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ABSTRACT: The fabrication of low-cost carbon materials and high-performance
sodium- and magnesium-ion batteries comprising hierarchical porous electrodes and
superior electrolytes is necessary for complementing Li-ion energy storage. In this work,
nongraphitic high-surface porous carbons (NGHSPCs) exhibited an unprecedented
formation of n-stages (stage-1 and stage-2) due to the co-intercalation of sodium
(Na(dgm),C,,) with diglyme. X-ray diffraction patterns, Patterson diagram, Raman
spectra, and IR spectra suggested the presence of n-stages. This phenomenon implies an
increase of the initial capacity (~200 mAh g™') and good Na-ion diffusion (2.97 x 107"
cm?® s7'), employing diglyme as compared to standard electrolytes containing propylene
carbonate and fluoroethylene carbonate. Additionally, the current approach is scalable to
full Na- and Mg-ion cells by using t-NasV(PO,),F, and MgMnSiO, cathodes,
respectively, reaching 250 and 110 W h kg ™" based on the anode mass. The simultaneous
Mg (de)insertion from/into MgMnSiO, and the adsorption/desorption of bistriflimide
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ions on the NGHSPC surface is responsible for capacity enhancement.
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1. INTRODUCTION

The major scientific challenge in developing sustainable
sodium-ion batteries (SIBs) resides on the search of anode
and cathode materials with sufficient capacity and cyclabil-
ity.'"~ Up until now, several anode materials display some
inherent limitations such as large volume expansion/contrac-
tion, high overpotential related to the alloying electrodes, and
scarce electronic conductivity related with organic compounds
or with transition material-based oxides.™” So far, on the
progress made in the development of a SIB anode, carbon
anode materials have been the dominant candidates preferred
for their compatible reversible capacity with cathodes, low
sodium storage voltage, and outstanding cycling stability.* "’
On the other hand, the storage of magnesium ion properties in
carbon materials also attracts the attention of the scientific
community because it encountered intercalation behavior and
enabled reversible charge transport via double-layer capaci-
tance (EDLC)."'™"

One of the main tasks of Mg-ion and Na-ion batteries is the
selection of the appropriate electrolyte solution and electro-
active materials. For instance, corrosive properties have a
limited stability window causing electrolyte decomposition
above 1.5 V vs Mg/ Mg2+ when utilizing the Grignard reagents,
and therefore the compatibility of the electrode materials must
be considered.'*"® Indeed, defective 2D graphene and
graphene allotropes could be used as high-capacity anode

materials for Mg-ion batteries.'® Intercalated fullerides with

Mg,Cy, stoichiometry were obtained by a solid-state reaction
between Cg4y and Mg.'' The theoretical calculations support
that solvated Mg ions with linear ether solvents (dimethoxy-
ethane (DME)/diethylene glycol dimethyl ether (DGM))
promote a favorable co-intercalation mechanism with graphite,
thus surpassing the limited capacity of Mg intercalation into
natural graphite (35 mA h g_l).n’17 Nevertheless, little
information is still reported in the literature about the
intercalation of Mg ions in other kinds of carbon materials,
and further research is required to understand the fundamental
mechanism."®

In the past decade, glyme-based electrolytes were considered
as great contenders to reversibly achieve sodium co-
intercalation into graphitic materials. Among them, graphite,'”
graphitic petroleum cokes,”’ graphitic nanofibers,”’ and
expanded graphites’ should be highlighted because they
demonstrated that the thermodynamic limitations of Na-ion
storage can be abated. Indeed, Jensen et al.>’ highlighted a
proper adaptability of sodium into graphite as sodium—glyme
complexes, a reaction which is not possible for sodium in a
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Figure 1. (A) X-ray diffraction patterns (XRD) of pristine NGHSPC (PBX13S, PBXS1, ACS20U, and SPC04) materials. Insets: X-ray

photoelectron spectroscopy (XPS) showing the C 1s core level.

conventional electrolyte (1 M NaClO, in PC:FEC (98:2)).
Also, the electrolyte adaptability is successfully transferred to
layered-, nasicon- and transition-metal oxide-type com-
pounds.”*~?*

The purpose of this work is the utilization of nongraphitic
high-surface porous carbons (NGHSPCs), which are supplied
by China Steel Chemical Corp., for application in both Na-ion
and Mg-ion batteries. The main characteristic of these samples
is the extremely high surface area, the values of which are
1880.9, 1702.5, and 1354.2 m* g~ for ACS20, SPC04, and
PBXS1, respectively. For comparison purpose, another active
carbon (labeled as PBX135) with a lower surface area (131.2
m* g™') is used. Furthermore, the search of an adept electrolyte
and cathode (t-Na;V(PO,),F, and MgMnSiO,) to accomplish
both Na-ion and Mg-ion batteries is explained in this work. For
instance, for sodium-ion batteries, we utilized 1 M NaClO,-
PC:FEC (98:2) and 1 M NaPF4-DGM electrolytes and found
sodium co-intercalation and the consequent n-stages in a
glyme-based electrolyte. A mixture of stage-1 and stage-2 has
been detected by XRD, IR, and Raman spectra which differed
according to the different morphological and functional
groups. This can explain the increased capacity during the
first 255 cycles for PBX13S5, 175 cycles for ACS20U, 75 cycles
for PBXS1, and 50 for SPC04. On the other hand, we have
explored the advantages of the NGHSPC samples in Mg-ion
cells and highlighted the importance of the surface area for
achieving high-capacity batteries. Indeed, in the Mg-ion battery
field, the use of activated carbon is attracting the attention of
the scientific community because it enables reversible charge
transport via EDLC due to its high surface area using 0.5 M
Mg(TFSI),-AN (AN: acetonitrile) (TFSI™, bistriflimide anion:
C1 HyoN,F¢S,0,) electrolyte,'' ~'3>773*

The novelty about the utilization of nongraphitic high-
surface porous carbon materials is noticed for Na-ion cells in
the mechanism of reaction showing an unprecedented

formation of n-stages (stage-1 and stage-2), forming Nax-
(dgm),C,, complexes at the bulk state. The reported results of
NGHSPCs open new opportunities to search alternative high-
surface porous carbons that could react with sodium through
the co-intercalation phenomenon, but special attention should
be paid to avoid the structure degradation in either the bulk or
the surface of the carbon-based materials to improve the
cycling stability. Moreover, in Mg-ion cells, we proved the
importance of using high-surface carbon materials to develop a
hybrid battery/capacitor system based on the simultaneous
Mg(de)insertion from/into the MgMnSiO, cathode and
adsorption/desorption of [TFSI]™ ions on the anode, as
deduced by electrochemical, ICP, and EPR measurements.

2. EXPERIMENTAL SECTION

2.1. Materials and Electrochemistry. The samples used as the
negative electrode are provided by China Steel Chemical Corp., and
they are identified as ACS20U, SPC04, PBXS1, and PBX13S. In
general, they are labeled as NGHSPC samples. The electrodes are
prepared by mixing a 90:10 weight ratio mixture of NGHSPCs and
polyvinylidene fluoride (PVdF) binder. Then, they are spread onto
aluminum (for Na cells) and titanium foils (for Mg cells), followed by
drying for 2 h at 120 °C under dynamic vacuum. An activation cycle
of NGHSPCs in Na cells with a standard electrolyte (NaClO,-PC) is
performed before cycling the cells in a diglyme-based electrolyte. The
area of the electrode is 0.64 cm®. The areal mass loading fluctuates
between 3.12 and 4.68 mg cm™? in the experiments performed with
2—3 mg of active material, respectively.

The sample used as a positive electrode material in Na-ion full cells
is t-Na;V(PO,),F, which is prepared by a two-step reaction, as
reported elsewhere.*> We tested its suitability with 1 M NaPF;-DGM
electrolyte in sodium half-cells before the assembly of Na-ion full cells.
On the other hand, the MgMnSiO, cathode used for Mg-ion cells is
prepared by a sol—gel procedure and then heated at 900 °C, as
reported earlier by our group.®* The cathodes are prepared by mixing
and spreading an 80:10:10 weight ratio mixture of active materials (t-
Na,V(PO,),F, or MgMnSiO,), carbon black, and polyvinylidene
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fluoride (PVDF) binder onto aluminum or titanium foils and then
drying for 2 h at 120 °C under dynamic vacuum. The capacity and
energy density of the Na-ion full cell are determined based on the
mass of the anode side.

Electrochemical impedance spectroscopy (EIS) is performed using
an SP-150 BioLogic apparatus at an open-circuit voltage at the
selected depth discharge and charge stages. The cells are relaxed for 1
h to reach the quasi-equilibrium state. The spectra are recorded by
perturbing the open-circuit voltage with an AC signal of 10 mV from
100 kHz to 5 mHz.

The four NGHSPC anodes are subjected to a deep study of Na
half-cells with two types of electrolytes: (i) 1 M NaPF,-DGM and (ii)
1 M NaClO, in PC:FEC (98:2). The ACS20U anode was selected for
combining the Na-ion full cell with t-Na;V(PO,),F,. However, due to
the high surface area of the four NGHSPC samples, all of them have
been employed as anodes with MgMnSiO, in Mg-ion full cells and 0.5
M Mg(TFSI),-AN (AN: acetonitrile) electrolyte, and the potential
has been measured versus Mg**/Mg. The capacity and energy density
of the Mg-ion full cell are determined based on the mass of the anode
side. The following reagents are supplied from commercial suppliers:
DGM (Sigma Aldrich, 99% purity), NaPF4 (Strem Chemicals, 99%
purity), NaClO, (Sigma Aldrich, 98% purity), PC (Sigma Aldrich,
99.7% purity), FEC (Sigma Aldrich, 99% purity), Na foil (Panreac,
99.8% purity), Mg ribbons (Sigma-Aldrich, 99.5% purity), Mg-
bistriflimide (Aldrich, 99.95%), and AN (Sigma Aldrich, 99.8%).

2.2. Material Characterization. The co-intercalation of Na'-
(diglyme), is investigated by Raman spectroscopy using a Renishaw
Raman instrument (InVia Raman microscope), with 532 nm laser
radiation, equipped with a Leica microscope. Ex-situ IR data are
obtained with a Bruker Tensor 27 FT-MIR spectrophotometer with
Csl beam splitters and a DTGS detector. OPUS version 6.5 software
is used to collect the transmission spectra. X-ray diffraction (XRD)
patterns are recorded on a BrukerD8 Discover A2S diffractometer
with Cu Ka radiation at a scan rate of 0.02° s between 2 and 90° (2-
6°). TEM images are recorded on a JEOL 1400 microscope. SEM
images are studied with a JEOL-SM6300 microscope equipped with
an energy-dispersive X-ray spectrometer. The isotherms are used to
calculate the specific surface area and total pore volume using the
Brunauer—Emmett—Teller (BET) model. The pore size distributions
and micropore volume are determined using the density functional
theory (DFT) approach. An XPS instrument (SPECS Phoibos 150
MCD) using a2 monochromatic Al Ka source is used, and the internal
standard is the C 1s line of adventitious carbon at 284.6 eV. EPR
spectra are obtained on an EMX micro-X-band instrument at 295 K
(Bruker) with a resonance frequency of 9.75 GHz. Inductively
coupled plasma mass spectrometry (ICP-MS) is performed with a
NexION 350X apparatus from PerkinElmer (Waltham, MA, USA). A
microwave system UltraWave by Milestone (Shelton, USA) is used
for the digestion of the samples using a mixture of nitric acid and

hydrofluoric acid (Suprapur de Merck).

3. RESULTS AND DISCUSSION

3.1. Insights of n-Stage Formation in NGHSPCs. As a
typical porous carbon, the (002) and (100)/(101) Bragg
diffraction patterns of graphite are scarcely detected at 20.5—
23° and 43° for NGHSPCs samples with high surface area
(1880.9, 1702.5, and 1354.2 m*> g~' for ACS20U, SPC04, and
PBXS1, respectively, Figures 1 and 2, Note S1 and Table 1)
A gradual shift of the (002) and (100)/(101) diffraction
patterns toward the higher angles of ca. 25.3 and 43.2° was
observed for the sample with the lowest surface area (131.2 m*
g~ for PBX13S5). The appearance of a much broadened and
the disappearance of the (100)/(101) and (002) diffraction
peaks of the ACS20U sample indicate the lowest graphitizable
behavior. The average interlayer distances (dy,) are 3.536(2),
3.846(3), and 3.758(5) A for PBX135, PBX51, and SPC04
samples, respectively, while the (002) peak for ACS20U is not

1000
A) —e— PBX135
o PBX51
g 800 { —@— ACS20U
- —@— SPC04
B
2 600
o
172
T
< 400
=
<
T 200
g
07 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P PO'1)
(B)
12107 4 —e— PBX135
o I »— PBX51
o 1.0x10°{0® e —e— ACS20U
g ‘ —e— SPC04
< 8.0x10*
[0}
g 6.0x10*
S
o 4.0x10% @
o]
0 2.0x10*
0.0

10 100
Average Pore Width / nm

Figure 2. (A) Pore size distribution and (B) nitrogen adsorption—
desorption isotherm curves of NGHSPCs.

observed, indicating that as the interlayer distance increased, a
gradual decrease of the graphitization degree is observed.

A detailed information of the graphitization level of
NGHSPC materials is gathered using Raman spectroscopy
(Figure S1). The spectra of the pristine samples are
characterized by two broadened bands at ca. 1350 and 1595
em™, ascribed to the D1 and G modes belonging to sp
phases, respectively. The D1 mode is due to the lattice defects,
disordered arrangement, and the low-symmetry carbon
structure of graphite, while the G mode is assigned to an ‘in-
plane’ displacement of ordered carbons in the hexagonal
sheets.’® The obtained graphitization index (Ip/Ig) for the
pristine PBX135, PBXS1, ACS20U, and SPCO04 samples is 1,
0.92, 0.97, and 0.92, respectively. The NGHSPCs displayed a
slight variation of the graphitization index after sodium co-
intercalation; thus, the graphitization index changed to 1.08, 1,
0.94, and 0.84, respectively. Some changes of the G peak (the
C—C stretching mode) have been associated to the formation
of n-stage compounds during the Na*—ether co-intercalation
reaction in graphite and hence to the graphitization index.”>*’

The Na test battery is a rich tool used to grasp changes in
the chemical composition of materials such as in NGHSPCs,
regardless of the typical electrochemical cycling behavior of
different electrodes (Figure 3). Therefore, an unprecedented
formation of n-stages in NGHSPC anodes is detected when
utilizing the diglyme-based electrolyte in Na cells (Figures
4,BA, S2A—D, and S3). To grasp the reaction mechanism and
the structural changes induced by the electrochemical sodium
reaction, ex-situ XRD patterns are compared to that using 1 M
NaClO, in PC:FEC (98:2) electrolyte (Figures 1 and S4). A
harsh change for the four samples is observed after a complete
discharge in 1 M NaPF-DGM electrolyte as compared with
the original ones. Therefore, the significant band shifting of the
few-layered graphenic order of the (002) reflection is a direct
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Table 1. Surface Area, Pore Volume, Conductivity, Interlayer Distance, Ash, and Iron Contents of Pristine NGHSPC Samples

sample ID  BET surface area/m”> g~'  conductivity/S mm™ total pore volume/cm® g=' ash content/% iron content/ppm average interlayer distance/A

PBX13$S 131.2 0.602 0.48
PBXS1 1354.2 0313 14

ACS20U 1880.9 0.346 0.88
SPC04 1702.5 0.180 0.81

<20 3.536(2)
<40 3.846(3)
0.06
0.35 16 3.758(5)
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Figure 3. Galvanostatic discharge/charge curves of the first 20 cycles comparing the electrochemical characteristics of NGHSPC anodes in Na half-
cells for: (A, C, E, G) PBX135, PBX51, ACS20U, and SPC04 in 1 M NaPF-DGM and (B, D, F, and H) PBX13S, PBX51, ACS20U, and SPC04 in
1 M NaClO,-PC:FEC (98:2) electrolytes, respectively. The insets represent the TEM measurements showing monodispersed morphology of

NGHSPCs.

proof of sodium co-intercalation. As is observed, the formation
of n-stages (stage 1 and stage-2) takes place at the end of the
discharge (Table S1, Figures 4A,, B;, and S2A—D).

The methodology used to calculate the stage number can be
found in previous literature that explained the Na-ion storage
in graphite using solvated Na-ion intercalation and forming
ternary GICs.'”*® Nevertheless, the formation of solvated Na-
ion intercalation in nongraphitic high-surface porous carbon
remained unexplored, so far. The (002) peak at 20—25° (26)
of the NGHSPC:s splits into several peaks that are indexed as

(001) and (001 + 1).**~*° Applying Bragg’s law, the l-value can
be determined using the following equations:

I I
digoyy = — and d =—
(oo1) I (001+1) I+ 1 (1)
d(ool)Sin 9(001) = d(001+1)5m ‘9(001+1) (2)
1

= 0—

sin Yoor+1

l sin Gy IJ (3)
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Figure 4. Ex situ XRD patterns of (A) PBX13S and (B) SPCO04

recorded after (B,,C,) full discharge and (B,,C,) subsequent charge in
Na half-cells using 1 M NaPF4-DGM electrolyte.

where I is the ¢ lattice parameter of each stage of GIC
matching the repeated distance, and d(opy and dory) are,
respectively, the d-spacing values of the (001) and (00! + 1)
planes. The consecutive changes during discharge can be
followed during partial discharge at 1, 0.4, and 0.2 V for the
NGHSPC anodes (Figure S2). The measurements of 6y and
Qo011 at this stage suggest that the peaks (001) at 9.63°, (005)
at 30°, and (006) at 34.4° of stage-2, peaks (002) at 15.8° and
(004) at 32.6° of stage-1, and the peak at 40.5° (2-theta) of
stage-n disappeared, and the rest of the peaks decreased in
intensity after charging (Figure 4A,,A;). Likewise, from the
measurements of 6y, and 6y, of the SPC04 sample, it is
observed that the (002) peak at 16.34° of stage-1, (00S) peak
at 30.3° of stage-2, and the peaks at 19.6, 20 and 21° (2-theta)
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of stage-n disappeared, and the rest of the peaks located at
30.3° and 41.8° (2-theta) decreased in intensity after charging,
and the intensity of the peaks at 10.2, 11.9, 22.7, 23.3, 24.1,
and 38.6° (2-theta) decreased (Figure 4B;B,). The most
important difference is that these n-stages are not detected for
fully discharged electrodes in 1 M NaClO, in the PC:FEC
(98:2) electrolyte (Figure S4). These carbonate-based solvents
only permit unsolvated sodium intercalation forming the
binary intercalation compounds.*” On charging up to 3.0 V,
the XRD patterns are not completely recovered to the original
state, but a partial restoration of the n-stages is inferred. The
desolvation of Na* is not complete as it is normally found in
the graphite-based anodes.'”*””® This fact can be deduced
from the XRD results through the appearance and disappear-
ance of a group of diffraction patterns observed between the
discharge and charge processes. The schematic representation
of the formation of Na,(dgm),C,, in a NGHSPC anode
reflects the differences found with the typical Na" adsorption
in NGHSPCs using carbonate-based electrolytes (Figure S).

3.2. Pseudocapacitive Behavior of NGHSPC Com-
pared with Low-Surface-Area Graphite and Hard
Carbon. Dou et al.”> and Doeff et al.** reported data of
hard carbons and activated carbons, indicating that sodium and
diglyme hardly co-intercalate to form ternary intercalation
compounds. However, Dong et al.** utilized hard carbons of
292 and 563 m* g~' and found a slight carbon layer expansion
in which the (002) diffraction peak shifted 1.52° (2-theta)
corresponding to an enlargement of 0.301 A of d-spacing and
suggested the formation of ternary intercalation complexes
(Na*—~DEGDME—carbon). Our work targets the study of
NGHSPC anodes with 6.4-fold and 3.3-fold higher surface area
(Note S1, Table 1, and Figure 2) and showed a clear formation
of Na,(dgm),C,,, indicative of a much higher enlargement of
d-spacing of the (002) diffraction peak of ca. 5.39 and 5.59 A
for SPC04 and PBX13S, respectively (Tables 1 and S1).
Monodispersed morphology with homogeneous particle sizes
of 20, 35, 250, and 400 nm is observed for ACS20U, SPC04,
PBXS1, and PBX13S, respectively (insets of Figure 3).
Therefore, a nanometric character of the particles is evident
from the TEM measurements.

Materials possessing a high degree of graphitization and low
surface area are rather known to exhibiting such proper-
ties.'”7>* As far as we know, it is the first time the n-stages are
encountered in NGHSPCs. For the sake of comparison, the
PBX13S anode suffers a splitting of the (002) diffraction peak

NaClO,-PC:FEC (98:2)

Y
N
° -

Sy

Figure S. Schematic representation of Na(dgm)," co-intercalation found in NGHSPCs with the formation of Na,(dgm),C,, and its comparison
with the typical Na* adsorption in defects/edges using carbonate-based electrolytes.
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at 9.67° (9.13 A), 15.85° (5.58 A), 22.27° (3.98 A), 32.73°
(2.73 A), 38.30° (2.34 A), 48.85° (1.87 A), and 55.63° (1.65
A), which correspond to the (001), (002), (003), (004), (005S),
(006), and (007) reflections of stage-1 similar to graphite.*®
These lines coexist with some lines formed from previous n-
stages (ca. stage-2 and n-stages, with n > 2) that usually
occurred for moderately discharged electrodes which are
observed at 11.5, 19.15, 19.76, 20.63, 23.03, 23.75, 25, 32.73,
34.6, and 40.4° (2-theta), implying a high shift in the interlayer
expansion (Table S1). For SPC04, PBXS1, and ACS20U
anodes, similar changes are observed with similar intensity of
n-stage peaks. The selected DGM solvent is a flexible linear
ether-based compound with high polarity, which is able to co-
intercalate with sodium ions to form ternary intercalation
compounds with NGHSPCs.*

Different facets of the electrochemical behavior of
NGHSPCs in Na cells with 1 M NaPF,-DGM and 1 M
NaClO,-PC:FEC(98:2) electrolytes are observed in terms of
capacity and cyclability (Figures 3 and 6). The galvanostatic
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Figure 6. Electrochemical cycling performance of NGHSPC anodes

achieved up to 250 cycles for both (A) 1 M NaPF,-DGM and (B) 1

M NaClO, in PC:FEC (98:2) electrolytes. Note: the cells were cycled
at C/2 rate.

discharge/charge curves for the 1 M NaPF;-DGM electrolyte
can be divided into two voltage parts: (i) 3—1 V the voltage
decay swiftly providing 8, 40, 7S, and 40 mA h g™" and (ii)
1.0—0.003 V less attenuated voltage drop, providing 136, 107,

103, and 148 mA h g_1 capacity for PBX135, PBXS51, ACS20U,
and SPCO04, respectively (Figure 3,C,E,GA). The last three
samples exhibit a sloping potential curve in the whole voltage
range, and the former sample resembles sodium insertion into
the micropores of a pseudographitic order at a low-potential
voltage plateau.*” The galvanostatic profiles follow a similar
trend in the 1 M NaClO,- PC:FEC(98:2) electrolyte but with
almost twofold decreased capacity for PBX135, ACS20U, and
SPCO04 and 1.5-fold for PBXS1 (Figure 2B,D,F,H). During the
sodium co-intercalation reaction and the formation of n-stages
(stage-1, stage-2, etc.) in graphite, graphitic petroleum coke or
thermally expanded graphite is typically observed with a
voltage plateau near to 1, 0.8, and 0.6 and a constant voltage
decay at 0.6—0.001 V versus Na'/Na,'”*%***" while the
formation of n-stages in these NGHSPC materials occurred
with a different galvanostatic profile in which a sloping
potential curve from 3 to 0.001 V is observed. Then, the main
difference in the galvanostatic curves of NGHSPCs (with
extremely high surface area, Figure 2, Table 1, and Note S1)
versus the known electrochemical profile of hard carbons and
graphite (with low surface area)™ ™" is the absence of the
potential stage during the galvanostatic discharge. The
reported results of NGHSPCs open new opportunities to
search alternative high-surface porous carbons that could react
with sodium through the co-intercalation phenomenon, but
special attention to avoid the structure degradation in either
the bulk or surface of the carbon-based materials should be
paid to improve the cycling stability.”>*"

For the sake of clarity, the data of the first discharge capacity
(FDC in mA h g™') obtained from the preactivation cycle in
Na cells and 1 M NaClO,-PC:FEC (98:2) electrolyte are
provided in Table 2. It should be clarified that prior to
assembling the Na half-cells with NGHSPC anodes in 1 M
NaPF-DGM electrolyte, a preactivation cycle in Na half-cell in
NaClO,-PC:FEC(98:2) electrolyte is carried out (Figure SS).
The second discharge capacities are labeled as SDC-DGM and
SDC-PC (in mA h g') which are obtained using 1 M NaPF-
DGM- and 1 M NaClO,-PC(2% FEC)-based electrolytes,
respectively.

The initial reversible capacities are 147, 142.7, 172.1, and
207 in 1 M NaPF4-DGM-based and 138, 178.9, 158.2, and 104
mAh ¢g~" in 1 M NaClO,-PC:FEC(98:2)-based electrolytes for
PBX135, PBXS1, ACS20U, and SPCO04, respectively (Figure
3). The most outstanding properties are observed for ACS20U
with DGM-based electrolytes with 172.1 mA h g™ of
reversible capacity and 60% of capacity retention over 250
cycles. The SPC04 anode in a PC-based electrolyte has a
capacity of 104 mA h g~' which can be retained around 67%
over 250 cycles. Also, ACS20U in the 1 M NaClO,-PC:FEC
(98:2) electrolyte exhibited good capacity retention with an
initial capacity of 158.2 and 45% of retention over 250 cycles.

Table 2. Data of the First Discharge Capacity (FDC in mA h g') Obtained from the Preactivation Cycle in Na Cells and 1 M

NaClO,-PC:FEC(98:2) Electrolyte”

sample ID FDC (mAh g™') SDC-DGM (mAh g™*)
PBXS1 305.4 142.7

PBX13S 345.2 147

ACS20U 503.1 172.1

SPC04 399.2 207

SDC-PC (mAh g™*) E-DGM (%) EfPC (%)
138 46.7 45.1
178.9 4.6 51.8
158.2 34.2 314
104 51.8 26.1

“The second discharge capacities are labeled as SDC-DGM and SDC-PC (in mA h g™), which are obtained using 1 M NaPF;-DGM- and 1 M
NaClO,-PC(2% FEC)-based electrolytes, respectively. The efficiency is deduced from the SDC/FDC ratio.
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This fact is correlated by the apparent diffusion coeflicients
(229 x 107" cm? s71/2.97 X 107" cm® s7') and the
interfacial charge transfer (0.2 ohm g) and surface layer (0.12
ohm g) resistances obtained in ether-based electrolytes
(Figures 7, S7, Table S2, and Note S2). A slight fluctuation

Figure 7. (AB) Nyquist plots of the selected ACS20U sample,
recorded on discharge and charge from 1st—10th cycles using 1 M
NaPFs-DGM electrolyte.

in their values at the end of the charge and discharge is
exhibited, suggesting a thin solid electrolyte interface film on
the surface. Most of this improvement can be ascribed to the
accomplishments of electrode materials capable to provide a
fast and stable diffusion path to the sodium—glyme complexes.
Specifically, the use of diglyme-based electrolytes improved the
capacity during the first 255 cycles for PBX13S5, 175 cycles for
ACS20U, 75 cycles for PBXS1, and 50 for SPC04 (Figure S6),
showing that the structural degradation in some of the samples
occurred earlier than that in others.

The energetics of the intercalated products primarily
determine the difference in the overall Na storage voltage.*'
Moreover, as reported by Kim et al,*' from in operando
synchrotron X-ray diffraction, it is observed that graphite
suffers a phase-like transformation with many different stages
changing sensitively with a small alteration in the sodium
content. Specifically, during the discharge at 31 mA h g™! (Na/
C: 1/72, 1.5 h of reaction), stage n GIC is formed, at 46—80
mA h g™' (Na/C: 1/50, 15—2.2 h) another o GIC phase is
formed at the expense of stage n GIC, and after the biphasic
reaction into the stage o GIC, the stage p GIC emerges from 50
until ~110 mA h g' (Na/C: 1/28—1/21, ~4—6 h). These n,
o, and p GIC stages presented the ¢ lattice parameters of 18.5,
15.06, and 11.62 A whose differences between I. values are

nearly 3.44 A*' In graphite exists a reversible structural
transformation implying stable capacity. However, the
observed result for our NGHSPC materials indicated that
there is no complete recovery of the XRD peaks after charging,
and this could be indicative of a structural degradation, because
of which we observed different cyclability (Figures S6 and 6).

3.3. Raman, IR, and Patterson Data after Na Co-
Intercalation into NGHSPCs. Raman spectra confirmed the
changes from pristine and discharged electrodes (Figure 8). A
set of new peaks at 470, 740, and 759 cm™! appeared in
different proportions for each sample, indicating that diglyme
solvates Na* ions to form the Na,(dgm),C,, complex (Figure
5)."” The peaks are reported to be a particular band of
solvating glyme with s-block metal cations.” These peaks are
compared to that of diglyme solvating Mg** ions, and the
Raman shift position differed very slightly due to a different
charge/radius ratio and concomitant weaker cation—solvent
interactions of Na* (95 pm) and Mg** (65 pm). Moreover, the
coordination can be discussed from diglyme’s band because
the diglyme solvent shows a peak at 860—865 cm™" which is
ascribed to the free diglyme. These Na,(dgm),C,, complexes
are characteristic of the different nature of NGHSPCs. Hence,
Na(dgm)," can access through the defects into few graphenic
sheets, several substituent groups which serve as reactive sites
to potentially increase the sodium co-intercalation, the open
surface porosity, and micorpore walls, as observed through
SEM and XPS (insets of Figures 1, S8, and S9, Notes S3 and
S4, and Table S3).* In addition, the IR spectra of the fully
discharged electrodes revealed a broad band at ~880 cm™
(Figure 9). This mode is attributed to two diglyme molecules
coordinated by a sodium ion, with the dihedral angle sequence
of each diglyme molecule of O—C—C—O (conformation about
the O—C bond and C—O bond is trans, and the conformation
about the C—C bond is gauche) and O—C—C—O (idem as
before, but with gauche minus), attributed to Na,(dgm),C,,
stage-1 in graphitic petroleum coke.”’ Additionally, ethylene
oxide units with gauche OCCO torsional angles have bands in
the range from 825 to 890 cm™.>° The arrangement of sodium
co-intercalated between NGHSPCs is modeled by the 1D
Patterson diagram, which is created from the (001) diffraction
peak intensities (Figure 10). The peak maxima for Na—C, C—
C, C—0, and O—O0 distances are 5.85, 2.85, 5.52, and 8.42 A
in the c-axis of the unit cell, respectively, as similarly observed
for commercial graphite.””** These bonds correspond to the
two diglyme molecules necessary to reach a stable shell in
dilute solution. These features certainly support the existence
of n-stages.

3.4. Full Na- and Mg-lon Cells. Full Na-ion cells with
diglyme-based electrolytes are evaluated. First, it is worth
noting that trigonal sodium vanadium fluorophosphate (t-
Na,V(PO,),F,) is selected as a cathode because it exhibits a
high operation voltage and long cycling life (ca. 1000 cycles),
as recently reported by Liang et al.”’ However, a preliminary
examination of a fresh 1 M NaPF,-DGM electrolyte in a Na
half-cell is done between 4.1 and 2.5 V (Figure 11A). The
galvanostatic charge—discharge cycle exhibits one sodium
(de)-insertion involving the V*/V** redox pair. The main
cathodic peaks at around 3.42 and 3.52 V and anodic peaks at
3.52 and 3.35 V imply a small voltage polarization entailing
good reversibility during 250 cycles due to its stable framework
(Figure S10). To further verify the proposed scientific strategy,
the full Na-ion C(ACS20U),,/1 M NaPF,DGM/t-NasV-
(PO,),F, cell is assembled and cycled under C/2 rate (Figure
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Figure 9. Detailed view of the IR spectra at the fully discharged state of NGHSPC anodes (PBX13S, PBXS1, ACS20U, and SPC04) obtained from

sodium cells using 1 M NaPF<-DGM electrolyte.

11B). The overall reaction of the full cell can be summarized as
follows:

C(ACS20U),, + t — Na V(PQ,),F,

< Na,(dgm),C(ACS20U),, + t — Na;_, V(PO,),F,
(R1)

The experimental capacity delivered by t-Na;V(PO,),F, is
66 mA h g™' (for x = 1.0) and that of C(ACS20U),, is 172.1
mA h g™' (x = 1.0). The mass of the cathode is adapted to fully
obtain the galvanostatic profile of the full cell based on the
anode side (m+/m— > 2.6). As estimated from their individual
voltages, the combination of C(ACS20U),, with t-NagV-

(PO,),F, gives rise to a battery operating in the 4.0—0.7 V
range. The galvanostatic profile during charge implied the
sodium transfer from t-Na;V(PO,),F, to the carbon anode
(C(ACS20U)y), and through the discharge, sodium transferred
back from Na,(dgm),C(ACS20U),, to t-Na;_ V(PO,),F,
(Figures 11B and 12A). Then, the reversible capacity of the
Na-ion full cell is 141 and 126.2 mA h g, as measured on the
charge and discharge states, respectively. Cycle efficiency of
>90% and average potential reaction of ~2.0 V are observed,
entailing an energy density of 250 W h kg™' cycled a C/2 rate
based on the mass of the anode side (retained 85 mA h g™
over 110 cycles, Figure 4D). This result compares well with
other Na-ion full HC-21-1400/1 M NaPF4-EC:DMC/O3-
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Figure 10. Patterson analysis of electron density after sodium
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NaNi1/3Fe1/3Mn1{302,51 graphite/1 M NaPF4,-DGM/
Na,V,(PO,);,°” or VO,/1 M NaClO,-EC-PC/
Na,(VO),(PO,),F,> cells with ca. 300, 131, and 215 W h
kg™! energy density, respectively.

Because an extremely high surface area of carbon anodes is
desired for reversible charge transport via the EDLC for Mg-
ion batteries,"" ~'**?7** several experiments about the
suitability of NGHSPC anodes are shown below. It is worth
mentioning that according to Gershinsky et al,’® ion
adsorption/desorption processes in the electric double layer
(EDL) are usually fully reversible. They prepared counter
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electrodes, based on high surface area, the active carbon cloth
electrodes, whose total surface area is high enough to allow a
full charge balance for the Mg intercalation process with V,Os.
Moreover, Cabello et al.”* combined a h-MoOj, cathode and an
active carbon anode forming a hybrid or an asymmetrical
electrochemical capacitor where the mechanism of reaction in
the working electrode is more complex than Mg**-(de)-
insertion. Anion [TFSI]~ adsorption and redox of oxygen ions
in the lattice of h-MoO; can contribute to the reversible
capacity, defining the working electrode (h-MoO;) as a dual-
ion electrode material.

Four Mg-ion full cells are assembled with different
NGHSPC anodes, 0.5 M Mg(TFSI),-AN electrolyte, and
MgMnSiO, cathode. Based on the simultaneous Mg (de)-
insertion from/into MgMnSiO, and the adsorption/desorption
of [TFSI]™ ions on the anode, the system is considered as a
hybrid battery/capacitor (Figure 12B).*>°*> From the
galvanostatic profiles are deduced high-polarization faradic
and non-faradic processes that contributed to the total
capacity. The experimental charge/discharge capacities are
36/30,173/193, 469/368, and 245/204 mA h g~" for cells that
utilized PBX135, PBXS51, ACS20U, and SPC04 anodes,
respectively (Figures 13A and S11). Theoretically, 156 mA h
g™ is assigned to 0.5 de-inserted Mg** from MgMnSiO,
(reaction #2).>* The ICP results confirmed the extraction of
0.46 Mg** corresponding to 143.5 mA h g™', which is related
to the reachable specific charge (Table 3). By combining the
results of the electrochemical curves with the ICP measure-
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Figure 11. Galvanostatic charge/discharge profiles of: (A) t-Na;V(PO,),F, vs metallic sodium in 1 M NaPF,-DGM electrolyte at C/2 rate, (B)
Na-ion (ACS20U/1 M NaPF-DGM/t-Na;V(PO,),F,) cell cycled at C/2 rate, and (C) cycling performance of the full Na-ion cell specified in (B).
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Figure 13. (A) Galvanostatic charge/discharge curves of the Mg-ion ACS20U/0.5 M Mg(TFSI),-AN/MgMnSiO, cell. (B) EPR response of
pristine ACS20U (orange line) and discharged ACS20U electrode (blue line). (C) Cycling performance of several Mg-ion full cells: ACS20U/0.5
M Mg(TFESI),-AN/MgMnSiO, (red color symbols), SPC04/0.5S M Mg(TFSI),-AN/MgMnSiO, (blue color symbols), PBX51/0.5 M Mg(TFESI),-
AN/MgMnSiO, (orange color symbols), and PBX135/0.5 M Mg(TFSI),-AN/MgMnSiO, (black color symbols).

Table 3. ICP Results Showing the Mg:Mn Atomic Ratio of
Pristine MgMnSiO, and after Reaction in the ACS20U/0.5
M Mg(TFSI),-DME/MgMnSiO, Cell

magnesium ions on the surface of the carbons.>® From the ICP
results, a negligible amount of magnesium is measured in the
ACS20U anode (<0.001%) after the first charge of the full cell.
Therefore, the observed extra capacity is attributed to the

MgMnSiO, sample adsorption of [TFSI]™ ions on the carbon surface.”” Then, the

Mg:Mn ratio (theoretical) ~ Mg:Mn ratio (ICP)

pristine 1:1 1.03:1 following reactions can be deduced:
charged 0.5:1 0.57:1 5
charged/discharged 1:1 1.01:1 MgMnSiO4 — 0. SMg to Mgo 5MnSiO4 + le” (R2)

C(ACS20U),, + zTESI™ < C(ACS20U),,[TFSI], + ze
(R3)

ments, it is observed that the extra capacity could be attributed
to the adsorption of bistriflimide ([TFSI]™) ions and/or
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Therefore, the extra reversible capacity (measured on the
charge state) is assigned to the adsorption of [TFSI]™ ions on
the high surface area of ACS20U (1881 m?* g™'), accounting
for 325.5 (z = 2.08) mA h g™'. On decreasing the surface area
of the anodes, we observed the tendency of SPC04 (1703 m*
g~") with 101.5 mA h g”' (0.65¢”) and PBXS1 (1454 m* g™')
with 29.5 mA h g™' (0.19¢7). Also, the lowest capacity (30 mA
h g™') is obtained for the PBX135 (131 m* g™') anode which
confirms the very low adsorption/desorption properties of
[TFSI]™ ions. Thus, the observed phenomena entail that a
higher surface area can promote easier adsorption/desorption
and higher capacity in Mg-ion cells. The adsorption properties
of weak host—guest molecules are determined by EPR, where
the molecules confined in porous systems may show the
activity of bulk material as well as nanoscale particles. The
pristine ACS20U sample is chosen to examine the influence of
guest molecules on the electronic properties of NGHSPCs.
The EPR spectrum changes significantly after the adsorption of
bistriflimide molecules. A case example with the strongest
effect is observed in the case of water adsorption.’® The signal
due to delocalized electrons undergoes significant changes
compared to the signal coming from free radicals (Figure 13B).

Certainly, the galvanostatic profiles are different from
previous literature reports. Truong et al.”’ investigated the
electrochemical performance of MgMnSiO, versus activated
carbon (Maxsorb MSC-30) anode and 0.5 M Mg(ClO,),-
acetonitrile electrolyte by galvanostatic cycles between —1.0
and 1.0 V versus C or 3.2 and 1.6 V versus Mg**/Mg at C/50.
This narrow voltage window limited the capacity to 90 mA h
g ' and did not provide a proof of the reversible charge
transport via EDLC. In that work, details of the surface area of
activated carbon were not provided, and wider voltage
windows to explore the possible adsorption of [ClO,]™ were
not provided either. However, several studies used high surface
area-activated carbons and wider voltages, enabling a reversible
charge transport via EDLC."'™'***7* In addition, our recent
work® described the performance of several Mg-ion full cells
where one of them used activated carbon (Fluka, Sppr = 1200
m* g7') as the anode, C@MgMnSiO, as the cathode, and 0.5
M Mg(TFSI), in DME (dimethoxyethane) electrolyte. The
full cells combined an insertion cathode and a EDLC anode.**
The observed charge capacity is high (314 mA h g™'), ascribed
to the simultaneous Mg (de)-insertion at the cathode and
[TFSI] adsorption on the anode surface.

At 50% of the state of charge (SOC) and 50% of the state of
discharge (SOD), the capacities are 15, 96, 184, and 102 mA h
g_1 and 2.03, 2.74, 2.72, and 2.75 V for the full cells employing
PBX13S, PBXS1, ACS20U, and SPCO04 anodes, respectively.
Considering an average potential of 0.6 V, the energy density is
9, 58,110, and 61 W h kg_l, respectively. Over 80 cycles, this
capacity/energy density can be retained by about 33, 97, 76,
and 96%, respectively (Figure 13C). The rate performance is
explored using rates of 20, 15, 10, and 7.5 mA g_l. Comparing
with the literature, the experimentally observed capacity of
V,0O; at around 2.3 V versus Mg2+/ Mg implied a high energy
density of 660 W h kg™".*" Referring to the voltage equivalency
between the activated carbon (AC) and Mg**/Mg redox
couple is quite important. For example, a different equivalency
of voltages is found in the literature: (i) 0 V of AC = 1.5 V of
Mg?*/Mg,*® (ii) 0 V of AC = 2.2 V of Mg**/Mg,*® and (iii) 0
V of AC = 2.45 V Mg**/Mg.*’ Hence, a difference of voltage of
~1 V in the calculated equivalency from AC to Mg**/Mg for

an electrode material with 100 mA h g™' capacity could lead to
a significant fluctuation in the estimation of the energy density.

4. CONCLUSIONS

The NGHSPC samples provided by China Steel Chemical
Corporation have been shown to exhibit novel properties, as
observed from the electrochemical and chemical character-
izations. The NGHSPC samples with a negligible graphitic
order exhibited an unprecedented formation of n-stages due to
sodium co-intercalation with diglyme, and a clear expansion of
the interlayer distance of the carbon slabs is detected. By an
adept selection of the electrolyte (ca. diglyme and bistri-
flimide) and cathode with robust structure (ca. t-NasV-
(PO,),F, and MgMnSiO,), the Na- and Mg-ion full cells
could provide a stable capacity and energy density of 250 and
110 W h kg™, respectively. Attending to their extremely high
surface area, nanometric particle size, X-ray amorphousness,
interpenetrated pore volume, low graphitic/hydrocarbon
proportion, high conductivity, and proper chemical composi-
tion, these results are rather promising. The XRD patterns,
Patterson diagram, Raman, and IR spectra undoubtedly
detected a mixture of stage-1 and stage-2 in the first cycle,
which suggests the formation of Na,(dgm),C,, complexes
occurring in the bulk state. Seldom literature reported n-stage
formation into high-surface-area carbons (or activated
carbons), except for materials with graphitic order (e.g,
graphite). The reported results of NGHSPCs open new
opportunities to search alternative high-surface porous carbons
that could react with sodium through the co-intercalation
phenomenon, but special attention to avoid the structure
degradation in either the bulk or the surface of the carbon-
based materials should be paid to improve the cycling stability.
We observed that the intercalation of solvated Na' into
graphite domains will break down the structure of these
domains, and that is why a continuous decay of the capacity on
cycling is observed. Further studies to understand the
correlation between the n-stages and successful reversible
capacity associated with the complete appearance and
disappearance of stages will be the subject of future studies.
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