO layers increased the porosity of the rGO-CD and rGO-EDA aerogels (SANS measure-
ments in Figure 5) compared to the non-functionalized rGO aerogel. The more porous
rGO-CD aerogel exhibited the highest capacity values during the electrochemical cycling.
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Figure 8. XRD patterns obtained during the charge and discharge of the cell. (a) Operando XRD
patterns of the rGO-CD aerogel. The broken line indicates the broad peak at 20 = 26°. (b) The corre-
sponding discharge and charge profile at 0.1 C rate. The capacity values are shown in the bar plot.

4. Conclusions

Self-assembled rGO aerogel electrodes with functionalization-driven disordered
stacking were synthesized. The EDA and CD surface functionalities covalently intercon-
nected the rGO layers and hindered their ordered assembly during the hydrothermal re-
action. The electrochemical performance of sodium-ion battery cells based on the synthe-
sized aerogels was evaluated at several cycling rates and was found to depend on the
structural heterogeneities of the electrodes. The rGO-CD exhibited the most disordered
structure. XRD measurements showed an asymmetric broadening of the diffraction pat-
tern indicating a broad distribution in the interlayer spacing. The latter resulted in the
formation of more pronounced nano-pore sizes that was also confirmed by SANS and BET
measurements. The formation of pores with a broad size distribution that can accommo-
date Na* ions was found to improve the cycling performance at 0.05 and 0.1 C rates. A
possible improvement in the wettability between the Na* electrolyte and the rGO-CD aer-
ogel, due to the high oxygen content of the CD functionality, may also have synergistically
contributed to the better electrochemical performance of the rGO-CD. An intercalation
mechanism of the Na*ions in the layered assemblies of the rGO-CD aerogel was not evi-
dent in the operando XRD measurements. The sodiation of the aerogels during the elec-
trochemical cycling occurs through an adsorption mechanism of the Na* ions on the sur-
face of the porous rGO assemblies.
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