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ABSTRACT: Sodium ion batteries represent a drop-in technology and a more sustainable alternative to Li-ion, but higher energies
and power levels are required to meet the demands required by a greener electrification. Here, the design of an anode-free sodium-
ion battery is presented and its performances discussed in terms of reduced mass and high power capabilities. The cell consists of
an Iron Hexacyanoferrate - reduced Graphene Oxide composite as cathode material whose synthesis is tailored to achieve minimal
structural defects (3%) and water content. Its high-potential redox couple Fe s(C) is stabilized at high rates, granting the full cell
with high discharge voltage and power. As negative substrate, a carbon coated aluminum foil was adopted for in situ plat-
ing/stripping of Na metal, showing very small voltage hysteresis up to an applied current of 2 mA/cm?. Overall, this simplified full
cell architecture can deliver up to 340 Wh/kg and 500 W/kg at nominal 1C retaining 80% in 250 cycles, with the possibility of de-
livering 9000 W/kg at 20C. Bridging the boundaries between batteries and supercapacitors, this research aims to expand the range

of possible applications for Na-ion technology.

In the context of increased demand for renewable energy,
portable electronic devices and electric vehicles, the availabil-
ity of energy storage systems with high specific energy as well
as fast recharging times and specific power has become a
global challenge. Much research is currently devoted to the
development of pseudo-capacitors and hybrid capacitors with
the aim of bridging the gap between high specific energy sec-
ondary batteries such as Li-ion-(LIBs) or Na-ion (SIBs) and
high-power supercapacitorst. However, many of these systems
use aqueous electrolytes for fast ion diffusion that limit the
working voltage window and therefore specific power. The
scientific community is now looking at improving ionic diffu-
sion kinetics through the electrodes and solid electrolyte inter-
faces to achieve fast re-charging batteries.

A different approach to high specific power and energy
could be to re-think the full cell architecture. For instance, a
new concept of “anode-free” metal plating battery has been
demonstrated for both LIBs? and SIBs®, where plat-
ing/stripping is carried out in situ on a substrate during opera-
tion of the battery. In this configuration the source of ions is
the cathode material, while the anode is just a current collec-
tor. Qian et al.? firstly demonstrated this concept on a
Cul//LiFePO4 system, highlighting that replacing the graphite
anode with a copper substrate potentially increases the energy
density by 50%. The same concept, applied by Cohn et al.® on
a sodium system, shows that ~400 Wh/kg (almost double the

value of conventional SIBs) can be obtained pairing a carbon
coated aluminum foil and a NaysFeS; cathode. The high spe-
cific energy can be coupled with fast charging/recharging time
as adoption of this simplified “anode-free” architecture cir-
cumvents the problem associated with the slow kinetics of in-
tercalation into a bulk anode material (such as hard carbon that
suffers from deteriorating electrochemical properties with in-
creasing current rates*) by taking advantage of the faster sur-
face-based mechanism of plating/stripping. Indeed, our inves-
tigation of the performances of a carbon coated aluminum foil,
as substrate for sodium plating and stripping in two different
ether-based electrolytes at high current rates, showed low val-
ues of overpotential and average plating hysteresis up to 2
mA/cm?. These results confirm the suitability of this substrate
for the design of a high-rate system. To take advantage of the
fast kinetics associated with Na electroplating, a suitable high
capacity cathode material that performs efficiently at equiva-
lent high current rates and working at a high average potential
needs to be employed. During the last decades, a plethora of
cathode materials for SIBs have been synthetized and tested.
Among them, those based on Prussian blue analogues (PBAS)
have attracted tremendous interest for their high theoretical
specific capacity as well as fast kinetics and superior rate ca-
pabilities®. These attractive properties result from their 3D
open framework structure that allows facile intercala-
tion/deintercalation of Na ions as well as being able to ac-



commodate large volume changes while maintaining its struc-
tural integrity. Iron hexacynoferrate (Fe-HCF) has been identi-
fied as one of the most promising cathode material for sodium
ion batteries as it can undergo a two one-electrode redox pro-
cess to afford sodium iron hexacyanoferrate Na,Fe[Fe(CN)g]
resulting in high theoretical specific capacity. However, it suf-
fers from low cycling stability, low coulombic efficiencies and
undesired side reactions with organic electrolytes as well as
poor electronic conductivity. These limitations have been ad-
dressed following different strategies. In particular, nanostruc-
turing and optimized synthetic procedures have been proven to
be effective in limiting defects in the crystal structure (e.g.
number of [Fe(CN)g] vacancies and coordinated water) that
are considered the main cause for the poor electrochemical
performances®’. Also, the fabrication of PBAs composites
with carbonaceous materials such as reduced graphene ox-
ide®, graphene oxide'®, ketjen black!! and carbon nanotubes'?
has been successful employed to inhibit particle growth during
synthesis, improve interparticle electrical conductivity and
protect Fe-HCF from undesired reaction with the electrolyte. It
has been shown that the use of submicron cubes of Fe-HCF
coated by polypyrrole®® is effective in improving cycle and
rate performance. Quite outstanding are also the performances
reported for a Fe-HCF@carbon composite that showed a sta-
ble capacity of 90 mAh/g after 2000 cycles at 20C*. Wrap-
ping of Fe-HCF nanospheres into graphene rolls reduces side
reactions leading to a stable capacity of 110 mAh/g and high
capacity retention over extended cycling. Similarly, a sodium
Fe-HCF -reduced graphene oxide composite showed an initial
discharge capacity of 149.7 mAh/g at 200 mA/g and a capacity
retention of 91.9% after 500 cycles at the same current rate®.
The outstanding electrochemical performances are generally
explained in terms of absence of coordinated water which
leads to a full utilization of the Fe'"-Fe'" redox couples.

From all these results it is evident that PBAs based materi-
als are ideal candidates to realize high-power and high-energy
SIBs. Our aim was to fabricate such system by taking ad-
vantage of the simplified cell architecture and fast kinetics of-
fered by the “anode-free” concept. We, therefore, opted to
synthesize a carbon composite of Fe-HCF with low vacancies
and water content as cathode material. For this purpose, we
employed procedures already established and used reduced
graphene oxide (rGO) as a template for reducing particle
growth and amount of crystal vacancies as well as providing a
highly conductive matrix. To understand the effect of rGO,
bare Fe-HCF samples were also prepared using PVP for parti-
cle confinement as to achieve comparable particle size. The
best performing cathode material was then coupled with a car-
bon coated aluminium foil (CB/AI) as substrate for Na plating
and stripping. An ether based electrolyte has been chosen as
many recent studies proved that it is the most suitable for a
stable, uniform and conductive SEI layer on sodium metal an-
odes at room temperature and enables stable and reversible
utilization of stripping/plating mechanisms*“,

The so designed full cell delivered 115 mAh/g and retained
79% of capacity after 250 cycles at nominal rate of 1C, with
an average discharge potential of 2.98 V. Due to the good
crystallinity of the lattice and the enhanced electron conductiv-
ity, the high potential Fe"-Fe""' redox couple showed remarka-
ble capability at high current rates. The Fe-HCF@rGO//CB/Al
system is able to deliver a specific energy of 338 Wh/kg at 1C

while maintaining a specific power of 503 W/kg or delivering
9010 W/kg when the current rate is increased to 20C.

This work highlights the importance of a material design
oriented towards real world full cell application, where match-
ing positive and negative electrode determines the specific en-
ergy and power of the battery system. A simplified architec-
ture of anode-free full cell is achieved and its promising per-
formances tested under a range of rates, proving to be a highly
competitive and inexpensive approach for future sodium ion
batteries.

Experimental methods

Material synthesis

For the synthesis of the composite Prussian Blue material
Fe-HCF@rGO, first a dispersion of rGO in water is prepared,
0.05 g of as received Reduced Graphene Oxide powder
(M921, Ossila Ltd.) were added to 100 mL of deionized water,
the solution was ultrasonicated with probe for 2h, with a total
energy input of 100kJ. The obtained dispersion was then
stirred and 22.5 mmol of HCI (37 %wt) and 1.25 mmol of
NasFe"(CN)s were added as the only iron source. The solution
was transferred into a round bottom flask and immersed into a
silicon oil bath kept at 175 °C, to achieve a reflux temperature
of 100 °C. After stirring vigorously for 4h the solution was
cooled down to RT and then filtered and washed with deion-
ized water and acetone few times. The obtained powder was
fully dried in vacuum oven at 60°C overnight. Considering a
yield from NasFe(CN)g into PB of around 33% (as obtained by
analogous synthesis without rGO), the mass ratio PB:rGO is
around 80:20 %wt.

To investigate the effect of rGO, a bare Prussian Blue (Fe-
HCF) with similar particle size and similar lattice constants
was synthesized. Firstly, 1.6 g of PVP were stirred in 100 mL
of distilled water. 1 mL HCI (37 %wt conc.) and 0.484 g of
NasFe(CN)s were added and stirred until complete dissolution.
The solution was transferred and sealed into a PTFE lined au-
toclave vessel before being heated up to 80°C for 17 h. After
natural cool down to RT the product was collected by centri-
fuging in deionized water and acetone few times, and then ful-
ly dried in vacuum oven at 60°C overnight.

Both materials were further dried at 210°C under high vac-
uum of 10 bar overnight. This treatment resulted in the re-
moval of most interstitial water in the case of the Fe-
HCF@rGO composite while maintaining its structural integri-
ty. However, for the bare Fe-HCF, the same procedure induces
structural degradation and amorphization. The electrochemi-
cal testing was therefore always performed on the high vacu-
um dried Fe-HCF@rGO and the vacuum oven dried Fe-HCF.



Material characterization

X-ray powder diffraction (XRD) patterns of the as synthe-
tized materials were measured in transmission with a Bruker
D8 Advance diffractometer mounting a Cu Ko radiation
source (A = 1.5406 A). The XRD patterns were collected over
the range 10-80° by keeping the step size of 0.015° at a scan
rate of 6 s per step.

Thermo Gravimetrical Analysis (TGA) was conducted un-
der Nitrogen atmosphere on a Perkin Elmer STA instrument,
with a step of 20°C/min up to 500°C.

For electron microscopy, a JEOL 7800F FEG SEM was
used, while for EDX analysis, Zeiss EVO SEM was used.
Powder samples were sputter-coated with 10 nm of Au/Pd.
The EDX results were averaged over three different sites and
Oxford software suite was used for fitting. Optical images
were acquired with SmartZoom Zeiss microscope at a magni-
fication of 500x.

Electrochemical evaluation

Positive electrodes of Fe-HCF@rGO and bare Fe-HCF
were prepared by mixing the active powder with Carbon Black
Super-P (Timcal) and PVDF KynarFlex 2801 (Arkema,
France) in a ratio of 80:10:10 in THF. All performances re-
ported here consider only the mass of PB (not rGO) as the ac-
tive material. Slurries were casted on aluminum foil and
punched into discs of 12.5 mm diameter before being dried
under vacuum and transferred into Ar filled glovebox
(H20<0.5 ppm and 0,<0.5 ppm). CR2032 coin cells were as-
sembled using Na discs as counter/reference electrode and
Whatman Glassfiber GF/D as separator. After assembling 6 to
8 hours of rest are allowed for proper wetting of electrodes and
potential stabilization. Galvanostatic cycling was conducted
on Maccor (USA) and VMP3 (BiolLogic, France) at room
temperature.

The negative substrates were prepared by mixing Carbon
Black and CMC 90:10 %wt in water:ethanol 1:1 v/v, and the
resulting slurry was casted as very thin layer on aluminum
foil. The uniform and light mass loading was 87 ug/cm?.

For half-cell and full cell evaluations, 1 M NaPFs (Fluo-
roChem) in Diglyme (a.k.a. DGDME or G2) (Acros Organic)
was used as electrolyte. The NaPFs salt was fully dried at 150
°C for 20 h under Ar before use. For full cell evaluations, Cel-
gard trilayer was used as separator.

Prior full cell tests, cathode and negative substrate were
separately preactivated in half cell against sodium for 5 cycles,
disassembled at their maximum state of sodiation, and reas-
sembled in full cell. In the full cell configurations. the positive
electrodes have a mass loading of 1.5 mg/cm?. A current of
150 mA/g (1C) is applied, corresponding to 0.23 mA/cm?,
which is the aerial current density at which the substrate is
subjected.

Results and Discussion
Characterization of the cathode materials
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Figure 1. Comparison of X-ray powder diffraction profiles of bare
Fe-HCF and Fe-HCF@rGO (a). SEM images for bare Fe-HCF (b)
and Fe-HCF@rGO (c); scale bar 1um.

The room temperature powder diffraction profiles of bare
Fe-HCF and of the composite Fe-HCF@rGO (Figure 1(a)) can
be readily indexed with the characteristic face centred cubic
structure (space group Fm-3m) adopted by many Prussian blue
analogues with general formula
AMAMP(CN)e]y-01.y2H20 (where  A=alkali metal,
M? and MP =first raw transition metals, o=vacancies of
[MP(CN)e]). In order to highlight and study the change in elec-
trochemical performances introduced only by the rGO matrix,
the two materials were selected as to have comparable compo-
sition and therefore lattice dimensions. From the Rietveld re-
finement (see Sl for more details) the obtained lattice con-
stants are a =10.25003(4) A for Fe-HCF@rGO and a
=10.23061(6) A for Fe-HCF. No evidence of secondary spuri-
ous phases is found. Much work has been devoted in the past
to the detailed characterization of the structural and electronic
properties of iron- hexacyanoferrate adopting the face-centred
cubic structure!®1, The crystal structure can be described as a
three-dimensional network of Fe(NC)¢ and Fe(CN)g octahedra
linked by the CN ligands. The Fe(CN)s vacant positions are
replaced by H,O molecules completing the coordination
sphere of neighbouring Fe(NC)s cations while the Na* ions are
disordered in the tetrahedral interstices of the framework
structure. Infrared and Mossbauer spectroscopy have been ex-
tensively used to determine the Fe valence states and all tech-
niques confirmed the assignment Fe'-CN-Fe'"' 1516, According
to ligand field theory, the Fe'" that is linked to the N side of
the cyanide bridge is in its high spin state (Fens(N)) while the
Fe'' bonded to the C is in the low spin electronic configuration
(FeLs(C)).



Energy dispersive X-ray spectroscopy (EDX), and thermo-
gravimetric analysis (TGA) were employed to estimate the
chemical composition of both samples which resulted to be
Nao_goFe”I[FelI(CN)e]o,QTDo,03'2.48H20 for Fe-HCF @TGO and
NaossFe'"'[Fe"(CN)elo.ss'm012-2.31H,0 for bare Fe-HCF (refer
to SI for more details). In accordance with previous studies the
composite shows a reduced number of structural defects and
higher sodium content as compared to the bare sample (3%
vacancies against 12%). Defects translate directly into a limi-
tation of the maximum storage capacity which can be obtained
from these materials. The first discharge capacity expected for
these materials (based on the wet mass) is 48.2 mAh/g for Fe-
HCF and 73.6 mAh/g for Fe-HCF@rGO, while the maximum
capacity obtainable is 128.5 mAh/g, and 145.2 mAh/g respec-
tively.

The water present in the crystal structure plays a major role
in the electrochemical performance of Fe-HCF. It is well
known that PBA materials can incorporate two types of water,
coordinated and interstitial (or zeolitic) water. The coordinated
water occupies the [Fe(CN)g] vacancies in the form of (H.O)s
clusters, coordinating with the Fe(ll) of Fe.s(C) sites to main-
tain the electroneutrality®’. On the other hand, interstitial wa-
ter is physically adsorbed into the A-sites and can be removed
without affecting the integrity of the framework structure. The
absence of interstitial water is crucial for the long term elec-
trochemical stability as side reactions at high potentials in
fluorinated organic electrolytes are avoided. In the as synthe-
sized Fe-HCF@rGO composite, due to the low vacancies con-
tent, the water is mostly interstitial, and can be removed
through drying processes under high vacuum. As confirmed
by previous work, the structure of Fe-HCF does not incur in
decomposition at least up to ~220 °C®8, and it’s only around
300°C that the release of (C=N), is detected® in the TGA.
Hence, the prepared electrodes were dried at 210°C under high
vacuum of 10 bar overnight. The XRD profile of the dried
composite is reported in Figure S3, in comparison with the

pristine material. A small shift towards smaller lattice con-
stants can be noticed for the dried sample (a=10.1992(3) A) as
would be expected from the removal of interstitial water. The
diffraction profile also shows the presence of a small amount
(2%) of a rhombohedral phase which has been previously re-
ported for Na-rich and vacancies/water free sodium iron hexa-
cyanoferrates?®!®, The appearance of this secondary phase im-
plies that the actual composition is locally inhomogeneous in
the original sample but clearly demonstrates the effective re-
moval of interstitial water from the as prepared Fe-
HCF@rGO. Indeed, TGA analysis confirmed a reduced water
content to NaoAgoFEm[Fe”(CN)6]0A97'D0,03'0.48H20. The dried
material is expected to deliver in first discharge 82.7 mAh/g,
and reaching maximum capacity of 162 mAh/g. An analogous
drying treatment was not possible on bare Fe-HCF as it result-
ed in structural degradation. This is because most of the water
is sixfold coordinated within the vacancies sites and their re-
moval induces collapse of the framework structure.

The two samples (bare Fe-HCF and Fe-HCF@rGO) were
tailored to have similar particle size. The relative SEM images
are shown in Figure 1b-c. The bare Fe-HCF shows a broadly
homogeneous cubic shape with edge length of about 500 nm
on average. Larger cubes with edges up to 1 um are also spo-
radically observed. Similar morphology and particle size are
also observed in the composite. The rGO does not coat or cov-
er the Fe-HCF submicron cubes but provides the ideal matrix
for distributed nucleation and uniform growth of the Fe-HCF
crystals which, in turn, are in intimate contact with a highly
conductive backbone. The effect of the rGO in the confine-
ment of the size is illustrated in Figure S5, where a control
synthesis of Fe-HCF without rGO (and without PVP) is re-
ported. In this case, cubic shaped particles with side length >
1um are produced which is double the average size of those
obtained in Fe-HCF@rGO.
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Figure 2. Long cycling performance in half cell of bare Fe-HCF (black) and Fe-HCF@rGO (blue) over 100 cycles at 75 mA/g in 1M

NaPFe/G2.



Cathode materials electrochemical performances

The electrochemical performance of bare Fe-HCF and Fe-
HCF@rGO  was evaluated through  galvanostatic
charge/discharge cycling in the voltage window 2.0-3.9 V at
different current rates. It should be noted that all tests were
performed on the high-vacuum dried composite Fe-
HCF@rGO and on the oven dried material in the case of bare
Fe-HCF. Electrolyte formulation is a key factor that deter-
mines the SEI stability of sodium metal electrode. Carbonate
and ether based electrolytes have been extensively studied,
with the latter showing better performance in terms of plat-
ing/stripping reversibility and SEI firmness41°,

For this reason, the electrochemical tests on both materials
were all performed using a 1 M NaPFs in Diglyme as electro-
lyte. Fe-HCF@rGO and bare Fe-HCF showed a first discharge
capacity of 81.7 and 60.2 mAh/g, respectively, at the current
rate of 75 mA/g (Figure 2). The values obtained are in line
with the maximum discharge capacity calculated based on the
original Na concentration and number of vacancies and prove
an almost full utilization of the active material.
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Figure 3. Rate capability tests in half cell. Waterfall plot of
charge/discharge capacities and efficiency at various C rates for
Fe-HCF (black) and Fe-HCF@rGO (blue) (a) and their represen-
tation against current rate in semilog plot (b).

The first discharge curve of both materials shows two plat-
eaus at 3.3 and 2.9 V that correspond to the Fe(l11)/Fe(ll) re-
dox energies of the Fe s(C) and Fens(N) octahedra, respective-
ly. In comparison with the bare Fe-HCF, the rGO composite
shows much flatter and well defined plateaus with both redox
couples providing a larger contribution to the total capacity.
This behaviour is maintained upon cycling with reversibility.
Both samples show a very high coulombic efficiency of 99.3%
for Fe-HCF and 98.9% for Fe-HCF@rGO at the second cycle,
increasing along cycling up to 99.8% for both samples. This
high efficiency grants a very good capacity retention of 95.5%
for the composite and 99% for the bare Fe-HCF over 100 cy-
cles. The slight difference in retention could be ascribed to a
more complex Cathode Electrolyte Interphase (CEI) arising
from the presence of the carbon matrix. Despite this, Fe-
HCF@rGO showed a much higher value of capacity (+30%),
proving the effect of the template synthesis on the electro-
chemical performance. These remarkable performances con-
firm the suitability of Prussian Blue materials for high-
performance full cell applications.
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Rate capability measurements were also performed to fur-
ther determine the suitability of the materials as cathodes for
high power “anode-free” full cell architecture. The resulting
charge/discharge capacity versus cycle number plot is present-
ed on Figure 3. Average discharge capacities for Fe-
HCF@rGO are 140, 138, 133, 121, 110 and 96 mAh/g, and for
bare Fe-HCF 110, 106, 99, 74, 44 and 21 mAh/g, obtained at
current rate of 75, 150, 300, 750, 1500 and 3000 mA/g, re-
spectively (see Figure 4). At the highest current rate measured,
Fe-HCF@rGO maintains 69% of its capacity while for bare
Fe-HCF only 19% is retained. After deep cycling at 3000
mA/g, when the current rate is set back to 75 mA/g, both ma-
terials recovered the initial discharge capacity of 140 mAh/g
and 110 mAh/g, respectively. Long cycling of Fe-HCF@rGO
at 10C over 100 cycles is also reported in Figure S7. The rate
capabilities displayed by the Fe-HCF@rGO composite are su-
perior not only to the bare Fe-HCF presented in this work but
also to many other similar materials including Fe-HCF nano-
spheres wrapped in graphene sheets® (capacity retention at
10C of about 72%) and rGO-coated Fe-HCF nanoparticles
which shows an average discharge capacity of 112 mAh/g at
800 mA/g8. However, even faster reaction kinetics then Fe-
HCF@rGO have been reported for a Fe-HCF/carbon powder
composite with lower initial Na content, higher levels of va-
cancies and interstitial water. This material achieved 77.5
mAh/g at 90 C and enhanced cycling stability*.
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These outstanding performances were ascribed to the fast
reaction kinetics of the low voltage Fens(N) redox center
which relies on the Na insertion to enhance electron conduc-
tion. A different behavior is observed in the case of Fe-
HCF@rGO where increasing the current rate results in the
shortening of the low voltage plateau that also becomes much
less defined as compared to the high voltage plateau related to
the Fe s(C) octahedra. This points towards a scenario were the
Fens(N) redox centers show slower kinetics causing a greater
capacity loss than the Fe s(C). An opposite behavior is instead
displayed by bare Fe-HCF were the Fe s(C) octahedra show
higher rate of decline in agreement with what has been report-
ed for most Fe-HCF based materials.

The observation of fast rates of reaction for the Fe s(C) oc-
tahedra in Fe-HCF@rGO is quite significant. A number of ef-
forts have been reported to increase its redox response includ-
ing reduction of vacancies and water. For instance, it has been
shown that in the dehydrated Fe-HCF, which adopts a rhom-
bohedral structure with very few vacancies and high sodium
content, the Fews(N) octahedra have a higher rate of decline
than that observed for the Fe s(C) redox centers as their elec-
tron filling is less energetically favored?t. Furthermore, in this
system the electrons are highly itinerant contributing to en-
hanced electrical conductivity and rate performance. Our Fe-
HCF@rGO displays a similar behavior as can be deduced by
plotting the first derivatives of the charge vs voltage curves
obtained at current rates of 75 mA/g and 750 mA/g and com-
paring them with those obtained for bare Fe-HCF (Figure 5).
For the latter, when the current rate is increased, a polarization
of 0.2 V during oxidation and of 0.26 V during reduction can
be observed for the Feus(N) couple (Figure 5a). On the other
hand, for the rGO composite these values of polarization are
drastically reduced to 0.02 V during oxidation and 0.04 V dur-
ing reduction (Figure 5b). Moreover, no polarization is ob-
served for the Fe_s(C) octahedra in the case of Fe-HCF@rGO.
This behavior highlights that the redox activity of the high
voltage Fe s(C) is maintained at high current rates with no po-
larization in agreement with what has been reported for dehy-
drated Fe-HCF. It would appear that the removal of interstitial
water, as well as a higher Na content, are key to increase the
redox response at high voltage. In the Fe-HCF@rGO compo-
site these characteristics are coupled with the enhanced elec-
tron conductivity provided by the rGO matrix, which allows
good adaptability to higher current rates.

The electrochemical footprint of the carbon matrix is also
visible in Figure 4b and 5b, where a low intensity peak is visi-
ble at around 2.25 V. This feature is absent in the voltage pro-
file of the bare Fe-HCF and therefore can be attributed to the
reduction of rGO. Previous work on GO and rGO in Li-based
electrolytes suggests that the reduction of functional groups on
the rGO can occur between 1.8 to 2.6 V vs Li/Li* (1.47 to 2.27
V vs Na/Na*), while the oxidation occurs at much higher po-
tentials, between 3 and 4 V vs Li/Li* (2.67 and 3.67 V vs
Na/Na*)?24, For Fe-HCF@rGO, the oxidation peak is likely
overlapped with the stronger oxidation peak of Fens(N), as it
can be seen in Figure 5b from the light shoulder around 2.85
V. Despite not contributing significantly to the storage capaci-
ty, the rGO matrix plays a pivotal role in facilitating the elec-
tron exchange, which turns into a reduced polarization upon
increasing the current rate. The sharpness of the redox peaks
for Fe-HCF@rGO compared to Fe-HCF is also a confirmation
of enhanced electron transfer.



Anode-free full cell electrochemical performances

Plating and stripping of Na metal on an ad-hoc designed
substrate (that also functions as current collector) has been
proven to be highly stable and efficient at high currents open-
ing the way to the assembly of high-power and high-energy
systems. Many different substrates have been recently reported
in the literature. Among these, a carbon coated aluminum cur-
rent collector appears to be an effective and cheap choice. The
thin carbon coating with a negligible mass (87 ug/cm?) is able
to lower the nucleation overpotential during sodium seeding
and to increase the uniformity of plating/stripping, reducing
the risk of Na dendrite formation®. These characteristics are
very appealing when considering the very limited amount of
sodium that would be present in a full cell setting. The benefi-
cial effects of the carbon layer can be better understood from
the electroplating tests performed on a pure aluminum foil and
on carbon coated aluminum foil (CB/AI) in two different elec-
trolytes 1M NaTf/G4 (Tetraglyme) and 1M NaPF¢/G2 (Figure
S7). The aluminum substrates showed poor performance, with
frequent drop in coulombic efficiency and unpredictable be-
havior. On the other hand, the carbon coating drastically im-
proved the stability. The coulombic efficiency of plat-
ing/stripping on CB/AI during first cycle was 76.5% in G4 and
84.2% in G2. Afterward it quickly stabilized around 98.5% in
G2, while it took around 15 cycles to stabilize around 98% in
G4. In a full cell assembly this would translate in repeated loss
of available capacity from the cathode source. These tests are
in good agreement with previous literature on CB/Al in ether-
based electrolyte®. Following this, NaPFs/G2 was chosen as
electrolyte. After 250 plating/stripping cycles, ex-situ digital
images were acquired at the plated state (Figure S8) to high-
light the different deposition of sodium on bare Al and CB/AI.
It is believed that the deposition of sodium onto the Al sub-
strate is firstly initiated in few nucleation sites and subsequent-
ly a sodium build-up on those seeds is favored, resulting in a
compact deposition spot, increasing the risk of dendrites. On
the other hand, CB/Al substrate allows multiple seeding
thanks to the reduced energy barrier and the plated deposit re-
sult to be less centralized and more distributed.

Electrochemical Impedance Spectroscopy (EIS) was used
to gain insight on the formation and the stability of SEI layer
during the first crucial cycles of both Al and CB/AI substrates.
The spectra reported in Figure S9, are acquired after the 1%, 2™
3 and 10" full cycle of plating and stripping. The overall im-
pedance of the Al substrate is one order of magnitude higher
than that of CB/AI, underlining the higher energy barrier
needed to initiate plating on a bare metal substrate. Further-
more, the high frequency semicircle attributed to the SEI layer
is stable over cycling for the CB/AIl substrate while is becom-
ing more prominent over cycling for Al substrate, in good
agreement with what has been already reported in literature3?®.
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Figure 6. Comparison of nucleation overpotentials at different
current rates on carbon coated aluminum substrate (a) and ex-situ
optical images after the first plating cycle with 0.25 mAh/cm?
loading of sodium, at a current rate of 0.25 (b), 0.5 (c), 1 (d) and 2
mA/cm? (e); scale bar 200 um.

To gain further insight on the rate capabilities of the CB/AI
substrate, plating was performed at different current rates and
ex-situ optical images were acquired. The rate tested were
0.25, 0.5, 1, 2 mA/cm? maintaining the same sodium loading
of 0.25 mAh/cm? (Figure 6(a)). As expected, the nucleation
potential is affected by the current rate and shows a clear
trend; when the plating current is increased, the overpotential
increases in absolute value, going from -22 mV (at low rate
0.25 mA/cm?) up to -42 mV (at high rate 2 mA/cm?). Also, the
average plating voltage increases accordingly giving values of
-5.1, -8.6, -22.5, -27.7 mV at the currents of 0.25, 0.5, 1, 2
mA/cm? respectively. Further investigations on the morpholo-
gy of the sodium deposits were conducted ex situ after the first
plating discharge by optical imaging (Figure 6(b)-(d)). At low
rate few nuclei of sodium are deposited and they form as large
agglomerates suggesting the preference of particle growth over
nucleation. On the other hand, at high rates the Na seeds are
higher in number but smaller in size implying that nucleation
is promoted over growth. Over the whole range of currents
tested, no significant localized build up has been detected,
granting a low risk of dendrite growth.

These results confirm that the carbon layer improves cy-
cling stability and facilitates nucleation, which is fundamental
for achieving high current rates. To prove this further, rate ca-
pability tests for CB/Al in NaPF¢/G2 up to 2 mA/cm? have al-



so been performed and low voltage hysteresis of 8, 12, 21, 40
mV can been seen at current rates of 0.25, 0.5, 1 and 2
mA/cm?, respectively (Figure S10). A low hysteresis at high
current rate will enable a low polarization during operation in
full cell and no major drop is expected in cell potential, which
translates in the possibility of delivering high-power.

A full cell was then assembled using Fe-HCF@rGO as
cathode and the CB/AIl substrate as negative electrode in
NaPFs/G2 electrolyte. Both electrodes were pre-treated in
half-cells before assembly in full cell to overcome initial sodi-
um deficiency, cleaning the substrate surface as well as facili-
tate nucleation. In particular the cathode was sodiated to its
maximum sodiation state to maximize the capacity while the
carbon black substrate was pre-activated with a negligible
~4uAh/cm? loading of sodium to maximize the first cycle effi-
ciency.
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Figure 7. Long cycling performances of anode-free full cell Fe-
HCF@rGO//CB/Al in 1M NaPFe/G2 at 1C (150 mA/g and 0.22
mA/cm?).

The full cell was evaluated in the voltage range 2 to 3.9 V
over 250 cycles at 1C (150 mA/g) which corresponds to 0.22
mA/cm? (see Figure 7). It is worth highlighting that with a low
Fe-HCF@rGO loading of 1.5 mg/cm?, the sodium aerial load-
ing on the substrate is of 0.17 mAh/cm?,

Interesting considerations on electroplating-based LIBs
have been highlighted by Albertus et al.? regarding the large
excess of lithium metal adopted for testing high-energy cells,
way more than needed, which in turns could carry to distortion
of research results. The same could be said for the aerial sodi-
um loadings often involved which are, in fact, in the range of 1
to 4 mAh/cm?. Lowering this parameter incurs in more de-
manding test conditions where the initial seeding/final strip-
ping onto the substrate play a major role, influencing the per-
formances at full cell level. Much different is in fact the be-
haviour of a cell where a pre-plated negative substrate with
excess sodium is used. During full cell operation, when Na
metal is deposited in situ at the negative electrode, the amount
of Na is directly related to (and limited by) the cathode host
material, its weight and its maximum state of sodiation. Hence
the set of electroplating tests presented is oriented to reflect
the real behaviour of a finite source of sodium subjected to
deep cycling. By doing this, we proved that it is possible to
stabilize the plating/stripping mechanisms even when low aer-
ial capacity loading such as 0.17 mAh/cm? are used (five to
twenty times lower than what is often reported in literature).
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Despite these challenging conditions, the full cell displayed
good performances. A specific capacity of 115 mAh/g was
delivered at the second cycle, 93% of which was maintained
after 100 cycles, and 79% after 250 cycles, with a decline of
only 0.084% per cycle, showing remarkable capacity reten-
tion. Calculating the specific energy based on the active mass
of the cathode (no mass at the anode side), we reach 338
Wh/kg on the first discharge (see Figure S11), which is much
higher than most SIBs full cells to date’?’.
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Figure 8. Voltage derivatives of the specific capacity vs voltage
curve of full cell Fe-HCF@rGO//CB/AI compared to half cell Fe-
HCF@rGO//Na at 1C.

To achieve a good retention, high coulombic efficiency
must be maintained, and its value can be used to calculate in
first approximation the lifespan of the battery?. During the first
cycle of the full cell, the sodium is extracted from the Fe-
HCF@rGO cathode and it is plated on the CB/AI. The first
cycle efficiency is only 60.6% because of the conditioning of
the negative substrate and the formation of the SEI on the
firstly plated Na. After this initial loss of capacity, 115 mAh/g
are delivered at the second cycle and an efficiency of 98.5% is
promptly reached, which enable a good retention for 250 cy-
cles.

In order to investigate the redox kinetics within the full
cell, the first derivative of the charge is plotted against voltage
in Figure 8, comparing half cell and full cell at 1C. The peaks
corresponding to Feis(C) (high potential) and Fens(N) (low
potential) are clearly visible in full cell as they are in half cell,
meaning that full utilization of Fe-HCF is occurring. The
slight shift between half cell and full cell is proportional to the
polarization due to plating/stripping hysteresis onto CB/AI.
From plating tests on CB/Al we expect an hysteresis of ca. 8
mV from the substrate, when the rate is 0.25 mA/cm?. This
amount is reflected in the polarization of 5 mV during oxida-
tion and 3 mV during reduction of the Fens(N) couple seen in
full cell. The high voltage couple practically does not suffer
any polarization.
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Figure 9. Waterfall plot of C-rates of full cell system (a) and dis-
charge voltage profiles at increasing current rates (b).

Rate capability tests (Figure 9) performed on the full cell
showed that the fast kinetics at both electrodes enabled low
polarization of the redox plateaus up to 2C (250 mA/g, 0.32
mA/cm?) and it is only above 5C (750 mA/g, 0.64 mA/cm?)
that the electroplating kinetics start to mask the response of of
the cathode. In Table 1 are reported the details of the current
input and capacity and power output. When the current is in-
creased ten times from 0.5 C to 5 C the full cell is still able to
deliver 40% of its capacity.

Despite the fade in capacity at high rates, the high potential
couple Fe s(C) remains predominant and the average voltage
is maintained high. Hence the delivered power of this system
is remarkably high and results on average: 248, 503, 1008,
2501, 4875 and 9010 W/kg when the current rates are 75, 150,
300, 750, 1500, 3000 mA/g, respectively (Figure 10). To date,
these are the highest power levels reported in literature for a
sodium ion full cell employing metal electroplating.

Table 1. Input and output (discharge) parameters of full
cell rate capability test reported in Figure 9.

C rate 05C 1C 2C 5C 10C 20C

mA/grs 75 150 300 750 1500 3000

mA/cm?  0.08 0.16 032 0.64 1.58 3.17

mAh/gee 130 113 94 68 40 22

average V. 2.93 2.96 2.97 2.95 2.87 2.66

W/kges 248 503 1008 2501 4875 9010

Recently, diverse solutions for electroplating-based sodi-
um-ion full cells employing a variety of cathode materials and
of  negative  substrates  were  proposed.  Oxides
(Nag.s[Cuo.22F€0.30MnNo.45] 0%, Nag,67Nio.33Mno.6702%,
NaNiosMng2Tio30,%), phosphates (NasV2(PO,):*t %, Na-
Tiz(PO4)s*), pyrite (NapsFeS;**%) and Prussian blue? % have
been reported so far and their performances are briefly sum-
marized in Table S4. Where specified, some of the tests re-
ported in literature were performed with different
charge/discharge rates to facilitate the stripping process but
deviating from real world battery application.

It is worth noting the difference between an electroplating
system where the negative current collector has been preload-
ed with Na and one which is used for in situ plating during op-
eration. In most system reported in literature Na metal is gal-
vanostatically preplated on a substrate or infused by melting
process in a host material. For example in the system proposed
by Lu et al.® a Cu current collector is firstly preloaded with 1
mAh/cm? of Na before being matched with a NazV2(PO4);@C
cathode. Similarly, 4 mAh/cm? were pre-deposited on a carbon
paper current collector before assembly with a Prussian Blue
cathode®. In the same manner, 4 mAh/cm? were pre-plated on
Graphitized Caron Microsphere substrate before assembly
with an oxide cathode®. In another system presented by Chang
et al. a NasV2(POu); cathode is paired with an hybrid Na-
MoS; negative electrode, which contains 60 %wt of metallic
Na. Other systems presented propose a host matrix of carbon
felt?® or wood-derived electrode® infused with high quantities
of Na. On the other hand, adopting in-situ metal plating, we
achieve two advantages: we reduce the amount of sodium in
the cell to a minimum hence we minimize the entity of risk
represented by dendrite formation, and at the same time we
avoid sensitive handling of sodium metal. Our system Fe-
HCF@rGO//CB/Al was able to deliver 338 Wh/kg and 503
W/kg at 1C and still deliver 60 Wh/kg when the power drained
was 9010 W/kg (20C), reaching the highest power levels re-
ported to date for metal plating based sodium batteries.
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Figure 10. Representation of the anode-free full cell performances
at different current rates in a Ragone plot.

Conclusions

In this work we have engineered and studied the behavior
of a full Na-ion battery whose working mechanism is based on
in-situ metal plating. This particular cell architecture was cho-
sen as it allows the boosting of gravimetric capacity through
the removal of the anode active material as well as enabling
fast surface kinetics, opening the way to the realization of
high-energy and high-power systems.

Our cell comprises a composite Prussian Blue - reduced
Graphene Oxide (Fe-HCF@rGO) cathode material and a nega-
tive current collector composed of a thin layer of carbon black
coated on aluminum foil (CB/AI). 1M NaPF¢/Diglyme is used
as electrolyte.

The rGO-assisted synthesis of Fe-HCF results in a material
with minimal structural defects and low water content which is
fundamental for the optimization of the electrochemical per-
formances. At the same time the presence of the rGO matrix
enhances the electronic conductivity facilitating efficient re-
sponse at high current rates. In fact, 69% of the capacity deliv-
ered at 0.5C is still maintained when the current rate is in-
creased to 20C. Moreover, thanks to the low defect structure
the high potential Fe s(C) redox couple maintains its activity
at high rates, which translate in high voltage output in full cell.
At the negative electrode a highly reversible metal plat-
ing/stripping mechanism is stabilized on CB/Al substrate up to
2 mA/cm? with a low voltage hysteresis of 40 mV. Small
stripping overpotential implies that the overall output voltage
in full cell will not be reduced significantly.

By designing this high-power sodium ion battery we high-
light the importance of performing testing conditions that re-
flect full cell application, In doing this, we demonstrate the
possibility of stabilizing a small areal sodium loading (0.17
mAh/cm?) coming from a finite cathode source. Such system
reached the typical cut-off capacity retention of 80% after 250
cycles at 1C. The absence of anode active mass translates into
output specific energy of 338 Wh/kg at 1C. While, thanks to
the high voltage and good rate capability, the full cell reached
the maximum specific power of 9010 W/kg.

Thanks to its remarkable performances, this Prussian Blue-
based in situ metal plating battery can be located in a very in-

teresting area of the Ragone plot overcoming the boundaries
between batteries and supercapacitors. This simplified anode-
free cathode-sourced architecture proved to be a highly com-
petitive and inexpensive approach for a variety of Na-ion ap-
plications.
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Fe-HCF = Iron Hexacyanoferrate;

Fe-HCF@rGO = Iron Hexacyanoferrate — reduced Graphene Ox-
ide composite;

G2 = Diglyme;

G4 = Tetraglyme;

CB/Al = Carbon Black coated Aluminum.
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