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Abstract: Sustainable sodium-ion batteries (SSIBs) using
renewable organic electrodes are promising alternatives to
lithium-ion batteries for the large-scale renewable energy
storage. However, the lack of high-performance anode material
impedes the development of SSIBs. Herein, we report a new
type of organic anode material based on azo group for SSIBs.
Azobenzene-4,4’-dicarboxylic acid sodium salt is used as
a model to investigate the electrochemical behaviors and
reaction mechanism of azo compound. It exhibits a reversible
capacity of 170 mAh g@1 at 0.2C. When current density is
increased to 20C, the reversible capacities of 98 mAhg@1 can be
retained for 2000 cycles, demonstrating excellent cycling sta-
bility and high rate capability. The detailed character-
izations reveal that azo group acts as an electro-
chemical active site to reversibly bond with Na+. The
reversible redox chemistry between azo compound
and Na ions offer opportunities for developing long-
cycle-life and high-rate SSIBs.

With the advent of renewable energy for smart
grids, Li-ion batteries (LIBs), the dominant power
supply for most portable electronics, cannot satisfy
the vast demand from the market owing to the lack of
lithium resources in the earth crust.[1, 2] It is important
to search for an inexpensive and abundant alternative
to LIBs for the large-scale application of smart grids.
Na-ion batteries (SIBs), which share similar chemis-
try to LIBs, are promising alternatives, because
sodium is the sixth most abundant element in the
earth. In the last decade, extensive research efforts

were devoted to developing high performance SSIBs for
large-scale renewable energy storage, and significant advance
in high performance cathode materials (such as sodium metal
oxides,[3–5] sodium metal phosphates,[6, 7] sulfur[8, 9] and sele-
nium[10,11]) has been achieved. However, the lack of high-
performance anode material limits the development of SIBs
since the high performance LIB anodes (such as, graphite and
silicon) are inactive for SIBs, while sodium metal suffers from
safety issue induced by dendrite growth.[12] Although Na-ion
can co-intercalate into graphite with diglyme at a low
potential, its low specific capacity of less than 100 mAh g@1,
limits the energy density of SIBs.[13] Therefore, developing

high performance renewable anode materials becomes
a major challenge for SSIBs.

Organic compounds, which are abundant, inexpensive,
sustainable and recyclable, are promising anode materials for
SSIBs.[14–16] There are three categories of organic electrodes
based on carbonyl (C=O), imine (C=N), and doping reactions
in SIBs (Scheme 1).[17–21] The doping-reaction-based organic
materials, such as organic radicals, display high reaction
potentials during the p-doping process with anions (ClO4

@ ,
PF6

@), and are not suitable for anodes, while the conventional
organic anodes are mainly based on carbonyl and imine
compounds, which provide carbonyl and imine redox centers
to reversibly react with Na ions at relatively low reaction
potentials.[22–25] The typical carbonyl compounds such as
sodium terephthalate[26,27] and benzoquinone derivatives,[28,29]

and imine compounds such as Schiff base derivatives[30]

exhibit high specific capacity (> 150 mAh g@1) in SIBs. How-

Scheme 1. Reaction mechanisms for organic electrode materials.
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ever, the conventional organic anodes still suffer from low
power density and short cycle life. Most organic materials
cannot maintain high capacity at a current density over 20C
and very rare organic material show a cycle life longer than
1000 cycles in SIBs. No organic compounds can satisfy the
requirements of high power density and long cycle life for
large-scale SSIBs.

Herein, we report a new type of organic electrode
materials based on azo group (N=N) for large-scale SSIBs.
The azo group can function as a redox center to reversibly
react with Na-ions. Three organic compounds (Figure 1),

azobenzene (AB), 4-(phenylazo)benzoic acid sodium salt
(PBASS), and azobenzene-4,4’-dicarboxylic acid sodium salt
(ADASS), were selected as model azo compounds to evaluate
their electrochemical performance in SIBs. AB is selected as
a basic model aromatic azo compound since it contains only
one functional azo group in the center. However, it has high
solubility in the organic electrolyte as evidenced by Figure S1
in the Supporting Information. The colorless electrolyte
becomes orange after mixing with AB. To suppress
the dissolution of AB, carboxylate groups are added
in AB to generate PBASS and ADASS. Among them,
ADASS exhibits the best electrochemical perfor-
mance, in terms of high-rate capability and long cycle
life. ADASS provides 170 mAh g@1 at 0.2C, and
retains 66% and 58 % of the capacity when the
current density increases to 10C and 20C, respec-
tively. Moreover, a reversible capacity of 98 mAh g@1

is retained for 2000 cycles at 20C with a slow capacity
decay rate of 0.0067% per cycle. The detailed
characterizations using X-ray diffraction (XRD),
Raman spectroscopy and density functional theory
(DFT) calculations confirm azo group functions as an
electrochemical active site to reversibly bond with Na
ions as shown in Scheme 1. Therefore, azo com-
pounds are a new category of anode materials for
high performance SIBs.

The structure and morphology of PBASS and
ADASS were characterized by XRD, Raman spec-
troscopy, Fourier-transform infrared spectroscopy
(FTIR), thermal gravimetric analysis (TGA) and
scanning electron microscopy (SEM). As shown in
Figure S2–3, PBASS and ADASS have crystalline
structures with typical Raman peaks for azo group in
1400–1450 cm@1 range,[31] and typical IR peaks for azo
group in 1575–1630 cm@1 range.[32] In addition, they
display increasing baseline intensity in Raman spec-
tra (Figure S2b and S3b) owing to the fluorescence
emitted by azo compounds. TGA results (Figure S2d,
S3d) show PBASS and ADASS are stable up to

405 88C and 325 88C, respectively. The SEM images (Figure S2e,
S3e) show that PBASS and ADASS consist of micro-sized
particles. Therefore, chemical characterizations confirm the
molecular structure and particle size of PBASS and ADASS.

The electrochemical performance of azo compounds was
measured in coin cells with sodium metal as counter
electrode. In Figure S4a, AB exhibits two long and flat
plateaus at 2.0 V and 1.35 V with ultrahigh capacity of
929 mAhg@1 during the first discharge. However, the high
solubility of AB in the electrolyte significantly reduces the
corresponding charge capacity to 15 mAh g@1. To reduce the
solubility of AB, a carboxylate group is added into AB to
form PBASS. As shown in Figure S4b, PBASS delivers two
pairs of charge/discharge plateaus centered at 1.1 V and 1.4 V
with discharge capacities approximately 162 mAh g@1. How-
ever, the Coulombic efficiency of PBASS is about 115% in
the charge/discharge cycling (Figure S4c), demonstrating that
PBASS still dissolves into the electrolyte, resulting in a severe
shuttle reaction. To further suppress the shuttle reaction, an
additional carboxylate group is added to PBASS to form
ADASS. As shown in Figure 2a, ADASS displays two flat
plateaus at 1.2 V and 1.26 V during discharge and corre-
sponding two charge plateaus at 1.37 V and 1.43 V, which are
consistent with one broad cathodic peak at 1.2 V and two
sharp anodic peaks at 1.37 V and 1.43 V in cyclic voltammetry
(CV) scan (Figure 2b). The single cathodic peak at 1.2 V in
CV scan demonstrates that two pairs of sodiation/de-sodia-
tion peaks are close to each other and overlapped. Adding

Figure 1. Molecular structure of a) AB, b) PBASS, and c) ADASS.

Figure 2. The electrochemical performance of ADASS in Na-ion batteries. a) The
galvanostatic charge–discharge curves at 0.2C; b) Cyclic voltammograms at
0.1 mVs@1; c) De-sodiation capacity and Coulombic efficiency versus cycle
number at the current density of 0.2C; d) Rate performance at various C-rates;
De-sodiation capacity and Coulombic efficiency versus cycle number at 10C (e)
and 20C (f).
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carboxylate group in azobenzene cannot only reduce
the solubility, but also change the sodiation/desodia-
tion potentials. The low solubility of ADASS in the
electrolyte enables ADASS to stably charge/dis-
charge for 100 cycles with Coulombic efficiency of
approximately 100 % even at a low rate of 0.2C
(Figure 2c). Moreover, when the current density
increases from 0.2C to 40C (Figure 2d), a reversible
capacity of 71 mAh g@1 is retained, demonstrating the
robust reaction kinetics. To further evaluate the long-
term cycling stability, ADASS is cycled at 10C and
20C for 1000 cycles and 2000 cycles (Figure 2 e,f), and
ADASS retains reversible capacities of 113 mAh g@1

after 1000 cycles and 98 mAh g@1 after 2000 cycles,
further confirming the high cycling stability and high-
rate capability. Therefore, the exceptional electro-
chemical performance of ADASS manifests that azo
compounds are promising anode materials for SIBs.

The mechanism for excellent electrochemical
kinetics of ADASS was investigated using electro-
chemical impedance spectroscopy (EIS), galvano-
static intermittent titration technique (GITT) and
CV. Figure S5 shows the EIS evolution of ADASS
electrode upon cycling. The interphase resistance of
pristine ADASS electrode, represented by the
depressed semi-circle, is very small (ca. 20 Ohm),
and only slightly increases to about 30 Ohm after
5 cycles owing to the formation of solid electrolyte
interface (SEI) layer. The small interphase resistance
enables the high-rate capability of ADASS electrode.
GITT measurement was conducted to check the
overpotential and equilibrium potential of ADASS
upon cycling. As shown in Figure 3a–c, the quasi-equilibrium
potential in the first three charge/discharge cycles is stable
(Figure 3c). However, the overpotential of ADASS during
the first discharge is larger than the subsequent charge/
discharge cycles as a result of large strain/stress in the pristine
ADASS (Figure 3a–c). After the first discharge, the over-
potential of ADASS at the charge/discharge plateaus is small
(ca. 0.03 V) and stable, coincident with the small interphase
resistance in Figure S5. The equilibrium potentials obtained
from GITT in Figure 3d show that the charge/discharge
equilibrium potentials of ADASS is at 1.37 V/1.25 V, and the
potential hysteresis is only 0.12 V. The small overpotential
and potential hysteresis validate the high-rate capability of
ADASS electrode. The reaction kinetics was further studied
using CVat various scan rates (Figure 3 e). With elevated scan
rate, the cathodic peaks shift to lower potential, while the
anodic peaks shift to higher potential, ascribing to the
enhanced polarization. The linear fit of natural logarithm ln
relationship of peak current and scan rate (Figure 3 f) displays
that the slopes of anodic and cathodic peaks are close to 0.5,
demonstrating the reaction kinetics of ADASS is determined
by Na-ion diffusion.[33] The extended p-conjugated structure
in ADASS and strong Na+ adsorption by nitrogen in azo
group contribute to the fast Na-ion diffusion.[34] Therefore,
the small interphase resistance/overpotential/potential hyste-
resis and fast Na-ion diffusion result in the high-rate
capability of ADASS.

The phase and structure change of ADASS during
sodiation/desodiation were investigated using XRD, Raman
spectroscopy and DFT calculations. As shown in the in situ
XRD patterns (Figure 4a), during the discharge from 2.5 V to
0.5 V, the typical XRD peaks of ADASS at 16.688, 17.388 and
18.288 gradually decrease, while two new peaks at 1988 and 2288
appear after ADASS is sodiated to below 1.2 V, demonstrat-
ing the formation of a new phase at 1.2 V. The color-map
clearly shows that the red and yellow areas for XRD peaks of
pristine ADASS become very weak after ADASS is dis-
charged from 2.5 V to 1.2 V, while the new yellow areas in
Figure 4a for XRD peaks at 1988 and 2288 show up at 1.2 V and
become stronger from 1.2 V to 0.5 V, confirming the phase
transformation during initial sodiation. Figure 4b shows the
XRD patterns of the pristine ADASS and fully charged
ADASS electrodes after 5 cycles. The fully recovered XRD
peaks of cycled ADASS demonstrate excellent phase rever-
sibility of ADASS in SIBs. In the Raman spectra (Figure 4c),
when ADASS is fully discharged to 0.5 V, the characteristic
Raman peak at 1450 cm@1 for azo group disappears. Instead,
a new peak at 1295 cm@1, representing the sodiated azo group
(Na-N-N-Na), appears, demonstrating the azo group reacts
with Na ions during the sodiation process. When ADASS
electrode is charged to 2 V, the characteristic Raman peak at
1450 cm@1 for azo group recovers, demonstrating reversible
electrochemical reaction between azo group and Na ions.
Additionally, the Raman peak at 1600 cm@1 for carbonyl

Figure 3. Potential response of ADASS electrode in the a) first cycle, b) second
cycle, c) third cycle during GITT measurements; d) Equilibrium potential versus
specific capacity during GITT measurement OCV=open circuit potential; e) CV
curves of ADASS at various scan rates; f) The ln relationship of peak current
and scan rate for ADASS.
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group in ADASS does not change upon cycling, indicating
carbonyl group does not participate in the reaction with Na
ions. The reaction mechanism of azo compounds was further
confirmed using DFT calculations. The energy levels of the
lowest unoccupied molecular orbital (LUMO) and the high-
est occupied molecular orbital (HOMO) for AB, PBASS, and
ADASS are visualized in Figure 4d. The charge density
isosurfaces of LUMO states for AB, PBASS, and ADASS
demonstrate that the electron localizes in the azo group
during sodiation, confirming azo group is the electrochemical
active site for the reduction of azo compound. Therefore, the
detailed characterizations and DFT calculations confirm that
azo group is the electrochemical active site to reversibly react
with Na ions.

In summary, azo compounds, a new family of organic
active materials, are reported as anode materials in SIBs. An
aromatic azo compound, ADASS, is employed as a model to
investigate the electrochemical performance, reaction kinet-
ics and mechanism of azo compound. ADASS delivers

a reversible capacity of 170 mAh g@1 at 0.2C, and retains the
reversible capacities of 113 mAh g@1 and 98 mAh g@1 at 10C
and 20C for 1000 cycles and 2000 cycles, respectively, dem-
onstrating exceptional cycling stability and rate capability.
The detailed characterizations and DFT calculations unravel
that the small interphase resistance and low potential
hysteresis contribute to the high rate capability, and the azo
group in ADASS acts as an electrochemical active site to
reversibly bond with Na ions. Therefore, azo compounds as
a new family of organic electrode materials are promising for
developing long-cycle-life and high-rate SSIBs.
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