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Abstract
Organic electroactive materials derived from biomasses are promising candidates for next
generation rechargeable batteries due to the low cost, sustainability and environmental benignity.
Since organic materials have very low electronic conductivity, they are normally synthesized into
nano-scale and mixed with conductive carbon before electrode fabrication. Herein, we first
reported a unique role-to-role fabrication technology by taking advantage of the high solubility of
organic materials in water. The synthetic process of nano-size organic materials is merged into the
organic electrode fabrication process. 2,5-Dihydroxy-1,4-benzoquinone disodium salt (DHBQDS) is
used as a model, and the DHBQDS nanorod electrode is in situ formed by precipitating DHBQDS
nanorods from DHBQDS–sodium alginate–carbon black aqueous slurry film on a Cu current collector
during electrode drying process. Due to the fast ionic and electronic conductivity of DHBQDS–
carbon nanocomposite, the DHBQDS nanorod electrodes deliver a reversible capacity of 167 mA h
g�1 at a high current density of 200 mA g�1 after 300 cycles, which is 87% of its initial capacity
(capacity decay rate of 0.051% per cycle). To reduce the dissolution of DHBQDS in the electrolyte
upon cycling, a thin layer of Al2O3 with thickness of 1 nm or 2 nm is coated on the DHBQDS nanorod
electrodes using atomic layer deposition (ALD). The Al2O3 coating remarkably suppresses the
dissolution of DHBQDS nanorods as evidenced by the increased Coulombic efficiency from 94% to
�100% at a low current density of 50 mA g�1. The reversible capacity of Al2O3 coated DHBQDS
nanorod electrodes remains at 212 mA h g�1 after 300 cycles with a very low capacity decay rate of
0.049% per cycle. The ALD enhanced organic nanorods exhibit the best reversible capacity and
cycle life among the organic electrodes reported for Na-ion batteries.
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Introduction sodium alginate were uniformly co-precipitated on the carbon
Figure 1 Schematic illustration of nanorod electrode preparation
process.
Li-ion batteries (LIB) are the promising energy storage devices for
emerging electric vehicles and smart grids. However, the high
cost and limited availability of lithium sources hinder the large-
scale application of LIB for renewable energy storage [1–3]. Na-
ion batteries (NIB), which share similar chemistry as LIB, are the
most promising energy storage devices for renewable energy due
to the low cost and abundance of sodium sources [4]. Recently,
considerable research efforts have been devoted to developing
advanced cathode materials for NIB [5]. Among them, sulfur
[6,7], selenium [8,9], O3-type and P2-type sodium metal oxides
[10–12], sodium metal phosphate [13,14] and sodium metal
sulfate [15] cathodes showed excellent electrochemical perfor-
mance. However, there are only a few reports on the anode
materials. Although the nongraphitic carbonaceous materials
[16,17], tin [18,19], antimony [20], red phosphorous [21,22] and
metal sulfides [23,24] anodes show promising performance in NIB,
the high energy-consuming synthetic process, material scarcity,
and high cost limit the wide application of these anode materials
in NIB. As a consequence, it is of great significance to explore
energy- and cost-effective organic anode materials for NIB.

Organic materials derived from biomasses are the best
candidates for next generation green NIB due to their abun-
dance, sustainability, environmental benignity and low cost [25].
Although several carbonyl group based organic anodes have
been reported for NIB [26–32], the limited cycling stability, low
capacity and inferior rate capability impede the application of
these carbonyl based organic anodes. The organic anodes face
three major challenges: [33–37] (1) The extremely low con-
ductivity of organic materials seriously reduces reaction kinetics,
resulting in large overpotentials; (2) Particle pulverization
induced by large volume change during sodium ion insertion/
extraction accelerates capacity decay; (3) The high solubility of
organic materials in organic electrolyte induces active material
loss upon cycling, resulting in fast capacity fading. Due to the
very low conductivity of organic anodes, 20–30 wt% of conduc-
tive carbon has to be added into organic electrodes and the
particle size of organic materials has to be reduced into nano-
scale to increase the contact surface among organic materials,
conductive carbon and electrolytes, thus enhancing electroche-
mical reaction kinetics [38]. The decrease of organic particle
size into nano-scale can also alleviate particle pulverization,
further improving cycling stability. Current technology to reduce
the solubility of organic compounds in the electrolyte is to
increase the polarity of organic compounds by formation of
organic salts. Up to date, only nano-size organic salt electrodes
show reasonable performance. As battery electrode, the nano-
size organic salt electrodes are fabricated through two steps:
(1) Synthesizing nano-size organic salts using chemical/physical
process; (2) mixing nano-size organic salts with conductive
carbon, binder and solvent to form a slurry-ink, and then casting
onto current collector.

In this work, 2,5-dihydroxy-1,4-benzoquinone disodium salt
(DHBQDS) nanorod anodes were in situ fabricated for the first
time by one-step process through integrating the nanomaterial
synthetic process into electrode casting process, simplifying
the electrode preparation process. Due to the high solubility
of DHBQDS and sodium alginate binder in water, the DHBQDS–
carbon black–sodium alginate aqueous slurry was casted on the
Cu foil, and the DHBQDS nanorod crystals and nano-size
surface during the electrode drying process as shown in
Figure 1. Due to the fast ionic and electronic conductivity of
DHBQDS nanorod–carbon nanocomposite and uniform distribu-
tion of DHBQDS, sodium alginate and carbon black, the
DHBQDS nanorod electrodes deliver a reversible capacity of
167 mA h g�1 at a high current density of 200 mA g�1 after
300 cycles, which is 87% of its initial capacity (capacity decay
rate of 0.051% per cycle). To reduce the dissolution of DHBQDS
in the electrolyte upon cycling, a thin layer of Al2O3 with
thickness of 1 nm or 2 nm was coated on the DHBQDS nanorod
electrodes using ALD. The reversible capacity of Al2O3 coated
DHBQDS nanorod electrodes remains at 212 mA h g�1 at a low
current density of 50 mA g�1 after 300 cycles with a very low
capacity decay rate of 0.049% per cycle. The Al2O3 coating
remarkably suppresses the dissolution issue as evidenced by
the fact that the Coulombic efficiency achieves �100% for
Al2O3 coated electrodes after first few cycles. The ALD
enhanced organic nanorods represent the best organic anode
in Na-ion batteries in terms of reversible capacity and
cycle life.
Results and discussion

2,5-Dihydroxy-1,4-benzoquinone disodium salt is synthesized by
neutralizing 2,5-dihydroxy-1,4-benzoquinone (DHBQ) with sodium
hydroxide in ethanol alcohol solution. DHBQDS contains two
carbonyl groups, connected by a benzene ring, and two sodium
ions, bonding with phenol groups, as shown in Scheme 1. The 1,4-
benzoquinone structure provides two active sites for the redox
reaction with electrons and sodium ions, while the sodium–oxygen
ionic bonds remarkably decrease its dissolution in organic electro-
lyte, but maintain high solubility in water. The pristine DHBQDS
precipitated from sodium hydroxide–ethanol alcohol solution has a
crystal structure as demonstrated by the X-ray diffraction (XRD)
pattern in Figure S1a. As shown in Fig. S1b, the pristine DHBQDS
particles have irregular rods and particles morphology with an
average size about 1 mm. The thermal stability of pristine DHBQDS
is measured by thermogravimetric analysis as shown in Figure S1c.
Decomposition of DHBQDS molecules starts at the temperature of
150 1C. The DHBQDS lose 4% of weight from 150 1C to 450 1C and
15% of weight from 450 1C to 550 1C during heating in argon.

To investigate the role of carbon black and sodium
alginate in precipitation of nano-size DHBQDS, the pristine
DHBQDS was recrystallized from four different aqueous
solutions/slurries due to the high solubility of DHBQDS in
water: (1) DHBQDS–carbon black–sodium alginate aqueous
slurry with the weight ratio of 60:25:15; (2) DHBQDS–carbon



Scheme 1 The molecular structure of DHBQDS.

Figure 2 SEM images of DHBQDS nanorod electrode.

0.8 1.2 1.6 2.0 2.4
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

C
ur

re
nt

 (m
A

)

Voltage (V)

 1st cycle
 2nd cycle
 3rd cycle
 4th cycle
 5th cycle

Figure 3 (a) The sodiation/desodiation mechanism for DHBQDS;
(b) cyclic voltammogram of DHBQDS electrode with sodium
alginate binder in NaClO4-FEC/DMC electrolyte at 0.1 mV s�1 in
the potential window from 0.5 V to 2.5 V versus Na/Na+.
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black aqueous slurry with the same weight ratio (70:30) of
DHBQDS to carbon black as in (1); (3) DHBQDS–sodium
alginate aqueous solution with the same ratio (80:20) of
DHBQDS to sodium alginate as in (1), and (4) aqueous
DHBQDS solution. Each slurry/solution was casted on Cu
foils and then dried in the vacuum oven at 100 1C for 12 h
that is the same procedure as the electrode fabrication
process. As shown in Figure 2, DHBQDS precipitated from
DHBQDS–carbon black–sodium alginate aqueous solution has
nanorod structure with a diameter of 200–300 nm and a
length of �1 mm. However, the DHBQDS precipitated from
other three aqueous slurry/solutions have irregular shapes
(Figure S2a–c), demonstrating the synergic effect of carbon
black and sodium alginate in the formation of DHBQDS
nanorods. Therefore, carbon black and sodium alginate
binder not only enhance the conductivity and integrity of
the electrode, but also assist the growth of DHBQDS
nanorods. The exact synergic mechanism of carbon black
and sodium alginate for the formation of DHBQDS nanorods
is still under investigation. The high solubility of DHBQDS
and sodium alginate in water enables the uniform distribu-
tion of DHBQDS nanorods, sodium alginate and carbon black
in the electrode, which will contribute to the robustness of
electrode and superior rate performance of DHBQDS
nanorod electrodes.

As shown in Figure 3a, the quinone-based DHBQDS molecule
has two carbonyl groups, connected by conjugated structure.
Both carbonyl groups can react with sodium ions during sodia-
tion/desodiation process. Therefore, single DHBQDS molecule
can reversibly react with two sodium ions and electrons,
providing a theoretical capacity of 291 mA h g�1. The cyclic
voltammogram (CV) of DHBQDS nanorod electrodes in FEC-based
electrolyte in Fig. 3b clearly show two desodiation peaks at
1.39 V and 1.62 V possibly due to the two active carbonyl
groups, and two corresponding sodiation peaks can be observed
at 1.10 V and 1.16 V after two activation cycles (in the third
cycles). The two sodiation peaks are very close to each other, so
that they overlap and merge into one broad peak in the
following cycles. CV scans demonstrate two pairs of redox
peaks, representing two active sites in DHBQDS. The two active
carbonyl groups react with sodium ions and electrons step by
step to undergo a two-phase transition process.

The electrochemical performance of DHBQDS nanorod elec-
trodes is measured in the coin cells at a current density of
50 mA g�1 using sodium metal as a counter electrode. Two
electrolytes (NaClO4-EC/DMC and NaClO4-FEC/DMC) are used
to investigate the role of FEC on the performance of DHBQDS
electrodes. DHBQDS micro-electrode with PVDF binder (Figure
S2d) is used as a control to compare with the DHBQDS nanorod
electrode. The galvanostatic charge–discharge curves of
DHBQDS electrodes at different sodiation/desodiation cycles
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are shown in Figure 4. One sloping sodiation plateau centered
at 1.2 V and two flat desodiation plateaus at 1.3 V and 1.6 Vare
observed for DHBQDS electrodes in both electrolytes after the
first charge/discharge activation cycle, which is consistent with
the CV scans in Figure 3. In the first sodiation curve, only one
sodiation plateau at 1.2 V is observed in the EC-based electro-
lyte, while an extra slopping sodiation plateau centered at
1.4 V followed by the regular flat sodiation plateau at 1.2 V can
be found in the FEC-based electrolyte, which could be
associated to the formation of a thick solid electrolyte
interphase (SEI) layer, as evidenced by the larger potential
hysteresis between sodiation/desodiation plateaus. Table S1 in
supporting information summarizes the capacity and Coulom-
bic efficiency of DHBQDS nanorod electrode and micro-
electrode in NaClO4-FEC/DMC and NaClO4-EC/DMC. The first
cycle Coulombic efficiencies of DHBQDS nanorod electrode and
micro-electrode in NaClO4-FEC/DMC electrolyte are lower than
that in EC-based electrolyte, indicating formation of thick SEI
layer in FEC-based electrolyte. Moreover, larger overpotential
of sodiation/desodiation plateaus can be observed in FEC-
based electrolyte owing to the thicker insulating SEI layer.
However, SEI layer can reduce the dissolution of DHBQDS and
stabilize the electrode, which is beneficial to the long-term
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Figure 4 The galvanostatic charge–discharge curves between 0.8 V
binder in NaClO4-EC/DMC electrolyte (a) and NaClO4-FEC/DMC electroly
in NaClO4-EC/DMC electrolyte (c) and NaClO4-FEC/DMC electrolyte (d)
cycle life. Table S1 also demonstrates that the reversible
capacity of DHBQDS nanorod electrode is higher than that of

DHBQDS micro-electrode due to the uniform distribution of
DHBQDS nanorods and carbon black after recrystallization.

The cycling stability of DHBQDS electrodes using PVDF and
sodium alginate binders was measured in NaClO4-EC/DMC and
NaClO4-FEC/DMC electrolytes (Figure 5). As shown in Figure 5a,
DHBQDS micro-electrodes using PVDF binder suffers from fast
capacity decline in both electrolytes. However, the capacity
decay rate of DHBQDS in FEC-based electrolyte is slower than
that in EC-based electrolyte, demonstrating that FEC-based
electrolyte can improve the cycling stability. Analogous to
DHBQDS micro-electrodes with PVDF binder, the cycling per-
formance of DHBQDS nanorod electrodes with sodium alginate
binder in the FEC-based electrolyte is also better than that in
the EC-based electrolyte (Figure 5b). The reversible capacity of
DHBQDS nanorod electrodes in EC-based electrolyte decreases
from initial 220 mA h g�1 to 92 mA h g�1 after 240 cycles,
while the reversible capacity of DHBQDS electrodes in FEC
electrolyte remains at 190 mA h g�1 after 240 cycles corre-
sponding to a low capacity decay rate of 0.13% per cycle. The
DHBQDS nanorod electrode using sodium alginate binder show
better cycling stability than DHBQDS micro-electrode using
0 200 400 600 800

0.8

1.2

1.6

2.0

2.4

Vo
lta

ge
 (V

) v
s 

N
a+

/N
a

Specific Capacity (mAh g-1 )

 1st cycle
 2nd cycle
 10th cycle

0 100 200 300 400 500 600 700

0.8

1.2

1.6

2.0

2.4

Vo
lta

ge
 (V

) v
s 

N
a+ /N

a

Specific Capacity (mAh g-1)

 1st cycle
 2nd cycle
 10th cycle

and 2.5 V versus Na/Na+ for DHBQDS micro-electrode with PVDF
te (b) and DHBQDS nanorod electrode with sodium alginate binder
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Figure 5 Electrochemical performance of DHBQDS electrode. Desodiation capacity and Coulombic efficiency of DHBQDS micro-
electrode with PVDF binder (a) and nanorod electrode with sodium alginate binder (b) in NaClO4-EC/DMC electrolyte and NaClO4-
FEC/DMC electrolyte at the current density of 50 mA g�1; (c) rate performance of DHBQDS nanorod electrode with sodium alginate
binder in NaClO4-FEC/DMC electrolyte at various current rates; (d) desodiation capacity and Coulombic efficiency after rate
measurement at the current density of 200 mA g�1.
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PVDF binder in both electrolytes, and DHBQDS nanorod electro-
des show the best performance in FEC-based electrolyte. The
DHBQDS nanorod formed with the assistance of sodium alginate
and carbon black provides larger surface area and shorter ionic/
electronic diffusion pathways compared to micro-sized
DHBQDS, resulting in fast reaction kinetics. Moreover, the
nanostructure can accommodate the volume expansion/shrink-
age during sodiation/desodiation process, alleviating the parti-
cle pulverization. Since DHBQDS nanorod electrode in FEC-
based electrolyte exhibits the best cycle life, it is selected to
measure the rate capability. As shown in Figure 5c, with the
current density increases from 20 mA g�1 to 1 A g�1, the
reversible capacity decreases from 290 mA h g�1 to 68 mA h
g�1, while the reversible capacity recovers to 290 mA h g�1

after the current density returns to 20 mA g�1, demonstrating
the excellent robustness and integrity of DHBQDS nanorod
electrode at various current densities. After 45 cycles, the
current density is increased to 200 mA g�1 for long term
cycling stability test as shown in Figure 5d. By comparing
Figure 5b and d, we can conclude that both the cycling
stability and Coulombic efficiency of DHBQDS nanorod elec-
trode increase with the elevated current density. The Cou-
lombic efficiency improves from 94% at 50 mA g�1 to �100%
at 200 mA g�1, while the reversible capacity remains at
167 mA h g�1 at 200 mA g�1 after 300 cycles (255 cycles after
the rate capability test), which is 87% of its initial capacity
(capacity decay rate of 0.051% per cycle). The improved
Coulombic efficiency and cycle life at a high charge/discharge
current density demonstrate that DHBQDS nanorods still
slightly dissolve into the FEC-based electrolyte even SEI
protection layer is formed. At low current density, more
DHBQDS nanorods can dissolve into the electrolyte, resulting
in capacity fading, while the dissolution of DHBQDS nanorods
in the electrolyte becomes much slower at high current
density due to the shorter charge/discharge period.

The impedance analysis for DHBQDS nano-electrode and
micro-electrode in FEC-based electrolyte was performed
using electrochemical impedance spectroscopy (EIS). In the
impedance plots, the depressed semi-circle in high fre-
quency region represents interface resistance including
contact impedance or SEI impedance, and charge transfer
impedance, while the low frequency line stands for ion
diffusion resistance. As shown in Figure 6, both the inter-
face and diffusion impedances of DHBQDS nano-electrode
are much lower than that of DHBQDS micro-electrode,
indicating the lower interface resistance and better kinetics
of DHBQDS nanorods. The interface resistance of DHBQDS
nano-electrode is about 140 Ω, while that for DHBQDS
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micro-electrode has much higher value of 280 Ω. The
impedance results convince that the high capacity and
superior rate capability of DHBQDS nanorod electrode is
0 100 200 300 400
0

50

100

150

200

250
 DHBQDS nano-electrode 
 DHBQDS micro-electrode

-Z
'' 

(O
hm

)

Z' (Ohm)

Figure 6 Impedance analysis for DHBQDS nanorod electrode
and micro-electrode.
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Figure 7 The galvanostatic charge–discharge curves between 0.8 V an
1 nm Al2O3 layer (a) and 2 nm Al2O3 layer (b) with sodium alginate
50 mA g�1; desodiation capacity and Coulombic efficiency of DHBQDS n
layer (d).
due to the large electrochemical reaction interface and
short lithium ion diffusion pathway.

To prevent the DHBQDS nanorods from dissolution into the
electrolyte, ALD is employed to deposit a thin layer (1 nm or
2 nm) of Al2O3 on the surface of DHBQDS nanorod electrode at
150 1C under vacuum. As shown in Figure S3, negligible
morphology change can be observed after uniform Al2O3

deposition. The electrochemical performance of Al2O3 coated
DHBQDS nanorod electrode at a low current density of 50 mA
g�1 in NaClO4-FEC/DMC electrolyte is shown in Figure 7. The
charge/discharge curves of Al2O3 covered DHBQDS nanorod
electrodes in Fig. 7a and b are similar to that of bare DHBQDS
nanorod electrodes in Figure 4d, but the sodiation plateaus
shift to negative value and a larger potential hysteresis can be
observed, demonstrating the worse reaction kinetics after
insulating Al2O3 coating. Figure 7c and d shows the cycle life
of ALD treated DHBQDS nanorod electrodes. The reversible
capacity of both ALD treated electrodes increases in the first
twenty cycles due to poor reaction kinetics after insulating
Al2O3 coating, but the Coulombic efficiency of two electrodes
with 1 nm and 2 nm Al2O3 increases from 94% of bare DHBQDS
to �100% after nano-layer Al2O3 coating, demonstrating the
dissolution is alleviated by Al2O3 coating. More importantly, the
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reversible capacities of DHBQDS nanorod electrode with 1 nm
and 2 nm Al2O3 layer remain at 209 mA h g�1 and 212 mA h g�1

after 300 cycles. The improved Coulombic efficiency and cycle
life are attributed to the encapsulation of DHBQDS nanorod by
Al2O3 layer, which prevents the dissolution of DHBQDS upon
cycling. Therefore, a high capacity and long cycle life organic
anode is obtained by using organic nanorod material in NaClO4-
FEC/DMC electrolyte with Al2O3 deposition.

The ex situ XRD is performed to study the phase change of
DHBQDS nanorod electrode upon sodiation/desodiation process.
The fully sodiated DHBQDS nanorod electrode is prepared by
sodiating the electrode to 0.8 V and maintaining the voltage at
0.8 V for 12 h. Similarly, the fully desodiated DHBQDS nanorod
electrode is prepared by desodiating the electrodes to 2.5 V and
maintaining the voltage at 2.5 V for 12 h. Both fully sodiated and
fully desodiated electrodes are immersed in dimethyl carbonate
for 48 h to remove NaClO4 from the surface of the electrode.
From Figure 8, we can observe that the three XRD peaks for
fresh DHBQDS at 12.51, 15.51 and 171 disappear after sodiation,
while a small shoulder at 13.31 appears, demonstrating the
phase change occurs after sodiation. After desodiation, the
small shoulder at 13.31 disappears, and the three XRD peaks for
fresh DHBQDS recover, demonstrating DHBQDS nanorods can
maintain its crystal structure upon solidation/desolidation
cycles. Therefore, the result of ex situ XRD confirms that phase
change occurs during sodiation/desodiation process, and the
crystal structure of DHBQDS nanorod can be maintained after
sodiation/desodiation.
Conclusion

A new organic anode material, 2,5-dihydroxy-1,4-benzoqui-
none disodium salt, was synthesized by neutralizing 2,5-
dihydroxy-1,4-benzoquinone with sodium hydroxide in etha-
nol alcohol solution. For the first time, DHBQDS nanorods
were in situ synthesized in the electrode fabrication
process, which uniquely integrates the nanomaterial syn-
thetic procedure into electrode fabrication process. With
the assistance of carbon black and sodium alginate, crystal
DHBQDS nanorods were recrystallized from DHBQDS aqueous
solution during electrode drying process. The in situ formed
carbon black–sodium alginate–DHBQDS nanorod composite
electrodes have high electronic and ionic conductivity, less
particle pulverization, thus high rate capability and excel-
lent cycling stability in NaClO4-FEC/DMC electrolyte. The
DHBQDS nanorod electrodes deliver a reversible capacity of
190 mA h g�1 at a high current density of 200 mA g�1 and
maintain 87% of its initial capacity after 300 cycles with
capacity decay rate of 0.051% per cycle. ALD is employed to
deposit a thin layer (1–2 nm) of Al2O3 on the electrode
surface, which greatly enhances the Coulombic efficiency
from 94% to almost 100% even at a low current density of
50 mA g�1. The reversible capacities of DHBQDS nanorods
covered with 1 nm and 2 nm Al2O3 layer remain at 209 mA
h g�1 and 212 mA h g�1 after 300 cycles, which represent
the best battery performance among all organic anodes.
The excellent electrochemical performance of DHBQDS
anode demonstrates that it is a promising candidate for
advanced NIB. This in situ fabrication method can apply to
other electrodes if the active materials in electrodes are
highly soluble in the solvent of casting slurry.
Methods

Synthesis of 2,5-dihydroxy-1,4-benzoquinone
disodium salt

All chemicals were purchased from Sigma Aldrich and used
as received. 2,5-Dihydroxy-1,4-benzoquinone was dispersed
in ethanol alcohol with sodium hydroxide powders in 5%
excess. The solution was stirred at room temperature for
24 h, and then the solution was filtered to collect the
precipitation. The precipitation was washed with ethanol
and dried in the vacuum oven at 100 1C overnight. 2,5-
Dihydroxy-1,4-benzoquinone disodium salt was collected as
orange powder.
Atomic layer deposition

The DHBQDS electrodes were placed into an atomic layer
deposition system (Beneq TFS 500) for Al2O3 deposition.
High-purity nitrogen at 150 1C was used as carrier gas for
the whole process. To obtain the Al2O3 layer with a
thickness of 1 nm or 2 nm, 10 or 20 precursor pulse cycles
of ALD-Al2O3 were performed. Each cycle included alter-
nating flows of trimethylaluminum (TMA, 4 s, Al precursor)
and water (4 s, oxidant) separated by flows of pure nitrogen
gas (4 and 10 s, respectively, carrier and cleaning gas). The
thickness of Al2O3 layer was about 1 Å for each precursor
pulse cycle.
Material characterizations

Scanning electron microscopy (SEM) images were taken by
Hitachi SU-70 analytical ultra-high resolution SEM (Japan);
Thermogravimetric analysis (TGA) was carried out using a
thermogravimetric analyzer (TA Instruments, USA) with a
heating rate of 5 1C min�1 in argon; X-ray diffraction (XRD)
pattern was recorded by Bruker Smart1000 (Bruker AXS Inc.,
USA) using CuKα radiation. An XRD sample holder with cover is
used for the fully sodiated DHBQDS nanorod electrode to avoid
its contact with air.
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Electrochemical measurements

The DHBQDS powder was mixed with carbon black and sodium
alginate/PVDF binder to form a slurry at the weight ratio of
60:25:15. The electrode was prepared by casting the slurry onto
copper foil using a doctor blade and dried in a vacuum oven at
100 1C overnight. The slurry coated on copper foil was punched
into circular electrodes with an area mass loading of 1.0 mg
cm�2. Coin cells for sodium ion batteries were assembled with
sodium foil as the counter electrode, 1 M NaClO4 in a mixture of
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by
volume) or fluoroethylene carbonate/dimethyl carbonate
(FEC/DMC, 1:1 by volume) and Celgards 3501 (Celgard, LLC
Corp., USA) as the separator. Electrochemical performance was
tested using Arbin battery test station (BT2000, Arbin Instru-
ments, USA). Capacity was calculated on the basis of the mass
of DHBQDS. Cyclic voltammograms were recorded using Gamry
Reference 3000 Potentiostat/Galvanostat/ZRA with a scan rate
of 0.1 mV s�1.
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