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Sodium-ion batteries represent a sustainable and cost-effective solution for grid-scale energy storage.
However, the reliance on cathode materials containing scarce transition metals currently limits their wider
adoption. Carbonaceous materials present an environmentally sustainable and economically viable
alternative. This study investigates the application of reduced graphene oxide as a cathode active material. A
detailed analysis of the storage mechanism and its dependence on the morphological and chemical
structure revealed that it combines surface capacitance and faradaic reactions. The key factors responsible
for high capacity and long cycle life are the open structure of graphene sheets and the presence of

Received 11th June 2024, functional oxygen and nitrogen groups where Na+ ions are stored in the R—-C=0O + Na* + e~ < R-C-O-

Accepted 2nd September 2024 Na reaction. A good understanding of the mechanism allowed optimisation of cycling conditions in a proof-
DOI: 10.1039/d4ma00605d of-concept all-carbon full cell incorporating reduced graphene oxide and hard carbon as a cathode and an

anode, respectively. The system displays good energy density (80 W h kg™) and remarkable stability over
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Introduction

Lithium-ion batteries (LIBs) are dominating the portable electro-
nics and electric vehicles (EVs) markets. However, the booming
development of the latter has raised concerns about the increas-
ing demand for precursor materials. A dominant fraction of
LIB production costs (~36% of total cost) is contributed by the
high-performance cathodes, particularly those containing Co,
Mn and Ni.' Matching the supply of these metals with the
rapidly increasing demand is challenging and raises questions
on the sustainability of the technology. These issues inspired
research on so-called ‘beyond Lithium’ batteries based on ele-
ments that are more abundant. Among these, the most
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500 cycles. The gained insights will support the rational design of more efficient carbonaceous electrodes.

promising are sodium-ion batteries (SIBs), which are currently
heavily investigated as a viable and sustainable alternative to
LIBs, particularly for medium- to large-scale energy storage
applications.>”

The most studied electrode materials for SIBs are hard
carbons as anode active materials and a few groups of cathodes:
transition metal oxides, polyanions, and Prussian Blue analogues.
Hard carbons are an effective and sustainable substitution for
expensive graphite used in LIBs.®® On the other hand, the
cathodes often contain transition metals (including cobalt) pre-
senting the same concerns and limitations in terms of cost and
sustainability as those currently employed for LIBs. Furthermore,
most of the intercalation compound cathodes, also considering
phosphates and fluorides, suffer from either low sodium storage
capacity and rate capability or poor cycle life.**

A promising solution to sustainability and cost concerns
as well as performance limitations is the use of carbon as the
active material for both electrodes.' Carbonaceous materials are
inexpensive, environmentally friendly and highly conductive.
Recent works on the utilization of organic or carbonaceous
materials as cathodes for LIBs, such as aromatic carbonyl deriva-
tive polymers,™ functionalised carbon nanotubes (CNTs)'*"* and
reduced graphene oxide (rGO)'®>° showed promise for ‘green’
and sustainable batteries. Nevertheless, research on applying this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approach in Na-ion batteries is still lagging behind and focuses
mostly on the negative electrode side.*!

Recently, Ali et al. reported on the electrochemical perfor-
mance of rGO as a suitable cathode for SIBs.?* It showed a high
specific capacity of 235 mA h g~' and stable behaviour over
1000 cycles. The authors ascribed the outstanding performance to
pseudocapacitive storage and reversible sodium adsorption on
graphene layers, which benefits from the high surface area of the
material. Notably, it was the first time that rGO was used as the
only active material for the Na-ion cathode, instead of as an
additive that enhances the performance of the electrode.*'***
Another work on hollow graphene nanospheres demonstrated
that the surface mechanism of Na" ion reactions with functional
groups improved the specific capacity of the cathode and allowed
stable cycling at very high current rates of up to 40 A g~ '.>® The
reported mechanism is similar to reversible redox reactions
with oxygenic functional groups observed in functionalised car-
bon electrodes for LIBs.>”*' The most commonly reported energy
storage mechanisms observed in carbonaceous cathodes are
either intercalation in dualdon type cells®*>* or electrical
double-layer capacitive (EDLC) storage in supercapacitors.*®
However, reports on rGO more often point to a combination of
pseudocapacitive behaviour and surface redox reactions with
functional groups.””° The fundamental understanding of these
mechanisms is still lacking, which hinders the rational design of
carbonaceous cathode materials.

This work investigates the underlying mechanism in detail
and applies the gained knowledge to construct an all-carbon
full cell with excellent stability. Two reduced graphene oxide
cathodes, differing in morphology and chemical structure, were
investigated for their potential use in SIBs. The primary energy
storage mechanism in both cases was found to be absorption.
However, by the use of in situ Raman spectroscopy and X-ray pair
distribution function (PDF), additional processes were identified
that contribute to good performance. They involved surface
faradaic reactions between the sodium ions and the functional
groups as well as the bipolar behaviour of rGO resulting in
additional capacitive storage of ClO, anions. This discovered
hybrid energy storage mechanism results in a significantly
increased gravimetric capacity. A proof-of-concept all-carbon full
cell with rGO as the cathode and hard carbon (HC) as the anode,
showed a specific energy of 80 W h kg™ " and high stability over
500 cycles, confirming that rGO is a viable cathode material for
SIBs. These findings support the way to the design and devel-
opment of more sustainable energy storage systems.

Experimental
Material synthesis and characterization

The reduced graphene oxide powders were acquired from two
different companies: Graphenea Inc. (rGO_1) and Ossila Ltd.
(rGO_2). The received powders were dispersed in water at a
concentration of 0.5 ¢ dm™> and sonicated for 6 h. Conse-
quently, they were dried and used as active material in electro-
des. The X-ray powder diffraction (XRD) patterns of materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and electrodes were measured using a Bruker D8 Advance
diffractometer with a Cu Ko radiation source (A = 1.5406 A).
The Brunauer-Emmett-Teller (BET) method was used to measure
the specific surface area of the rGO powders by N, adsorption
(77.3 K) using Micromeritics TriStar II (TriStar II 3020 V1.04). The
surface analyses were performed by means of X-ray photoelectron
spectroscopy (XPS, Kratos Axis Supra) using focused monochro-
matic 225W Al Ko radiation (hv = 1486.6 eV). The high-resolution
peaks were recorded with a constant pass energy of 40 eV. The
analysis area was limited by an aperture to a 110 um diameter
circle. Photoelectron spectra were recorded using Casa XPS soft-
ware with Shirley backgrounds and 30% Gaussian and 70%
Lorentzian curves. The binding energy (BE) scale was calibrated
from the adventitious carbon using the C 1s peak at 284.8 eV.
Quantification was performed using the Kratos relative sensitivity
factor (R.S.F.) library. Raman spectra were recorded using a
Raman microscope (Renishaw inVia), using a 532 nm wavelength
laser focused using an inverted microscope (Leica), via a 50x
objective lens (Leica). Scanning electron microscopy (SEM) ima-
ging was performed using a ZEISS Evo scanning electron micro-
scope. The accelerating voltage was 15 kV and the working
distance was ~10 mm. Scanning transmission electron micro-
scope (STEM) images and energy-dispersive X-ray spectroscopy
(EDX) line scans were obtained using an FEI Talos (F200X)
microscope, operating in high-angle annular dark-field (HAADF)
mode at 200 kV.

Electrochemical characterization

The electrodes consisted of active material, carbon black (Super
P, Imerys) and PVDF binder in a ratio of 8:1:1, respectively.
The cycling was performed in half-cells with sodium metal
anode and 1 M solution of NaClO, (98%, Sigma) in ethylene
carbonate (anhydrous, 99%, Sigma) and propylene carbonate
(anhydrous, 99.7%, Sigma) in a 1:1 volume ratio as electrolyte.
Electrochemical performances were evaluated using standard
CR2032 coin cells. Galvanostatic cycling was performed in a
potential range of 1.2 V to 4.5 V vs. Na/Na' (as in previous work
on the rGO cathode?®®) using a Maccor cycler. For the ex situ
XRD measurements, the cells were disassembled after one cycle
in an Ar filled glovebox, and the electrodes were washed with
EC:PC and sealed in a glass capillary. For the full cell assembly,
hard carbon was used as the anode. Hard carbon was synthe-
sized with the addition of GO as a dehydration agent. In
particular, 6.4 g of sucrose was added to 100 mL of graphene
oxide stock 0.8 g L™" (Graphenea) and sonicated for 3 hours.
Subsequently, the solution was dried and the resulting powder
was dehydrated at 180 °C for 24 hours. Following pyrolysis in Ar
at 1100 °C the obtained hard carbon was collected. The anode
slurry had the same PVDF and carbon black ratio as the
cathode. Between the cathode mass and the anode mass, a
ratio of 0.9 was maintained. The rGO_2/CMC cathode was
presodiated for 30 minutes in a short circuit with a sodium
metal disc in 1 M NaClO, in the EC:PC electrolyte. Galvano-
static cycling was performed between 0.5-3.7 V at 30 mA g~ *
based on the active mass of the rGO in the cathode. A schematic
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representation of the process for full cell (rGO_2/HC) assembly
is provided in the ESIt (Fig. S1).

In situ measurements

For the in situ Raman spectra measurements, free standing
electrodes were prepared. The active material, PVDF and dibu-
tyl phthalate (DBP) in 40:30:30 ratio, respectively, were dis-
persed in acetone and cast onto glass at a wet thickness of 600
um. After drying, DBP was removed with diethyl ether, leaving
porous electrodes. No carbon black additive was used to avoid
its influence on the collected spectra. The electrodes were
transferred to an Ar filled glovebox and assembled in an EL-
CELL spectroelectrochemical Raman cell (ECC-Opto-Std) with
Na metal as counter and reference electrodes.’™*! The cell
enables in situ investigation of electrochemical processes in
an inert atmosphere. The Raman laser was focused upon the
electrode’s back surface during cyclic voltammetry, and spectra
were obtained as a function of potential. The acquisition area
was selected in a manner to ensure minimal detection of
Raman peaks from the electrolyte. Cyclic voltammetry was
performed in 1.2-4.5 V potential range at a scan rate of
0.2 mV s~ ' using the Bio-Logic VMP3 potentiostat.

For the in situ X-ray pair distribution function (PDF) mea-
surements, the same free standing electrodes were used. The
in-house made Swagelok-type cells provided by beamline were
assembled with Na metal counter electrode and a glass-fibre
separator (Whatman, GF/D). In the used radial geometry, it is
possible to slice just through the electrode of choice and get
data from electrodes as thin as 50 microns. The cells were
cycled galvanostatically at a rate of C/10 in the range of 1.0 to
4.5 V. X-ray total scattering data were collected with an exposure
time of 120 s. Data were collected for the first sodiation, the
first desodiation, and the second sodiation. X-ray scattering
data were collected at the I15-1 beamline at the diamond light
source using an X-ray energy of 76.7 keV (1 = 0.1617 A) and a flat
panel detector (CeO, standard). The experimental 2D raw
images were automatically reduced at the beamline. All scatter-
ing contributions but the signal coming from the rGO cathode,
such as empty cell, electrolyte and separator were subtracted.
PDFs were computed using the PDFgetX3 software.> Data were
truncated to Quax = 24 A~ before Fourier Transform.

Results and discussion
Materials characterization

The two reduced graphene oxide (rGO) powders investigated were
obtained by chemical reduction and are commercially available.
The choice of using these materials, instead of producing in-
house optimized rGO, was driven by the idea of mimicking scale-
up conditions for electrode manufacturing that requires the
market availability of large amounts of active materials. The
morphology and structure of the two samples, herein identified
as rGO_1 and rGO_2, were structurally characterized using pow-
der X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelec-
tron spectroscopy (XPS) and electron microscopy. The diffraction
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profiles of both samples (Fig. 1(A)) show the characteristic broad
peak of rGO at 20 ~ 25.0°, which is related to the graphitic [002]
plane. From its position and width, it is possible to estimate the
values of the interplanar distance (dy,) and the crystallite height
(L.) corresponding to the average height of the stacking layers."
For rGO_1, the values of dyy, = 0.36 nm and L. = 0.91 nm,
corresponding to ~2-3 graphene layers,”® were calculated. An
average diameter of the stacking layers L, = 6.2 nm was also
obtained by fitting the peak at 20 ~ 43.0°, which is related to the
two-dimensional (10) reflection, giving an indication of short-
range order within the stacked graphene layers. The diffraction
profile of rGO_2 shows broader peaks suggesting a higher degree
of disorder both within the layers and along the stacking direc-
tion. The interplanar distance dyp, = 0.35 nm and the average
height of 0.62 nm (~1-2 graphene layers) were obtained.
Investigations of the chemical composition and structure of
the two samples were performed through X-ray photoemission
spectroscopy (XPS). The high resolution Cis, N1s and O1s
(Fig. 1(D)-(1)) spectra were recorded to highlight the presence
of different oxygen and nitrogen containing functional groups.
The C1s spectra show a very similar distribution between sp>
(C=C) and sp® (C-C) hybridization. On the other hand, the
oxygen and nitrogen contents vary between samples, reflecting
a difference in the functional groups. The O/C ratios are
0.15 and 0.13 for rGO_1 and rGO_2, respectively, which shows
that after reduction more oxygenic functional groups remained
in the former. However, to get a better idea on the total content
of functional groups also nitrogen should be considered. The
O + N/C ratios are 0.16 and 0.17 for rGO_1 and rGO_2,
respectively, which reveals that the latter is slightly more
functionalised. Comparing the fitted envelopes, it can be
inferred that rGO_2 contains less epoxide (C-O-C) and carboxyl
(HO-C=0) groups, but a higher amount of carbonyl (C=0)
functional groups than rGO_1. The amount of hydroxyl (C-OH)
groups is comparable in both materials. The two samples
present a clear difference in nitrogen content —0.6% and
3.3% for rGO_1 and rGO_2, respectively. The only nitrogen
bonds detected in the former were pyrrolic N, while in rGO_2,
all three - pyridinic, pyrrolic and graphitic-nitrogen bonds
were present, with pyrrolic N (1.5%) and pyridinic N (1.2%)
dominating. It has been reported that the introduction of N
atoms, particularly pyrrolic and pyridinic, causes more edges as
well as open and flexible vacancy defects for increased rever-
sible Li* and Na* ions storage in graphene cathodes.?”***°
Raman spectroscopy is one of the most insightful techniques
for characterisation of carbonaceous materials. The Raman
spectra of both samples were recorded at an excitation wave-
length of 532 nm (Fig. 1(B) and (C)). They demonstrate the
typical fingerprint of D (~1350 cm ') and G (~1590 cm )
bands found in sp” carbons. Spectra were fitted with 5 peaks, in
analogy with previous work.*®*” Besides D and G, the other three
peaks are D', A and D* (Table S2, ESIt). The D’ feature is another
E,, graphitic lattice mode and has been attributed to disorder in
a surface layer, ie. graphene layers which are not directly
sandwiched between two other graphene layers.***° The Ip/Ig
ratio has been assigned to the intercalation between carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of two different rGO materials, (A) X-ray diffraction pattern of rGO_1 and rGO_2 (black dots indicate peaks of rGO). (B) and (C)
Raman spectrum of rGO_1 (B) and rGO_2 (C) in G and D bands region with 5 fitted peaks. (D)—-(F) XPS spectra of rGO_1 in the C 1s region (D), O 1s region
(E) and N 1s region (F). (G)—(I) XPS spectra of rGO_2 in the C 1s region (G), O 1s region (H) and N 1s region (I).

layers®® or covalent bonding on the surface of the CNTs.>! The A
band is located around 1500 cm ™" and corresponds to amor-
phous carbon;***”** furthermore Claramunt et al. correlated the
inversely proportional relation of I,/Ig and FWHM of the A band
to the crystallinity of rGO.*” The D* band is located between
1100 and 1200 cm ™" and is related to an additional defect mode
provided by sp®~sp® bonds at the edges of networks.”” Particu-
larly, the I,+/I ratio increase corresponds to an increase in the
number of sp® bonds at the edges of graphene sheets.*’

The data derived from fitting the Raman spectra of the raw
powders are summarised in Table S2 (see the ESIt). The relative
intensity ratio of the main peaks (Ip/Ig) can be used to estimate
the defect concentration.”** Slightly higher value of the Ip/Ig
ratio in rGO_2 (1.50) compared to rGO_1 (1.45), and broader D
band suggests more a disordered nature of the rGO_2 sample,

© 2024 The Author(s). Published by the Royal Society of Chemistry

which is in agreement with the XRD and the higher O + N/C
ratio derived from XPS measurements. The defects on the
graphitic surface layers are indicated by the I,/Is ratio, which
is higher for rGO_1 (0.40) compared to 0.33 for rGO_2 (0.33).
The XPS results suggest that this difference comes from more
epoxy functional groups in rGO_1, which develop at the basal
plane of the graphene sheets creating the in-plane defects and
disorder.>>>® Very close values of I/Ig and Ip+/Ig reveal similar
crystallinity and concentration of edge bonds in both samples.

The morphologies of the two materials were studied using
electron microscopy (Fig. 2). From the SEM images, it can be
clearly seen that rGO_2 (Fig. 2(D)) adopts the form of large
flakes sized 0.1-1 pm comprising ultra-thin graphene oxide
sheets (<1 nm). Large channels and voids formed by the sheets
are clearly visible and creating an interconnected 3D porous

Mater. Adv,, 2024, 5, 8132-8144 | 8135
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Fig. 2 Electron microscopy characterization of two different rGO materials. (A), (B), (D), (E) SEM and high-angle annular dark-field STEM images of rGO_1
(A), (B) and rGO_2 (D), (E) samples. (C), (F) The corresponding TEM EDX line scans of rGO_1 (C) and rGO_2 (F). Red arrow indicates the path of line scan.

network. Instead, rGO_1 (Fig. 2(A)) presents a bulkier morphology
with particles that are a few micrometres in size. Thin graphene
layers are clearly observed; however, they are agglomerated into
closed structures. These morphological differences are significant,
as rGO_2’s large, thin flakes and porous network contrast sharply
with rGO_1’s bulkier and more agglomerated structure. This
distinction is crucial for applications requiring high surface area
and efficient electrolyte penetration. The more open and dispersed
structure is additionally confirmed by the higher specific
surface area (BET) of rGO_2 (865 + 29 m* g ') than rGO_1
(461 & 38 m* g~ '). For comparison, the reduced graphene oxide
studied by Ali et al.>* had a specific surface area of 789 m> g~ *. The
high specific surface area and porous interconnected network are
generally considered beneficial for short ion diffusion paths.
Fig. 2(C) and (F) show the high-angle annular dark-field (HAADF)
scanning transmission electron microscope (STEM) images and
the corresponding energy-dispersive X-ray spectroscopy (EDX) line
scans of rGO_1 and rGO_2, respectively. The rGO_2 flake in
Fig. 2(E) is extensively creased, which creates many inner voids,
while the rGO_1 flake presented in Fig. 2(B) has a smoother
morphology. The EDX line profiles confirmed the presence of
functional groups in both samples. The total content of oxygen
and nitrogen was higher in rGO_2 (14.3%) than in rGO_1 (7.9%).
Although the EDX measurements of such light elements have a
low quantitative value, the trend of more functional groups in
rGO_2 is in good agreement with more accurate XPS results.

Electrochemical performance

The electrochemical performance of both reduced graphene
oxide samples was evaluated in half-cells using galvanostatic
cycling. The electrodes were cycled against Na metal in the 1.2-

8136 | Mater. Adv, 2024, 5, 8132-8144

4.5 V potential window at a current rate of 30 mA g~ (Fig. 3)
using 1 M NaClO, in EC:PC 1:1 as electrolyte. The first
charge showed a remarkable capacity of 338 mA h g~ and
187 mA h g~ " for rGO_2 and rGO_1, respectively. The initially
low Coulombic efficiency is attributed to the formation of the
SEI passivation layer, a common phenomenon in high surface
area carbonaceous materials. After 10 cycles, both electrodes
stabilized and exhibited a reversible discharge capacity of
220 mA h g7" and 133 mA h g™* and an average Coulombic
efficiency of 97.2% and 95.4%, respectively. This difference in
capacity between the two materials can be mainly attributed to
differences in the specific surface area, i.e. rGO_2 has almost
double the surface area and capacity compared to rGO_1. In
fact, the discharge capacity and surface area of rGO_2 are close
to the values reported by Ali et al>* However, significant
continuous capacity fading was observed in the rGO_2 sample
with only 47% of the capacity of the 10th cycle observed at the
100th cycle, while rGO_1 was more stable and 82% of
the second cycle capacity was retained after 100 cycles. The
observed small capacity fluctuations in both samples can be
explained by changes in ambient temperature during cycling.
It is known that careful choice of the binder used in
electrode fabrication can greatly influence the electrochemical
performance upon cycling, owing to its ability to maintain
structural integrity upon volume changes and negligible inter-
actions with the electrolyte.””>° The PVDF binder is commonly
used in LIB cathodes, yet for sodium chemistries, CMC is
emerging as the binder of choice thanks to its low toxicity
and high stability in sodium electrolytes.®® Another rGO_2
electrode was therefore prepared with CMC instead of the PVDF
binder, with the aim of maintaining its high capacity and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as in (A).

extending cycle life. Cycling results (Fig. 3(A)) show that the
stability of the electrode was noticeably improved. Indeed, no
capacity fading was observed in the first 50 cycles retaining
241 mA h g~'. Moreover, the average Coulombic efficiency was
as high as 98.7% indicating enhanced reversibility. Nonethe-
less, the capacity started to diminish rapidly after 50 cycles,
resulting in less-than-ideal overall performance, which might
suggest the presence of some degradation mechanism.

Rate capabilities of both cathodes were studied at 30, 60,
150, 300, 600 and 1500 mA g~ current densities (Fig. 3(C)). The
rGO_2/CMC maintained the high capacity of 117 mA h g™* at
1500 mA g_l. On the other hand, the rGO_1 based electrode
achieved 76 mA h g " at the same current rate. In all cases, the
electrodes retained ~50% of the initial capacity at the highest
current rate. Notably, both rGO_2/PVDF and rGO_2/CMC
achieved higher capacities at 600 mA g~ ' (respectively, 136
and 146 mA h ¢~ ') when compared with previous work.®* Both
materials restored the initial capacity after returning to
30 mA g, indicating good stability at a high discharge current.
However, capacity fading upon prolonged cycling remains an
obstacle on the road to the practical utilization of high energy

© 2024 The Author(s). Published by the Royal Society of Chemistry

and power capabilities of the rGO cathode; thus, the energy
storage mechanism has to be understood to find the root cause.

The first five charge and discharge potential profiles of both
cathodes with PVDF binder exhibit smooth curves without
obvious plateaus (Fig. S2, ESIt), characteristic of typical EDLC
behaviour,®> in agreement with previous results.®® This
indicates that the storage mechanism is predominantly based
on non-diffusion limited surface reactions, in line with the
observed good stability at high current rates. This is reflected in
the higher capacity of rGO_2, which has more open and
exposed graphene flakes with a higher specific surface area,
facilitating better electrolyte penetration and more accessible
surfaces compared to the compact rGO_1 particles.

The potential derivatives of the specific capacity curve (dQ/
dv vs. V) plots give more detailed insights into the electroche-
mical behaviour (Fig. 3(B) and (D)). During the first charge, a
significant increase in oxidation current is observed above
4.2 V, which diminishes in subsequent cycles, indicating irre-
versible reactions.®" It was reported that NaClO,-based electro-
lytes can undergo decomposition at very high potentials vs. Na/
Na“ due to the oxidizing nature of ClO,  anions.®*™
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Additionally, nitrogen atoms lower the energy barrier and can
catalyse ClO,~ degradation.®®®” The effect of nitrogen-induced
electrolyte oxidation above 4.2 V was also observed in the
mesoporous graphene cathode for Na-ions.>” These results
point toward a scenario where above 4.2 V, irreversible oxida-
tion of the electrolyte limits the cycle life of the cell, a phenom-
enon that is more pronounced in the rGO_2 electrode, which
has a higher nitrogen content.

In subsequent cycles, the dQ/dV curves of both rGO samples
show small, broad features between 2.2 V and 3.5 V on charge
and at 2.9 V on discharge, indicating reversible redox reactions.
The rGO_2 cathode also displayed an unusual dQ/dV feature at
1.3 V on the discharge curve, potentially due to contamination
from H,O produced during perchlorate anion reduction.®®7°

Notably, replacing the PVDF binder with CMC did not affect
the potential curve shapes (Fig. S4, ESIt). To better understand
the origin of the faradaic components, the reactions occurring
upon cycling and the causes of capacity degradation, the
sodium storage mechanism in rGO cathodes was further
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studied using in situ Raman spectroscopy and in situ X-ray
PDF measurements.

Energy storage mechanism

In situ Raman spectroscopy is a very powerful tool for elucidating
electrochemical storage mechanisms as well as cycling-induced
degradation and SEI formation in a variety of systems. In carbo-
naceous materials, the technique has been pivotal for the under-
standing of lithium and sodium uptake thus allowing the design
of optimized materials through changes in a number of defects,
heteroatom doping and degree of graphitization.”>””* In the
case of rGO, in situ Raman spectroscopic measurements could
provide insights into the nature of the reversible and irreversible
reactions occurring throughout the entire potential window.
Spectra were therefore collected during the cyclic voltammetry
for both cathodes. The results of the first two de/sodiation cycles
of rGO_2, narrowed to D and G band doublet, are shown in
Fig. 4(A). At the open circuit potential, both D and G bands are
observed at 1350 cm ' and 1600 cm ', respectively. The most
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In situ Raman measurements of rGO_2 cathode. (A) Stacked Raman spectra of rGO_2 cathode in the first two de/sodiation cycles. Arrow

indicates direction of voltage changes. Each spectrum relates to approximately 0.1V potential change. Numbers in parentheses correspond to points on
CV profile (B). Black lines correspond to sodiation and red lines to desodiation. (B) Cyclic voltammetry (CV) profile from in situ Raman measurement of
rGO_2 cathode. The scan rate is 0.2 mV s~ . Black lines correspond to sodiation and red lines to desodiation. (C) Fitted Raman spectra of rGO_2 cathode

at OCV and cut off potentials.
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prominent change in Raman spectra during the first sodiation is
the continuous red shifting of the G band to reach 1590 cm ™" at
1.2 V. This behaviour is in contrast to reports of lithiation
mechanism in graphite, where an upshift of the G band,
followed by splitting into the E,g(i) and E,g(b) modes were
reported.*®*"””*”> The Raman data, therefore, suggest no inter-
calation of Na" ions within the rGO layers. This is also confirmed
by the corresponding CV plot that shows the absence of any
feature which could be ascribed to intercalation and by no
significant change in the position of the [002] peak in the
ex situ XRD pattern (Fig. S3, ESIt). On the other hand, the
downshift of the G band has been associated with the transition
to the n-doped state of graphene.”®®® Therefore, the gradual
shift of the G band in rGO_2 can be ascribed to the change in the
general electrical state caused by Na" uptake.

In the reverse scan (desodiation), a major blue shift (4 =
12 ecm™') and a sharpening of the G band (4 = —8 ecm™ ") are
observed. This change is linear in the whole potential window.
The G band returns to the position observed at OCV at around
3.5V, which corresponds to the switch from the n-doped state
back to the neutral state. Above 3.5 V, the changes continue in
the same manner. The frequency shift and sharpening of the G
band have been linked to the changes in the Fermi surface of
graphene due to the p-doping effect.””*" In the functionalised
rGO and organic electrodes, the reversible association and
dissociation of electrolyte anions (ClO,~ or PF¢ ) on the
material’s surface above 3.0 V vs. Li/Li" (2.7 V vs. Na/Na') was
reported.’®®>®* This leads to charge transfer and the formation
of the [(RN)™A, ] complex, for example [(N)"™ (PF¢),],** caus-
ing the creation of the p-doped state of reduced graphene oxide.
Hence, the oxidative current increase above 3.5 V, correlated
with the significant blue shift and sharpening of the G band in
the Raman spectra of rGO_2, is at least partly associated with
p-doping from ClO, ™ anions association. However, the presence
of NaCl in the electrode indicates that the part of the charge
reaction above 4.2 V is related to the irreversible electrolyte
decomposition.®® The ClO,~ reduction can additionally be cata-
lysed by the presence of nitrogen atoms.®”*"

Nevertheless, in the second discharge, no G band changes
down to 3.5 V were observed. This indicates that the negative
charge from ClO™ maintained the p-doped state of rGO. Starting
from 3.5 V, a red shift of the G band was detected, which
demonstrates the disassociation of CIO™ anions, i.e. the reversal
of the p-doping. Additionally, the largest change in the G band
position occurs between 3.0 V and 2.5 V, which is correlated with
a reduction peak at 2.9 V. Recent studies on functionalised rGO,
GO or CNT electrodes for LIBs reported on reversible reduction
and oxidation of oxygenic functional groups in reaction C=0 +
Li" + e7 — C-0-Li.?*77"#2888% Therefore, the 2.9 V reduction
peak and the corresponding downshift of the G band can be
attributed to the Na* redox reaction with the oxygen functional
groups on the reduced graphene oxide surface: C—0 + Na" +
e~ <> C-0-Na.'*?%8388 At 1.2V, the G band position is the same
as in the first discharge, confirming the reversible formation of
the n-doped state. Similarly, for the second charge, the G band
blue shift is repeated, as well as the oxidation peaks at 2.7 V and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.25V, indicating that the redox reaction with functional groups
and the p-doping of rGO are reversible.

The in situ Raman measurement rGO_1 sample was con-
ducted as well, and the spectra of the first two discharge/charge
cycles showed a similar pattern to rGO_2. For a detailed study
and comparison, the spectra of both samples at OCV and cut-
off potentials were fitted with 5 peaks as described earlier
(Fig. 4(C) and Fig. S5, ESIt). Fig. 5 shows key Raman parameters
plotted versus cell potential. It was observed that the G peak
component of the G band (Fig. S6A, ESIt) shifts to a lower
wavenumber on discharge. Interestingly, initially in the rGO_2
electrode, the G peak was located at a higher wavenumber
due to the nitrogen content; however, at 1.2 V, it is the same
(1585 cm™ ) for both samples. This indicates that the influence
of the N lone-pair electrons on phonon dispersion is neutra-
lised and Na-N bonds are formed, which increases rGO_2
capacity analogously to Li-ion systems.®> When the cells were
charged to 4.5 V, the G peak returned to the frequency just
below the OCV position. Therefore, the apparent major blue
shift of the G band described above is in fact caused by the
increase in the D’ peak intensity (red colour in Fig. S6A, ESIT).
The increase in the Ip/Ig ratio during the oxidation scan is
ascribed to the release of Na“ and consequent oxidation of
epoxy functional groups®® followed by ClO, ™~ anions association
on the surface of rGO and p-doping. Additionally, the changes
in the FWHM of the G peak (Fig. S6B, ESIt) in the rGO_2
sample confirm the p-doping - i.e. stiffening at 4.5 V was
observed. This effect was less obvious in rGO_1 due to the
lower nitrogen content and the absence of pyridinic groups.®*
In the second discharge, the I,//I; ratio and FWHM returned to
previous values, indicating that this mechanism is reversible.

The defect concentration in the carbon materials is mainly
associated with the D/G peaks intensity ratio (Fig. S6A, ESIT).
During the CV scan of both samples, the Ip/I; ratio is very close
and changes accordingly with sodium de/insertion. It increases
with discharge and decreases with charge. Additionally, a
corresponding increase and decrease in the FWHM of the D
peak is observed (Fig. S6B, ESIt). This suggests that sodium
intake increases the defect concentration in rGO, while its
release has the reverse effect. This is also reflected in the I,/Ig
ratio (Fig. S6C, ESIt) linked to the amorphous portion of the
rGO, which increases at 1.2 V and drops at 4.5 V. The I,+/I ratio
(Fig. S6C, ESIY) is associated with the sp>-sp® bonds at the
edges of graphene layers. In the first discharge of both samples,
at 1.2 V, the intensity of the D* peak is significantly reduced,
while in the subsequent charge, reverse change is observed.
This behaviour indicates the storage of Na* ions at the edges of
graphene layers.'® Moreover, the Ip/I ratio at 4.5 V is close to
its value at OCV, suggesting that ClO,  anions associate rather
at the basal plane of rGO, contrary to Na' storage at the edges.
The decrease appeared again in the second discharge, confirm-
ing the reversibility of the process.

To gain further insights into the storage mechanism, in situ
X-ray total scattering measurements were performed to study
real-time local structural changes during cycling. As no signifi-
cant difference between rGO_1 and rGO_2 was observed, only
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the latter was analysed in detail. The experimental patterns
(Fig. S7, ESIt) collected in situ at different potentials, corres-
ponding to maximum sodiation and desodiation, reveal no
signification variation. This indicates that there are no signifi-
cant structure changes in the bulk of rGO during cycling.
Similarly, the corresponding PDF data reported in Fig. 5(A),
obtained from the Fourier transform of the corrected and
normalized total scattering data, show no changes with the
peak positions remaining constant within 0.01 A.

The experimental PDF shows only three well-defined peaks,
indicating the absence of long-range order, in agreement with
the diffraction data. The first peak occurs at 1.4 A, which is
consistent with the tabulated C-C bond length for graphene
(1.42 A). No evidence of the C-O bond is observed because of
their low frequency and the similarity with the C-C distances.
The PDF intensity is generally averaged over all atom pairs, and
therefore the observed signal is dominated by C-C correlations
of the graphene skeleton. In order to understand the origin of
the other two peaks located at 2.4 A and 3.7 A a graphene layer
should be considered. Even though experimental PDF studies on
graphene are scarce, examples of calculated PDF are given in the
work of Kumar et al.’® and these are obtained by considering a
model where every C atom lies at the intersection of three Ceq
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hexagons (Fig. 5(B)). Centring on this C atom and assuming a
flat layer, one can draw circles intercepting the next C atoms and
each circle corresponds to an interatomic distance, i.e. a positive
correlation in the PDF. The second peak corresponds to the 2nd
and 3rd neighbours within a hexagon. As the peak at 2.8 A has a
lower multiplicity, it is hidden in the background. According to
this model, the presence of a clear peak in the experimental PDF
at 2.4 A indicates a coherent region composed of 3 hexagons.
The third PDF peak is broader with lower intensity and even
broader features are observed at larger interatomic distances.
These should correspond to the centre of mass of nearby Cg
hexagons, not arranged coherently because of the presence of
defects. The results indicate that atomic structure is well ordered
only within a few hexagons while the layer is disordered, or
corrugated, so that rigid correlation between far hexagons is lost.
As no changes are observed in the PDF data when the rGO
cathodes were cycled in the full potential widow, it follows that
the structural disorder induced by the sodiation/desodiation
process is negligible compared to that already present in the
pristine samples. Furthermore, the obtained PDF data do not
show changes in peak position or width upon cycling, implying
that interlayer expansion and contraction occurring during dis-
charge and charge can be ruled out. This infers the absence of an
intercalating behaviour and the lack of charge transfer between
sodium and the p-band of the graphene sheet.

The detailed analysis presented describes a scenario where
the storage mechanism of rGO as a cathode is pseudocapacitive-
like, predominantly based on the absorption of ions on the
surface of the graphene-like sheets. The more open and exposed
morphology of rGO_2 flakes compared to the closed and com-
pact particles of rGO_1 supports more extensive electrolyte
penetration and more sites for ion storage, resulting in a higher
specific capacity.”® However, other reactions also take place,
playing a major role in determining the electrochemical perfor-
mance, contributing to the total capacity as well as defining the
long-term cycling stability. Particularly, the faradaic mechanism
can be divided into two stages. First, below 3.5 V, the Na" ions
are stored at the defects and edges of rGO and through redox
reaction with the O and N functional groups. Then, above 3.5V,
the association of anions from the electrolyte on the rGO basal
plane occurs. These processes are seen in the in situ Raman as
a continuous and linear transition from the p-doped state
(oxidised state) to the n-doped state (reduced state). However,
these are not observable in the PDF data as they apply to a
fraction of the material and do not induce structural changes in
the bulk. In the rGO_2 electrode, the nitrogen content improves
the specific capacity, owing to coordination interaction between
Na and N lone-pair electrons (Na-N bonding)** as well as

increased absorption of ClO,~
67,85

anions near N-functional
groups. However, the heteroatoms also act as catalysts for
electrolyte degradation above 4.2 V, causing capacity fade. The
capacity loss is smaller in the rGO_1 due to lower nitrogen
content, but the effect on cycle life is still rather significant.

It is worth noting that a similar mechanism of utilisation
electrolyte salt anions as charge carriers has been applied in so-

called ‘dual ion’ batteries.”> However, in this case, the anions
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are stored in a graphite cathode via an intercalation mecha-
nism, which delivers relatively low capacities. For instance, Fan
et al. reported on soft carbon-graphite Na-ion ‘dual carbon’ cell,
where graphite cathode delivered a small capacity of around
40 mA h g7',* or in another example, the graphitic cathode
presented a capacity of ~60 mA h g~" in a full cell with the
hard carbon anode.’* In the case of the rGO cathode, the
anions are stored on the surface of graphene sheets, which
provides higher capacity and better kinetics.

Improving cycle life and proof-of-concept full cell

To avoid harmful reactions above 4.2 V and improve the elec-
trode cycle life, the upper cut-off potential was decreased to
3.8 V. The potential profiles of rGO_2 cycled between 1.2-3.8 V
are shown in Fig. 6(A). The first charge capacity was 95 mAh g™,
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Fig. 6 Improved cycle life of rGO cathode. (A) Voltage profiles of first 5
cycles of rGO_2 with CMC binder cycled in narrowed 1.2-3.8 V voltage
window. (B) Capacity retention comparison between electrodes cycled in
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which is lower compared to the full potential window cell, partly
due to omitting the majority of the second stage of the storage
mechanism, ie. ClO,  anions association, but mostly due to
avoiding electrolyte oxidation. In fact, the first cycle coulombic
efficiency was as high as 73.5% and averaged at 99.2% in the
following cycles, indicating that the electrolyte decomposition
was significantly averted demonstrating that rGO is a robust
cathode material. The rGO cathode showed very good stability
over 200 cycles. The capacity retention of rGO_2 cycled in both
potential windows and rGO_1 is compared as shown in Fig. 6(B).

To demonstrate the feasibility of a reduced graphene oxide
cathode, rGO_2 was coupled with a hard carbon anode and a
full cell galvanostatic cycling was carried out. The performance
of hard carbon anode is presented in Fig. S8 (ESIT). The full cell
cycling was performed with a current density of 30 mA g~ " in a
narrowed potential window (0.5-3.7 V) to avoid electrolyte
decomposition. The upper and lower cut-off voltages were
derived from stable half-cell measurements (3.8-1.2 V) and
then adjusted to 3.7 V and 0.5 V, respectively, to accommodate
the anode’s working potential window (0.1-1 V). Only the rGO
cathode was presodiated prior to assembly. Fig. 7(A) shows
the charge-discharge profiles of cycles 2-11th of the full cell.
The charge-discharge curves reflected the sloping shape
observed in the half cell. The discharge capacity achieved after
the formation cycle was 101 mA h g~ (based on the cathode
active mass). In the first 10 cycles, the capacity was increased to
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reach 125 mA h g~'. A similar increase was observed for the
rGO_2 half cells and can be ascribed to the opening of the rGO
structure and the gradual electrolyte penetration into the
electrode.”* An additional effect has the balancing of anode
and cathode potentials, as the capacity ratio was not perfectly
matched. Based on the total mass of the cathode and anode
active materials and average discharge potential of 1.85 V, the
specific energy of the full cell is calculated to be 80 W h kg™ . For
comparison, similar energy density was achieved with the rGO/
Sb,S,-Na,/3Ni;;3Mn,30, system, which consists of much more
expensive and less sustainable transition metals.”® Moreover, the
rGO_2 - HC full cell showed remarkable stability over 500 cycles,
which is reflected in a capacity loss of only 0.05% per cycle.
Further optimisation of electrode materials, potential windows
and electrolytes can significantly improve the energy density.

Conclusions

Two reduced graphene oxides varying in morphology and
chemical structure were presented as promising cathode materi-
als for SIBs. The rGO_1 material has a particle-like morphology
and consists of a larger number of hydroxyl/epoxy functional
groups, while rGO_2 has an open structure comprising thin
creased sheets sized 0.1-1 um and has a higher content of
oxygen and nitrogen functional groups. The rGO_1 and rGO_2
cathodes showed high reversible capacities of 133 mA h g~ " and
220 mA h g, respectively, in a potential window of 1.2-4.5 V.
Higher capacity of the latter is ascribed to a more accessible
morphology and higher content of functional groups, particu-
larly nitrogenic. Nonetheless, cycle life was not satisfactory, even
when enhanced by replacing PVDF with CMC binders.

Detailed in situ Raman spectroscopy and PDF measurements
shed light on the electrochemical processes. Both techniques
ruled out ion intercalation commonly observed in graphite
electrodes. Instead, the energy storage mechanism relied on
surface reactions and was divided into two stages, one depending
on the Na' ions intake below 3.5 V, and a second process above
3.5 V, which involved the association of anions from the electro-
lyte on the rGO surface. It was found that Na* ions are stored
mainly on the defects and edges of rGO as well as via redox
reaction with the functional groups: C—=O + Na' + e~ «> C-ONa.
Moreover, functional groups containing nitrogen increased the
capacity by offering more reaction sites for Na' ions. At the higher
potentials, the perchlorate anions from the NaClO, salt associate
on the graphene basal plane. The N-heteroatoms enhanced the
adsorption of ClO,  anions, however also amplified decomposi-
tion to NaCl causing severe electrolyte degradation. All these
mechanisms are predominantly surface reactions, which ensure
good rate capability and high structural stability of electrodes.
This also indicates that optimisation of both materials morphol-
ogy and chemical structure can result in excellent performance.

To avoid severe electrolyte decomposition above 4.2 V, a
narrower cut-off potential was applied. Although this resulted
in decreased capacity, as the p-doping region was not fully
utilized, the cycle life was greatly improved. Therefore, careful
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selection of more stable electrolytes can make high capacity
and long cycle life rGO cathodes possible.

As a proof-of-concept, a full cell with rGO_2/CMC cathode
and hard carbon anode was assembled. It showed a specific
energy of 80 W h kg™" and outstanding stability over 500 cycles,
proving that rGO is a viable SIBs’ cathode material candidate.
Replacing transition metal oxides with carbonaceous cathodes
could solve environmental and economic concerns and lead to
a significant reduction in the overall manufacturing costs of
SIBs. The gained comprehensive understanding of the energy
storage mechanism in rGO electrodes can be applied to design
high-performance carbonaceous cathodes for SIBs. This can
render the commercialisation of all-carbon SIBs viable as a low-
cost and sustainable solution for different applications, parti-
cularly for medium- to large-scale energy storage.
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