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ABSTRACT: Here, we apply three-dimensional (3D) architecture
graphdiyne nanosheet (GDY-NS) as anode materials for sodium-ion
storage devices achieving high energy and power performance along
with excellent cyclic ability. The contribution of 3D architecture  counterfectrode
nanostructure and intramolecular pores of the GDY-NS can
substantially optimize the sodium storage behavior through the
accommodated intramolecular pore, 3D interconnective porous o . N 100
structure, and increased activity sites to facilitate a fast sodium-ion- - >
di usion channel. The contribution of butadiyne linkages and the
formation of a stable solid electrolyte interface layer are directly
confirmed through the in situ Raman measurement. The GDY-NS-
based sodium-ion batteries exhibit a stable reversible capacity of
approximately 812 mAh g at a current density of 0.05 A g™1; they
maintain more than 405 mAh g~* over 1000 cycles at a current density of 1 A g™*. Furthermore, the sodium-ion capacitors could
deliver a capacitance more than 200 F g~ over 3000 cycles at 1 A g~* and display an initial specific energy as high as 182.3 Wh
kgt at a power density of 300 W kg™ and maintain specific energy of 166 Wh kg™ even at a power density of 15000 W kg™
The high energy and power density along with excellent cyclic performance based on the GDY-NS anode o ers a great potential
toward application on next-generation energy storage devices.
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I INTRODUCTION

With continuously increasing demand for battery performance,
lithium-ion batteries (LIBs) cannot completely satisfy the rapid
growth requirement for high energy density, high power
density, and low cost, owing to the limits of the existing
material system and restricted lithium resources.* ™ Thus, it is
significant and urgent to find a substitute battery system to
meet the growing demands. Sodium, located adjacent to the
lithium in the periodic table of the elements, is considered as
one of the most attractive elements for replacing lithium for its
abundant reserves in the earth crust (4—5 times more than
lithium) and similar chemical properties.*> These advantages
make great potential for sodium energy storage devices as most
promising candidates to replace LIBs for application of
renewable energy storage and smart grids. In recent years,
many e orts have been made to enrich and develop the sodium
energy storage materials.® Layered transition-metal oxides,’
phosphates with Fe(Il) and Mn(11),%° or organic compounds*°
have been widely studied for reversibly storage of sodium. For
anode materials, the carbonaceous materials, accompanied with
the advantage of abundant resource, stability, and low cost have
been mostly investigated. Because of the larger ionic radius of
Na* (102 pm) than that of Li* (76 pm) and the lower kinetics
of reversible sodiation/desodiation compared to that of Li*, it is
necessary to choose suitable carbonaceous materials with an
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appropriate structure to achieve a large electrode—electrolyte
contact interface, a short ion-di usion pathway, an enhanced
reaction activity, and better accommodation of the insertion
and extraction-induced strain for sodium ions."*~** Carbona-
ceous nanomaterials, such as hard carbon nanofiber,* hollow
carbon nanospheres,™ nanoparticles,'® and graphene,*’*® were
widely studied, achieving a moderate capacity between 100 and
300 mAh g~! of sodium-ion batteries (NIBs).®> However,
further improving the performance of sodium active sites and
interlayer spacing are still major issues for these materials to be
applied in high-performance sodium storage devices. Mean-
while, application of hybrid capacitors is another approach for
achieving the high rate performance and cycling capability.?
Replacement of lithium with sodium to construct the sodium-
ion capacitors (NICs) also o ers the opportunity to build the
device integrated with the features of potentially low cost and
high electrochemical performance.”* To combine the advan-
tages of both batteries and capacitors, sodium-based electro-
chemical capacitors (NICs) have been proposed and act as a
fascinating alternative for future energy storage for improving
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the capacity, poor rate, and cycle capability of sodium-based
energy storage devices.””

Recently, graphdiyne (GDY) as a newly discovered carbon
allotrope, has attracted considerable attention for its Promising
electronic, optical, and mechanical properties.®*~?’ The
presence of the sp- and sp®hybridized carbon atoms and
butadiyne linkages in GDY disrupts the re%ular hexagonal
crystal lattice of the traditional graphene layer.”® Therefore, the
GDY materials are considered to show a layered structure with
intramolecular pores, which are expected to greatly increase
active bonding sites and facilitate fast ion-di usion channels for
sodium-ion storage compared with other carbon-based
materials, like graphene or expanded graphite, impelling their
electrochemical performance to high capacities and excellent
cycling capability.® " Density functional theory and first-
principles calculations have already indicated the maximum
sodium concentration is far exceeding the upper limit of
sodium insertion into graphite (similar to NaCg as normal
carbon material).** Although bulk GDY has been applied for
the NIB anode, the result was lower than the theoretical
prediction, probablg due to the insu cient quality and stack of
layers of the GDY.** Nevertheless, the recent report about the
assembled GDY nanosheets (GDY-NSs) through a modified
Glaser—Hay coupling reaction motivates us to obtain a three-
dimensional (3D) structured GDY composed with a
hierarchical porous and continuous vertical network.>* GDY-
NS is expected to interconnect innumerable active sites and
promote the fast transfer of ions between GDY layered
frameworks. It is reasonable to consider that the unique 3D
architecture of GDY is able to improve the rapid transportation,
migration, and di usion, of sodium in the phase from a GDY
molecular monolayer to a 3D architecture GDY bulk network.
Therefore, in this work, we demonstrate the first successful
application of GDY-NS as an anode material in practical NIBs
and NICs to exhibit the remarkable sodium storage property.
The results confirm that the as-prepared GDY-NS-based NIBs
show a high reversible capacity of approximately 812 mAh g+
at a current density of 0.05 A g~ and even 405 mAh g~* over
1000 cycles at a current density of 1 A g™*. Besides, GDY-NS
based NICs deliver a high capacitance of more than 200 F g*
over 3000 cycles at 1 A g™%, with active carbon as the cathode.
Meanwhile, the NICs also exhibit an initial specific energy as
high as 182.3 Wh kg™ at a power density of 300 and 166 Wh
kg~ at a power density of 15000 W kg, presenting the
benefit of better sodium storage and delivery ability for GDY-
NS. The relationship between the excellent electrochemical
performance and the 3D architecture and multiporous structure
of GDY-NS is su ciently researched. All of the results can
enrich the research of the energy storage materials.

I EXPERIMENTAL SECTION

Preparation of GDY-NS. GDY-NS was obtained following the
optimized synthetic route via a modified Glaser—Hay coupling
reaction, as reported.®* The precursor hexakis(trimethylsilyl)ethynyl
benzene (HEB-TMS) was obtained following the reported synthetic
route.® The HEB monomer could be obtained after deprotection of
HEB-TMS by tetrabutylammonium fluoride and used immediately to
isolate moisture and air. The copper foil was carefully dipped in 0.1 M
hydrochloric acid overnight and washed with distilled water, ethanol,
and acetone several times, then dried under argon. Several (more than
10) pieces of the copper foil were cut into a 3 x 3 cm? shape and
added to the mixed solution of acetone, pyridine, and tetramethyle-
thylenediamine, with an optimal volume ratio of 100:10:10 in a flask.
Thirty five milligrams of HEB was dissolved with another 50 mL of

acetone and added immediately into the mixed solution. Then, the
mixture was stirred and kept under an argon atmosphere at 80 °C
through a condenser for more than 12 h. After the reaction, GDY-NS
was grown on the surface of the copper foil. Finally, the copper plates
were washed with heated acetone and ethanol several times and dried
under nitrogen. The average mass loading of GDY-NS active materials
at a range of 0.13—0.08 mg cm™2 (with di erent reaction conditions)
was calculated by completely dissolving a certain area of the GDY-NS-
contained copper foil in a 6 M hydrochloric acid solution with a small
amount of ammonium persulfate to dissolve copper gradually; the
exfoliated GDY-NS sheet was collected and washed carefully to
remove the metal ions and impurities, then dried in vacuum. After
collecting the GDY-NS sheet exfoliated from the Cu foil, the weight
per unit area of the GDY-NS active materials was calculated.

Assembly of NIB Half-Cells and NIC Devices. The NIB half-
cells assembled to measure the electrochemical performances of GDY-
NS and the sodium foil were used as the counter and reference
electrode. One molar NaPF6 dissolved in 1:1 (v/v) mixture of
ethylene carbonate and dimethyl carbonate was employed as the
electrolyte in standard CR2032-type coin cells and used compressing
sodium foils as counter electrodes separated by a glass fiber filters
(GF/D, Whatman). The current densities and capacities were
calculated on the basis of the GDY-NS active materials. The obtained
GDY-NS was punched into 1 cm diameter as the binder-free
electrodes both applied for NIBs and NICs with a calculated mass
loading of 0.08 mg for each electrode. Although the thin GDY-NS
layer (400 nm) lead to a poor mass loading, it is helpful to study the
thin and few-layer sodium intercalation in GDY-NS materials. For
NICs, the obtained GDY-NS was firstly assembled as an NIB half-cell
with a sodium foil and discharged to 0.005 V to obtain the
presodiation GDY-NS. Here, the commercial activated carbon (AC,
YP-50 Kuraray Co., Ltd., Japan), Super P, and binder (10%
poly(tetrafluoroethylene)) were mixed together at a weight ratio of
8:1:1, rolled into thin sheets, then punched into 1 cm diameter. NICs
were also assembled in CR2032-type cells with presodiation GDY-NS
and extra sodium metal as negative materials and the AC positive
electrode in the same electrolyte separated by a glass fiber filter. The
mass ratio of cathode/anode was changed from 1:1 to 20:1 by
adjusting the quality of the activated carbon electrode.>* In the case of
NIC, the current densities and capacities were normalized by the total
electroactive mass in both electrodes (GDY-NS and AC). Herein, the
specific capacitance of NICs was calculated according to the following
equation

C=1t/2m V

where | is the discharge current (A), t is the discharge time (s), m is
the total mass of active materials (GDY-NS and AC), and V is the
potential window (V) of the discharge process. The Ragone plots of
the assembled NIC were obtained by calculating the energy density
and power density from the galvanostatic discharge curves according
to the following equations

P=V i
E=P /3600
V= (Vi + Vinin)/2

where i is the current density normalized by the total electroactive
mass in both electrodes (A g72), t is the discharge time (s), and V
and V., are the potentials at the beginning and the end of the
discharge (V), respectively.

Materials Characterization. The GDY-NS films were transferred
to a copper screen, and then the samples were characterized using field
emission scanning electron microscopy (SEM, Hitachi S-4800) and
transmission electron microscopy (TEM, H-7650) apparatus. The
multimode atomic force microscope (AFM), Agilent 5400, with a
silicon probe OSCM-PT-R; (Bruker probes) was used to image the
morphology of samples at room temperature in an ambient
atmosphere. The X-ray di raction (XRD) pattern was obtained by
Bruker D8 ADVANCE di ractometer with Cu K irradiation at =
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Figure 1. Morphologies of GDY-NS. (a, b) Top view images of GDY-NS on the Cu substrate; (c) cross-sectional view of GDY-NS as an exfoliated
sample; (d—f) TEM image of an exfoliated sample; (g) AFM image of GDY-NS on a Cu substrate; (h) schematic illustration of the structure of

GDY-NS on a Cu substrate.

15406 A. The X-ray photoelectron spectrometry (XPS) test was
conducted using VG Scientific ESCA Lab220i-XL X-ray photoelectron
spectrometer, using Al K radiation as the excitation source. The
Raman spectra were recorded at room temperature using a Thermo
Scientific DXRXI system with excitation from an Ar laser at 532 nm. In
situ Raman spectroscopy was obtained using a three-electrode system.
A GDY-NS film, separator, and sodium metal were assembled in the
order from bottom to top, with drilling a hole through the middle of
the separator and sodium metal to observe the GDY-NS electrode
through a thin quartz glass. Nitrogen adsorption/desorption measure-
ments were performed using a Quantachrome Autosorb gas-sorption
system and calculated through the Brunauer—Emmett—Teller (BET)
method. Galvanostatic charge/discharge tests were measured using a
LAND-CT2001 instrument. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) were performed by using a
CHI660 electrochemical workstation at each measurement condition.

B resuLTs AnD piscussion

Structural and Morphology Analysis. As displayed in
Figure 1, the morphology of the obtained GDY-NS was
characterized by scanning electron microscopy (SEM). Figure
la—c shows the typical top and cross-sectional views of GDY-
NS, respectively. It is clearly observed that GDY-NS is arranged
along the vertical direction on copper substrates and possessed
large voids sub-micrometers in diameter that form a uniform
3D architecture structure on a larger scale. In Figure 1c, the
thickness of GDY-NS is estimated around 400 nm. The cross-
sectional images suggest that the 3D architecture and
multiporous structure was present throughout the whole
GDY-NS bulk, although the smooth surface of GDY-NS as
an exfoliated sample could be observed closer to the copper

side (Figure Slab in Supporting Information). The TEM
image (Figure 1d,e) further confirms this 3D architecture
structure at the nanoscale and demonstrates the porosity of
GDY-NS. In Figure 1f, the interplanar distance of the layer of
GDY-NS films is around 0.365 nm according to the HRTEM
images, which is larger than that of graphite (0.335 nm),
graphene (0.350 nm), and bulk GDY (0.365 nm).?° Di erent
from the crystal lattice, the high resolution TEM images
displayed only lateral stacking without a cross structure,
revealing that those streaks belong to the layered structure of
GDY-NS.* Figure 1g shows AFM surface topographic images
of GDY-NS. Results suggest that the obtained sample exhibited
a uniform multiporous structure on a larger scale at 2.0 x 2.0

m?. The value of the roughness parameter (root mean square)
on GDY-NS films, obtained as 50.4 nm, revealed a rough and
porous surface morphology, which is associated with the large
voids diameter of about 50 nm (Figure S2 in the Supporting
Information). Meanwhile, the morphologies of GDY-NS with
di erent reaction times and temperatures are shown to
determine the formation of optimal GDY-NS, as suggested in
Figure S3 (in Supporting Information). The schematic
illustration of the GDY-NS is depicted in Figure 1h, similar
as reported before.**

The structure characterizations of GDY-NS by XRD
patterns, Raman, Fourier transform infrared (FT-IR) spectrum,
XPS, and BET measurements are discussed in the Supporting
Information. Briefly, in Figure 2a, the XRD patterns of the
obtained samples show a broad peak at around 26.5° similar to
some highly disordered carbon materials, suggesting the poor
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Figure 2. Structural characterization of GDY-NS. (a) XRD patterns of GDY-NS; (b) Raman spectra of GDY-NS on a Cu foil and as an exfoliated
sample; (¢) XPS survey of C' binding energy profiles for GDY-NS; (d) N, adsorption/desorption isotherms of GDY-NS (inset: pore-size

distribution).

crystallinity of the sample, which may be due to random
conformational fluctuation of the GDY-NS nanosheet on the
mesoscopic scale.** For the Raman spectrum shown in Figure
2b, the peak at 1383 cm™ corresponds to the breathing
vibration of sp? carbon domains in aromatic rings (D band) and
the peak at 1568 cm™ is due to the first-order scattering of the
E,, mode for in-phase stretching vibration of the sp? carbon
lattice in aromatic rings (G band). A tiny peak at 1939 and
2181 cm™ can be observed, which are ascribed to the
butadiyne bond.* XPS data shows that the synthetic products
have both sp? and sp hybrid carbon and the area ratio of the
two are almost close to 1:1 (Figure 2¢).*® The BET specific
surface area of GDY-NS can reach to 467.9 m? g%, which is
slightly lower than that previously reported for GDY as 873.76
m? g~3! It is probably because GDY sheets stack randomly
during the process of self-assembly and block a part of the
micropore structure. The pore-size distribution analysis
suggests a large number of mesopores and micropores exist
from 1 to 50 nm according to the introduction of butadiyne
linkages to form 18-C hexagons and the benzene ring network.
Meanwhile, abundant micropores (100—2000 nm) self-
assembled from the GDY sheet were observed. Therefore,
the mesopores, micropores, and high surface area were
expected to facilitate sodium-ion transfer and increase the
number of interfacial electrochemical sites, respectively."**’
Na-lon Battery Performance. The electrochemical
performances of the binder-free GDY-NS electrodes are
evaluated using half-cells with sodium metal as the counter
electrode. As shown in Figure 3a, the cyclic voltammogram
(CV) curves are summarized for the initial four cycles, with

scan rate as 1 mV s%. During the first cathodic scan, an
irreversible band appears at around 0.8 V, which is attributed to
the formation of a solid electrolyte interface (SEI) film on the
electrode surface similar to other carbon materials.® It almost
disappears from the second cycle, suggesting the formation of a
stable SEI layer. As shown in Figure 3b, the charge—discharge
curves of GDY-NS electrodes were in accordance with CV
curves (Figure 3a) without an identified plateau during the
reversible sodiation/desodiation process, which are similar to
those of the reversible lithiation/lithiation process, as we
reported previously.** ! Figure 3c exhibited the initial charge—
discharge capacities of 1492/812 mAh g~* at the current
density of 0.05 A g~ It is noted that the initial coulombic
e ciency is as high as 54.4% compared to that of other
reports.”® The capacity loss of the initial charge—discharge
capacities is probably attributed to the reductive decomposition
of the electrolyte and the formation of a dense SEI film due to
the amount of active sites and irreversible reaction between
sodium ions and the butadiyne linkages and the residual
functional group of the aromatic benzene rings.>’ In Figure 3c,
the rate capability of a GDY-NS film is evaluated at di erent
current densities ranging from 0.05 to 5 A g~*. The initial
reversible capacities at various charge—discharge rates are
retained at 812, 760, 697, 527, 402, 278, and 175 mAh g~* at
current densities of 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 A g7},
respectively. When the current density is reset to 0.05 A g2,
the capacity increases to around 750 mAh g~ and reveals the
outstanding rate performance (Figure 3c). On the basis of the
cycles at a di erential scan rate from 1 to 100 mV s as
summarized in Figure 3d, it could be observed that the
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Figure 3. Electrochemical performance of GDY-NS electrodes in the sodium metal half-cell format; (a) CV profiles of GDY-NS electrodes for the
initial four cycles, with the scan rate as 1 mV s™%; (b) the charge—discharge curves of GDY-NS electrodes at the current density of 50 mA g%, with
di erent cycles; (c) the rate performance of the GDY-NS-based electrodes for NIBs, with current from 50 mA g~ to 5 A g7, respectively; (d) CV
profiles of GDY-NS electrodes, with the scan rate from 1 to 100 mV s~ at the first cycle, respectively; (e) the cycle performance of the product-
based electrodes at the current density of 1 A g%; (f) the NIB performance of GDY-NS and other references (all of the potential is vs Na*/

Na).15'16'18'38_42

potential peak is obviously moved from around 0.6 to 0.5 V
when the scan rate increases from 1 to 100 mV s In Figure
3e, a reversible capacity of more than 405 mAh g~* is shown
after 1000 cycles at a current density of 1 A g™%, with a high
coulombic e ciency of >95%, demonstrating the outstanding
cycle performance. The initial reversible capacities decreased
slightly at early cycles and maintained a reversible capacity of
more than 562 mAh g~* after 1000 cycles at a current density of
0.05 A g™t and 465 mAh g* after 1000 cycles at a current
density of 05 A g™t (Figure S7ab). Therefore, the capacity
retention ability, rate ability, and cycle ability of GDY-NS show
a great advantage than those of other carbon nanomaterials, as
summarized in Figure 3f." The high specific capacity and long
cycle life are attributed to the unique 3D architecture and
multiporous structure with the butadiyne linkages that endow
GDY-NS with abundant active sites for sodium storage and
excellent chemical stability.***” The unique 3D architecture of

GDY-NS with numerous micropores and mesopores and the
low barriers of sodium di usion are helpful for rapid transport
of sodium on the GDY-NS interface, thus making the GDY-NS
suitable as sodium storage material even at high charge—
discharge rates. It is noted that when the exfoliated GDY-NS
powder acted as an anode electrode in NIBs with a high GDY-
NS mass loading around 1.02 mg/cm? the capacity of GDY
materials showed a significant decrease. The exfoliated GDY-
NS powder displays a steady and reversible capacity around 490
mAh g~! with current density 50 mA g%, and less than 200
mAh g~ with current density 1 A g~ (as shown in the
Supporting Information in Figure S8b—d). This is probably
caused by the stacking and interaction of the exfoliated GDY-
NS sheet, leading to the di culty of sodium intercalation in
bulk GDY than in thin and few-layered GDY-NS. Furthermore,
the morphology of the GDY-NS electrode after 7 and 1000
cycles is shown in Figure S9ab, respectively. It is directly

DOI: 10.1021/acsami.7b11420
ACS Appl. Mater. Interfaces 2017, 9, 40604—40613


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11420/suppl_file/am7b11420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11420/suppl_file/am7b11420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11420/suppl_file/am7b11420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11420/suppl_file/am7b11420_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b11420

ACS Applied Materials & Interfaces

Figure 4. Electrochemical characterization of GDY-NS/AC NICs. (a) Schematic diagrams of the NIC full-cell configuration composed of the AC as
the cathode and GDY-NS as the anode electrode; (b) lighting a blue LED by the GDY-NS/AC NIC cell; (¢c) CV profiles of GDY-NS electrodes with
the scan rate from 1 to 100 mV s, respectively; (d, e) galvanostatic charge—discharge voltage profiles of GDY-NS electrodes at various current
densities from 50 mA g™ to 5 A g%, respectively; (f) Ragone plots of NICs with GDY-NS/AC and comparison of other references;*> *’and (g) the
cycle performance of the GDY-NS/AC-applied NICs at the current density of 1 A g~* (all of the potential is vs Na* /Na).

observed that a thin SEI layer was formed on the surface of the interplanar distance of the GDY-NS layers is around 0.37 nm
GDY-NS film, resulting in low initial coulombic e ciency. after 1000 cycles, indicating that sodium-ion intercalation into
Figure S9c,d shows the TEM image of GDY-NS for NIBs after and deintercalation from the GDY layer would not change the
1000 cycles. According to the high resolution images, the layer structure of GDY greatly. Figure S9 (in the Supporting
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Information) showed Nyquist plots of GDY-NS electrodes
before and after 1000 cycles. For details, the fitting kinetic
parameters of the electrodes are listed in Table S1. It is noted
that the Nyquist plots revealed that the diameter of the
semicircle for the GDY-nanowire (NW) electrode before cycles
in the high—medium frequency region was larger than that after
cycling, along with the fitted R, value decreasing from 5.401 to
3.608 after 1000 cycles, leading to a stable cycle performance
of the GDY-NW for LIB application. This phenomenon can be
attributed to a stable SEI layer being formed after the initial
cycle, which can e ectively reduce the resistance of the interface
and thus stabilize the battery system.*3®

Na-lon Capacitor Performance. For the application of
NICs, AC is chosen as the positive electrode material. Figure
4ab shows schematic diagrams of the NIC full-cell and
operating a blue light-emitting diode (LED) through the cell,
composed of the AC as the cathode and presodiation GDY-NS
as the negative electrode consisting of extra sodium by direct
attachment. For e ective long term device operation, the
optimal mass balance of the electrode is crucial. Because the
specific reversible capacities of GDY-NS are around 812 and 46
mAh g~* for AC with a current density of 50 mA g% in the case
of NIBs, respectively (Figure S10), the electrode mass ratio is
optimized so as to balance the capacities for each electrode.
Figure S11a shows the galvanostatic charge—discharge voltage
profiles of GDY-NS electrodes at current densities of 0.05 A g™*
with di erent GDY-NS/AC mass ratios, respectively. In Figure
S11b, the corresponding specific capacitances of the NICs
incorporating GDY-NS as the negative electrode with di erent
GDY-NS/AC mass ratios are exhibited. A better specific
capacitance is exhibited as high as 237.6 F g™* in accord with
the smaller mass balance of the electrode. In Figure 4c, results
suggest that at a high scan rate of 100 mV s, the CV curve has
an early rectangular shape, indicating an ideal capacitive
behavior with no obvious redox peaks, similar to that of
GDY/AC LICs.* It reveals that the AC cathode is the decisive
one in the NIC devices even under existence of the sodium
intercalation/deintercalation reaction for the GDY-NS anode.
When the scan rate is as low as 1 mV s7%, the CV of the GDY-
NS electrode becomes a little distorted due to the behavior of
the Faradaic reaction (Na insertion/extraction reaction).*
Figure 4d,e suggests galvanostatic charge—discharge voltage
profiles of GDY-NS electrodes at various current densities from
0.05to 5 A g%, respectively. The GDY-NS electrode possesses
superior reversible specific capacitance with each current
density. When the current density is increased from 0.05 to 5
A g7, the reversible specific capacitance shows a little decrease
from 270 to 186 F g~*. When the current density is reset to
0.05 A g%, the capacity is still as high as 216 F g7,
demonstrating an excellent rate performance. In Figure 4f, the
NIC delivers an initial specific energy as high as 182.3 Wh kg™
at a power density of 300 and 166 Wh kg™ at a power density
of 15000 W kg%, presenting the benefit of better Na-ion
storage and delivery ability for GDY-NS than those of others
reported.®®“®3%4 |t s attributed to the high 3D porous
structure that endows GDY-NS with abundant active sites for
Na storage and excellent chemical stability of microporous and
mesoporous GDY-NS. Figure 4g exhibits the specific
capacitance maintained as high as more than 200 F g~* during
the 3000 cycles at the current density of 1 A g, with high
coulombic e ciency of >90% from 5th to 3000th cycle. This
demonstrates that the 3D architecture GDY-NS e ectively
improves sodium storage capacity and cycling ability and

enhances di usion kinetics. All of these results indicate that
GDY-NS is a promising anode material both for NIBs and
NICs with high capacity, outstanding rate capability, and a long
cycle life.

Figure 5a shows the in situ Raman spectra series of the first
charge/discharge process. The optical micrograph shows the

Figure 5. (a) In situ Raman spectra series of the first discharge
process; (b) optical micrograph shows the accompanying changes in
the color of the GDY-NS anode during the in situ sodiation at di erent
voltages; (c) changing trend of the relative intensity between the D
bond and G bond.

accompanying changes in the color of the GDY-NS anode
during the in situ sodiation process, which was monitored at a
discharge potential of 1.78, 0.66, and 0.27 V, as shown in Figure
5b, respectively. There is an obvious color change when the
discharge potential changes from 1.78 to 0.27 V, suggesting the
formation of SEI. In detail, the Raman results suggest that the
butadiyne bond in 2162 cm™ is gradually weakened and totally
disappears under the SEI film formation potential (around 0.8
V). It does not appear again even when the potential is
increased during the process of charging, suggesting irreversible
active butadiyne linkages act as sodium active sites through
adsorption and deposition of electrolyte. Meanwhile, the
intensity of stretching vibration of the conjugate butadiyne
linkage at 1933 cm™ is weakened and disappears gradually
under the SEI film formation potential. In the process of
charging, the peak of 1933 cm™ reappears with gradually
increased potential. However, a new peak at 2014 cm™ is
enhanced gradually above 0.35 V and shifted to the short
wavelength under the potential for the sodium ions embedded
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in GDY butadiyne linkages (below 0.35 V). Reversibly, the
peaks of 2014 cm™* show a redshift to a long wavelength with
the potential increased from 0.03 to 2.76 V. These results
forcefully prove that the butadiyne linkages have contributed to
the sodium-ion storage.®® Simultaneously, the intensity of the
peak at 1285 and 1568 cm™ are decreased during the first
discharge process. For the G bond (1568 cm™), it is moved to
the short wavelength under the potential for the sodium ions
embedded in the GDY sheet after the formation of the SEI film
(below 0.8 V) and shifted to long wavelength irreversibly with
enhanced intensity during the charge process. Successively, the
Ip/1 ratio increases with the increased potential, probably due
to the added disordered carbon structure (shown in Figure 5¢).
At the SEI formation potential (about 0.8 V), the I/l ratio
reaches the highest value. After the formation of the stable SEI
film, the sodium ion is embedded and stored to form the
GDY—Na intercalation compound. Therefore, the Ip/Ig ratio
reduces gradually as the discharge potential is reduced. In the
process of charging, the I/l ratio is undulated within a certain
range because of the formation of stable SEI and part of the
irreversible reaction of GDY—Na intercalation.®” Therefore,
according to that previously reported, it is reasonable to
consider that the specific capacity below 0.3 V corresponds to
the origination from sodium intercalation into graphene-like
interlayers. Meanwhile, the specific capacity from 0.3 to 0.8 V
corresponds to the intercalation of sodium ion into GDY-NS
films. The specific capacity above 0.8 V is associated with Na
adsorption on the GDY-NS films or on the edge plane, similar
to the formation of the graphite—Li intercalation compound.*®

The proposed schematic of sodium-ion di usion and the
sodiation process in 3D architecture GDY-NS bulk, GDY-NS
monolayers, and the GDY-NS molecular level for the NIB half-
cell configuration are summarized in Figure 6. These results
demonstrate the excellent cycle and rate performance of GDY-
NS-based device is benefitted from the controllable synthesis of
the 3D architecture porous structure. The large electrolyte
contact interface, short ion-di usion path, and better
accommodation of the insertion- and extraction-induced strain
are attributed to the 3D architecture structure and rich
butadiyne linkages. Therefore, the unique 3D architecture
structure of GDY-NSs is able to improve the rapid trans-
portation, the migration, and di usion of sodium in the phase
in GDY-NS from GDY monolayers to GDY sheets and the 3D
architecture network, as suggested in Figure 6.

I CONCLUSIONS

In summary, we reported the successful synthesis of 3D
architecture GDY-NS with porous structure and its application
for high-performance sodium storage devices included NIBs
and NICs. Results proved that the existence of butadiyne
linkages played an important role in increasing the sodium
bonding site and promote the formation of a stable SEI layer,
which was confirmed through the in situ Raman measurement.
The contribution of the 3D architecture structure and the
butadiyne linkages of the GDY-NS substantially optimize
sodium storage behavior through the enhanced activity sites,
accommodating a large volume porous structure and facilitating
a fast ion-di usion channel. The GDY-NS exhibits a stable
reversible capacity of approximately 400 mAh g~* over 1000
cycles at a current density of 1 A g™t in half-cells for NIBs, with
an excellent rate and long cycle performance. Thus GDY-NS
films could deliver a capacitance more than 200 F g~* over 3000
cycles at 1 A g™t for NICs with an active carbon cathode and

Figure 6. Proposed schematic diagrams of the sodium-ion di usion
and sodiation in 3D architecture GDY-NS materials, GDY-NS
monolayers, and GDY-NS molecular structure for the NIB half-cell
configuration, respectively.

exhibit an initial specific energy as high as 182.3 Wh kg™ at a
power density of 300 W kg™ Results indicate that the obtained
GDY-NS films showed interesting properties and could be a
potential competitor for application in large-scale sodium
rechargeable batteries.
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