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Organic compounds are desirable for sustainable Li-ion batteries
(LIBs), but the poor cycle stability and low power density limit
their large-scale application. Here we report a family of organic
compounds containing azo group (N=N) for reversible lithiation/
delithiation. Azobenzene-4,4’-dicarboxylic acid lithium salt
(ADALS) with an azo group in the center of the conjugated struc-
ture is used as a model azo compound to investigate the electro-
chemical behaviors and reaction mechanism of azo compounds. In
LIBs, ADALS can provide a capacity of 190 mAh g~" at 0.5 C (cor-
responding to current density of 95 mA g~") and still retain 90%,
71%, and 56% of the capacity when the current density is in-
creased to 2 C, 10 C, and 20 C, respectively. Moreover, ADALS
retains 89% of initial capacity after 5,000 cycles at 20 C with a
slow capacity decay rate of 0.0023% per cycle, representing one
of the best performances in all organic compounds. Superior elec-
trochemical behavior of ADALS is also observed in Na-ion batter-
ies, demonstrating that azo compounds are universal electrode
materials for alkali-ion batteries. The highly reversible redox
chemistry of azo compounds to alkali ions was confirmed by
density-functional theory (DFT) calculations. It provides opportu-
nities for developing sustainable batteries.
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i-ion batteries (LIBs) are the main energy storage devices for

most portable electronics and electric vehicles. However, the
widespread application of LIBs induces environmental chal-
lenges such as greenhouse effect and heavy metal pollution (1,
2), stimulating the development of green and sustainable mate-
rials as substitutions for the commercially used inorganic LiCoO,
and graphite electrode materials. Organic materials with the
advantages of light weight, abundance, low cost, sustainability,
and recyclability are desirable for green and sustainable LIBs (3—
5). Therefore, designing and synthesizing high-performance or-
ganic electrode materials are pivotal for the development of LIBs.

In the last three decades, four types of organic materials,
organosulfur compounds, organic free-radical compounds, car-
bonyl (C=0) compounds, and imine (C=N) compounds, have
been explored for high-performance LIB electrodes (6-16). Ex-
tensive research has been conducted to enhance the electro-
chemical performance of these organic electrodes, but only
limited advance has been achieved due to some intrinsic issues of
these organic compounds. In these four types of organic ma-
terials, because the organosulfur compounds suffer from sluggish
reaction kinetics and organic free-radical compounds have low
energy density, the current investigation is mainly focused on
carbonyl compounds and imine compounds, which contain two
or more carbonyl or imine groups in the conjugated structure.
Although a few carboxylates (terephthalate, heteroaromatic
carbonyl compounds) and polymers (polyanthraquinone and
polyimides) exhibit promising battery performance (17-22), the
terephthalate cannot maintain its capacity at a high current
density due to its poor conductivity, while the heteroaromatic
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carbonyl compounds and polymers face challenges of compli-
cated and time-/energy-consuming synthetic procedure. Imine
compounds (modified pteridine compounds and n-conjugated N-
containing heteroaromatic compounds) display high electro-
chemical performance in LIBs (13, 14), but a large amount
(>50 wt %) of carbon is needed in the organic electrodes due to
the low electronic conductivity, which lowers the energy density
of organic electrodes (23). Hence, it is vital to explore new or-
ganic compounds with a simple synthetic route, high cycling
stability, and fast charge/discharge capability.

Herein, we report a type of organic compounds which contain
azo (N=N) active groups, for superior LIBs. Unlike carbonyl
compounds and imine compounds, which require two or more
functional groups connected by a conjugated structure in one
molecular unit to maintain the electrochemical activity, the azo
compounds only contain one azo functional group, and the azo
group can reversibly react with two Li ions (Fig. 1), which sim-
plifies the structure design and modification. In this work, three
azo compounds, azobenzene (AB), methyl red sodium salt,
(MRSS) and azobenzene-4,4’-dicarboxylic acid lithium salt
(ADALS) that contain n-conjugated structure with an azo group
in the center (Fig. 1 A-C) are employed as model materials to
study the lithiation/delithiation mechanism and electrochemical
performance in LIBs. Among these three azo compounds, AB has a
simple n-conjugated structure with an azo group in the center, so it
is used as a basic compound to study the lithiation/delithiation on
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Fig. 1. Molecular structure of (A) AB, (B) MRSS, and (C) ADALS. (D) Reaction
mechanism for ADALS.

an active azo group (N=N). As evidenced by the dissolution test in
SI Appendix, Fig. S1, AB is soluble in the commercial carbonate-
based electrolyte to form an orange solution. These solubility trends
are consistent with dissolution free energies of the representative
clusters in AB, Li,(AB), and ADALS estimated from DFT calcu-
lations. As shown in SI Appendix, Fig. S2, the free energy of the
cluster dissolution follows the order (AB) < (Li,AB) < (ADALS),
indicating that the nonlithiated (AB) crystal is the most prone to
dissolution followed by the lithiated AB crystal. High free-energy
penalty for dissolving the ADALS cluster is due to high cohesive
energy density arising from the strong Li'"O bonds that are present
in ADALS crystal. Alternatively, AB is considered soluble in the
organic electrolyte, because its polarity is very close to the polarity
of the carbonate-based electrolyte. It has been reported that adding
Li-O or COO-Li groups into the organic electrode materials can
effectively enhance the polarity of organic materials, thus de-
creasing the solubility in the electrolyte (10, 17). The solubility of
azo compounds in carbonate-based electrolyte can be reduced
by enhancing their polarities through salt formation. Herein, the
carboxylate groups are added to AB to suppress the solubility in the
carbonate-based electrolyte. Therefore, an extra carboxylate group
is added at the ortho- position in MRSS. However, it is still soluble
in the electrolyte as evidenced by the orange solution in S/
Appendix, Fig. S3. To suppress the dissolution of azo compounds,
two extra carboxylate groups are added at the para- position in
ADALS to decrease the solubility in the electrolyte. An ADALS
electrode with 30 wt% conductive carbon exhibits one of the best
electrochemical performance among organic electrode materials. It
retains a reversible capacity of 179 mAh g™" at 0.5 C for 100 cycles
(1 C =190 mA g™"), and a reversible capacity of 146 mAh g™" at 2
C for 2,000 cycles. Moreover, ADALS can deliver a reversible ca-
pacity of 105 mAh g™ even at a high current density of 20 C, and a
capacity of 93 mAh g™! is retained after 5,000 cycles. The fast
charge/discharge capability of ADALS is ascribed to the extended
n-conjugated structure in the aromatic azo compound and strong
adsorption toward Li* by nitrogen in the azo group (24). The de-
tailed characterizations using X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and DFT
calculations confirm the reversible reaction between the azo group
and Li ion in LIBs. In addition, ADALS delivers a reversible ca-
pacity of 160 mAh g™" at 1 C in Na-ion batteries (SIBs) and retains
92% of its initial capacity after 500 cycles, demonstrating the ex-
cellent electrochemical behavior in SIBs. Therefore, azo com-
pounds with exceptional electrochemical performance are universal
for alkali-ion batteries.

Results and Discussion

Materials Characterization. The structure and physical properties
of three azo model compounds (AB, MRSS, and ADALS) were
characterized using XRD, Raman spectroscopy, FTIR, thermal
gravimetric (TG) analysis, and scanning electron microscopy
(SEM). As demonstrated by XRD patterns in SI Appendix, Figs.
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S44, S54, and S6A4, all three azo compounds show crystal
structures. The peaks at 1,400-1,450 cm™' range in Raman
spectra (SI Appendix, Figs. S4B, S5B, and S6B) and peaks at
1,575-1,630 cm ™" range in FTIR spectra (SI Appendix, Figs. S4C,
S5C, and S6C) confirm the existence of an azo group in these
three compounds (25, 26). The good match between the calcu-
lated spectrum for (AB); and experiments shown in SI Appendix,
Fig. S7 further confirms that the examined compound is indeed
AB. Moreover, the elevated baseline intensity with the increase
of wavenumber in Raman spectra (SI Appendix, Figs. S4B, S5B,
and S6B) is due to the fluorescence emitted by azo compounds.
TG analysis (SI Appendix, Figs. S4D, S5D, and S6D) displays that
AB begins to lose weight at 100 °C due to its low melting and
boiling point, while MRSS and ADALS are stable up to 275 °C
and 410 °C, respectively. The morphology of MRSS and ADALS
in the SEM images (SI Appendix, Figs. SSE and S6E) indicates
that MRSS and ADALS consist of large particles with a size of
about 2 pm.

Electrochemical Property. The electrochemical performance of
AB, MRSS, and ADALS was measured using coin cells in
high-concentration electrolyte [6 M Lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) in 1,3-dioxolane/dimethoxyethane
(DOL/DME))] to suppress the dissolution of AB and MRSS in the
electrolyte. All cells were cycled at 0.5 C in the cutoff window
between 1.0 and 3.0 V. As shown in SI Appendix, Fig. S84, AB
exhibits two pairs of long and sloping discharge/charge plateaus at
1.9/2.5 V and 1.55/1.8 V, respectively. Since the azo group is the
only active site for lithiation/delithiation in AB (Fig. 14), the ca-
pacity of AB in SI Appendix, Fig. S8 is attributed to the reaction
between the azo group and Li ions, proving that azo compounds
with an N=N bond can function as a type of organic electrodes for
LIBs. However, due to the high solubility in the electrolyte, AB
exhibits poor cycling stability (SI Appendix, Fig. S8B). To reduce
the solubility, a carboxylate group is added at the ortho- position in
MRSS. In SI Appendix, Fig. S8C, MRSS exhibits a pair of long and
flat charge/discharge plateaus centered at 1.6 V with a reversible
capacity of ~110 mAh g'. In the long-term cycling test (SI
Appendix, Fig. S8D), the capacity increases in the initial five
cycles, and then decreases from the 5th to the 30th cycle due to
the dissolution of MRSS in the electrolyte. Therefore, adding a
carboxylate group at the ortho- position of AB cannot suppress
the dissolution of MRSS. The high Coulombic efficiency of
~120% induced by the shuttle reaction also provides evidence
for the dissolution of MRSS in electrolyte during lithiation/
delithiation. Although adding carboxylate group at the ortho-
position does not overcome the dissolution issue, it does change
the lithiation/delithiation potentials.

To reduce the dissolution of AB in the electrolyte, two car-
boxylate groups are introduced in the aromatic azo compound to
generate ADALS, which shows high cycling stability in LIBs. In
Fig. 24, ADALS shows two pairs of long and flat charge/dis-
charge plateaus at 1.5 and 1.55 V, respectively, with a reversible
capacity of 190 mAh g~!, which is close to the theoretical ca-
pacity (190.1 mAh g~") of ADALS. The cyclic voltammetry (CV)
of ADALS in Fig. 2B shows one wide cathodic peak at 1.45 V from
the overlap of two cathodic peaks, and two anodic peaks
at 1.55 and 1.65 V, corresponding to the two pairs of charge/
discharge plateaus in Fig. 24. In the long-term cycling test (Fig.
2C), a reversible capacity of 175 mAh g™ is retained after
100 cycles with a slow capacity decay rate of 0.078% per cycle,
and the Coulombic efficiency is close to 100%, demonstrating
superior cycling stability of ADALS. The rate capability of
ADALS is evaluated at various current densities from 0.5 to 20 C.
In Fig. 2D, ADALS delivers a reversible capacity of 190 mAh g™
at 0.5 C, and retains a capacity of 105 mAh g~' even at a high
current density of 20 C. The mechanism for fast charge and
discharge behaviors and long cycling stability of ADALS were
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Fig. 2. The electrochemical performance of ADALS in LIBs with 6 M LiTFSI in
DOL/DME electrolyte. (A) The galvanostatic charge-discharge curves.
(B) Cyclic voltammograms at 0.1 mV s~'. (C) Delithiation capacity and Cou-
lombic efficiency versus cycle number at the current density of 0.5 C. (D) Rate
performance at various C rates; (E) CV curves of ADALS at various scan rates.
(F) The In relationship of peak current and scan rate for ADALS.

investigated using electrochemical impedance spectroscopy
(EIS). SI Appendix, Fig. S9 shows the EIS evolution of ADALS
electrode at different charge/discharge cycles. The interface re-
sistance of ADALS electrode, represented by the depressed
semicircle, increases from ~30 to ~50 Q after five cycles and then
stabilizes at ~50 Q during subsequent cycles. The low interface
resistance of ADALS after cycling enables fast charge—discharge
capability. In addition to interface reaction kinetics, the Li-ion
diffusion kinetics was also investigated using CV. Fig. 2E shows
the CV curves of ADALS at different scan rates. 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 In relationship of
peak current and scan rate in Fig. 2F shows that the slopes of
both anodic and cathodic peaks are close to 0.5, demonstrating
the lithiation/delithiation kinetics of ADALS is determined by
Li-ion diffusion (27). Since ADALS consists of microsized par-
ticles, minimizing the particle size can further enhance the rate
capability. As reported by Lei and coworkers (28), extending the
n-conjugated system of terephthalate salt increases the high rate
performance of carbonyl compound in SIBs. Moreover, the
nitrogen-containing electron donor group has strong interaction
with Li ion (24). Therefore, the high rate capability of an azo-
based electrode is attributed to the extended r-conjugated sys-
tem in ADALS and strong Li" adsorption by nitrogen in the
azo group.

The high cycling stability of ADALS in 6 M LiTFSI-DOL/
DME electrolyte (Fig. 2C) demonstrates that adding two car-
boxylate groups in the aromatic azo compound can effectively
suppress the dissolution of ADALS in high-concentration elec-
trolyte during charge/discharge. The electrochemical behaviors
of ADALS in dilute commercial electrolyte [1 M LiPF; in EC/
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diethyl carbonate (DEC)] were also investigated using coin cells
for practical application. As shown in Fig. 34, the galvanostatic
charge—discharge curves of ADALS in commercial electrolyte
are similar to that in high-concentration electrolyte (Fig. 24),
and a reversible capacity of 190 mAh g™ is retained in the
commercial electrolyte. The first-cycle Coulombic efficiency
(FCE) of ADALS in LIBs is 77%. The low FCE is due to the
formation of a solid electrolyte interface (SEI) layer on carbon
black in an ADALS electrode. As shown in SI Appendix, Fig.
S104, the first-cycle charge/discharge capacities of carbon black
are 50.6 and 28.3 mAh g™, respectively, with a low FCE of 56%.
Since the ADALS electrode contains 30 wt % carbon black, the
low FCE of carbon black decreases the FCE of an ADALS
electrode. To improve the FCE, the content of carbon black in
an ADALS electrode is decreased from 30 to 15 wt %. The FCE
of an ADALS electrode with 15 wt % carbon black is increased
to 86.2% as shown in SI Appendix, Fig. S10B. The other method
to improve the FCE is using more stable ether-based electrolyte
(1 M LiTFSI-DOL/DME electrolyte) to suppress the formation
of the SEI layer (29). As shown in SI Appendix, Fig. S10C, the
FCE of an ADALS electrode is improved to 82.5% in the ether-
based electrolyte. Therefore, decreasing carbon black content
and using ether-based electrolyte are two effective methods to
enhance the FCE of an ADALS electrode in LIBs. In the long-
term cycling test (Fig. 3B), a reversible capacity of 179 mAh g~
at 0.5 C is retained after 100 cycles. When the current density
enhances to 2 C, similar charge—discharge curves are observed in
Fig. 3C, and a reversible capacity of 146 mAh g™ is retained for
2,000 cycles (Fig. 3D), demonstrating its exceptional cycling
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Fig. 3. The electrochemical performance of ADALS in LIBs with 1 M LiPFs in
EC/DEC electrolyte. (A) The galvanostatic charge-discharge curves at 0.5 C.
(B) Delithiation capacity and Coulombic efficiency versus cycle number at the
current density of 0.5 C. (C) The galvanostatic charge—discharge curves at 2 C.
Delithiation capacity and Coulombic efficiency versus cycle number at 2 C
(D), 10 C (E), and 20 C (F).
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stability. When the current density is further increased to 10 and
20 C, the reversible capacity of ADALS is retained at 126 and
93 mAh g™, respectively, after 5,000 cycles (Fig. 3 E and F) with
a very slow capacity decay rate of 0.0023% per cycle, suggesting
the robust reaction kinetics and superior cycling stability. More
importantly, the Coulombic efficiency of ADALS in the com-
mercial electrolyte is close to 100% at various current density,
indicating the dissolution of the azo compound is effectively
mitigated by adding two carboxylate groups in the azo com-
pound. The excellent electrochemical performance of ADALS in
commercial electrolyte demonstrates the high potential for
commercialization of an azo compound for the next generation
of green LIBs.

Reaction Mechanism. XRD, Raman spectroscopy, XPS, and DFT
calculations were conducted to understand the reaction mecha-
nism behind the excellent battery performance of ADALS. As
shown in XRD patterns (Fig. 44), after lithiation, the XRD
peaks of a pristine ADALS electrode at 20.2°, 22.0°, and 23.2°
disappear, while a broad peak at 20.7° appears, demonstrating
the phase change occurs during lithiation. This XRD peak stands
for the formation of a phase at fully discharged state. After being
fully charged to 3 V, the ADALS electrode retains its original
crystal structure, demonstrating good reversibility of ADALS in
LIBs. However, compared with the XRD peaks of a pristine
ADALS, the peak width becomes broader and the signal
strength becomes weaker after five cycles, demonstrating the
crystallinity of ADALS particles decreases after charge/discharge
cycles. The reduced crystallinity of cycles is attributed to
pulverization of the ADALS particle and the large strain/stress

A Charged to 3 V B Chargeto 3V : L |
& Discharged to 1 V o “ra . ! : !
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Fig. 4. (A) XRD spectra of ADALS electrodes before and after five cycles.
(B) Raman spectra of ADALS electrodes before and after five cycles. XPS
spectra of ADALS electrodes before (C) C 1, (D) N 1 s and after two cycles at
1VforN1s(E)andat3VforN1s(F).
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induced by large volume changes in lithiation/delithiation cycles.
The reduction of crystallinity after charge/discharge cycles was
also reported in high-capacity Si and Sn electrodes (30, 31). In
the Raman spectra (Fig. 4B), when ADALS is fully discharged to
1.0 V, the characteristic Raman peak at 1,450 cm™" for azo group
in the pristine ADALS electrode disappears. Instead, a peak at
1,370 cm™, representing the lithiated azo group (Li-N-N-Li),
appears at 1 V, demonstrating the azo group reacts with Li ion
during the lithiation process. When an ADALS electrode is
charged back to 3 V, the characteristic Raman peak at 1,450 cem™!
for an azo group recovers, demonstrating reversible electro-
chemical reaction between the azo group and Li ion. In addition,
the Raman peak at 1,600 cm™" for the carbonyl group in ADALS
does not change upon cycling, indicating the carbonyl group does
not participate in the reaction with Li ion. Raman spectra also
show that the peaks between 1,100 and 1,200 cm™" largely
disappear upon ADALS discharge to 1 V and a peak around
1,000 cm™" appears. DFT calculations using two different density
functionals of the fully lithiated (discharged) ADALS (Li;ADA)
and fully delithiated (charged) ADALS (Li,ADA) shown in SI
Appendix, Figs. S11 and S12 reproduce these trends, with the
peak slightly below 1,200 cm™' largely disappearing while
the peaks slightly below 1,000 cm™ appearing upon lithiation of
the azo group in accord with experimental observation. DFT
calculations of the partially lithiated ADALS (Li;ADA) shown
in SI Appendix, Fig. S12 indicate a small peak around 1,100-
1,200 ecm™, indicating that a small Raman peak of ADALS at 1 V
shown in Fig. 44 is likely due to a small presence of the partially
lithiated material. In summary, DFT calculations of the Raman
spectra of Li,ADA, LizADA, and Li;ADA confirm Li~"N-N--"Li
bond formation during cycling of ADALS.

The reversible electrochemical reaction at an N=N bond is
further confirmed by XPS in Fig. 4 C-F, where the C 1s peak at
284.6 eV in pristine ADALS (Fig. 4C) is used as a reference
binding energy. The XPS of a pristine ADALS electrode (Fig.
4D) shows a strong and sharp characteristic XPS peak at
400.2 eV for the azo group in the pristine ADALS (32). The two
small peaks at 401.8 and 403.6 eV stand for the oxidized nitro-
gen, coming from the impurity of ADALS. As shown in SI Ap-
pendix, Fig. S13, the C 1s peak at 284.6 eV is also used as a
reference binding energy at the fully discharged state. When an
ADALS electrode is discharged to 1 V, a peak at 398.3 eV,
representing a lithiated azo group, appears (Fig. 4E). This peak
position is similar to the XPS peak for the lithiated imine group
in the literature (13). However, the azo peak at 400.2 eV is still
strong at the fully discharged state, probably because of the ex-
istence of organic nitrogen matrix in the SEI layer. The organic
nitrogen matrix could be amide [N-(C=0)-0], imide [(C= O)-N-
(C=0)], or polyaniline [(C¢HsNH),], which exhibit N 1s XPS
peak at ~400.4 eV (33-36). It is possible that the azo compound
is reduced during lithiation, and reacts with carbonate-based
electrolyte to generate amide, imide, or polyaniline as the SEI
layer on the surface of ADALS electrode. As indicated by the
survey of pristine and cycled ADALS electrodes, the fluorine
peak, which does not exist in the pristine electrode (SI Appendix,
Fig. S144), grows up in the cycled electrode (SI Appendix, Fig.
S14 B and C). It comes from a main inorganic component (LiF)
in the SEI and some residual LiPFs. Quantum chemistry (QC)
calculations of the reduction potentials of the LiPF4-EC/DEC
electrolyte components shown in SI Appendix, Fig. S15 predict
that reduction of the (LiPFs), salt and (Li,DEC) aggregates is
expected to occur within the operating range of ADALS cath-
odes with reduction potentials of 1.6 and 1.3 V vs. Li/Li", re-
spectively. Reduction of (LiPF), salt yields LiF in accord with
the experimental XPS observation of LiF in the SEI. QC cal-
culations predict that reduction of the Li*(EC) and Li*(DEC)
solvates where the solvent is coordinated by only one Li* occurs
at much lower potentials <0.61 V vs. Li/Li*. Since XPS only
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Fig. 5. Reduction potentials from M05-2X/6-31 + G(d,p) DFT calculations of
Li,-ADA (A), Lis-ADA (B), (Li,-ADA),4 (C), and AB (D) complexes immersed in
implicit solvent modeled using SMD(ether) solvation model. The optimized
crystal structures of LiADA, LisADA, and Li;ADA from periodic DFT calcu-
lations containing four ADA molecules per simulation cell (E-G) using Perdew-
Burke-Ernzerhof (PBE) functional. Intercalation potentials of Li3-ADA and
Li4ADA vs. Li/Li* are also given.

detects signal within the depth up to 10 nm, the growth of SEI on
the electrode surface decreases the signal of nitrogen in ADALS.
Nevertheless, the atomic content of nitrogen increases from
3.6% in the pristine electrode to 3.9% in the fully discharged
electrode and 5.7% in the fully charged electrode, indicating the
existence of organic nitrogen matrix in the SEI. Hence, ADALS
may participate in the formation of an SEI, contributing to the
generation of organic nitrogen matrix. After ADALS is charged
back to 3 V, the lithiated azo peak at 398.3 eV disappears (Fig.
4F), while there is only one strong peak at 400.2 eV, representing
the azo group in ADALS and organic nitrogen matrix in the SEL
The impurity peaks disappear at the fully charged state, because
of the SEI layer.

The redox reactions of azo compounds were further examined
using DFT calculations as shown in Fig. 5 4-D. Reduction po-
tentials of the representative model compounds AB, ADA,
Li,ADA, and Li;ADA were predicted to be 1.26-1.45 V vs. Li/
Li* with the transferred electron situated at the N-N fragment
for the reduced species. Increasing the size of the model com-
pound Li,ADA to (Li,ADA), to make it more representative of
the electrode slightly increased the reduction potential to 1.53 V
vs. Li/Li*, bringing it in excellent agreement with experimental
values. The azo group redox reaction serves as a driving force for
lithium intercalation/deintercalation that is further investigated
using periodic DFT calculations shown in Fig. 5 E-G. Numerous
possible crystal structures were investigated (see SI Appendix,
Fig. S16 for the representative Li,ADA structures); only the
most stable crystal structures are shown in Fig. 5 E-G. DFT
calculations predict intercalation potentials of LizADA vs.
Li,ADA and Li4,ADA vs. Li;ADA to be 1.58 V and 1.48 V vs. Li/
Li*, respectively. These predictions are in excellent agreement
with the experimentally measured galvanostatic charge—dis-
charge curves shown in Figs. 24 and 3A4, further confirming the
proposed mechanism of the Li binding to azo groups of ADALS.
Electronic properties of AB and ADALS were also examined by
visualizing the energy levels of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) for AB and ADALS as shown in SI Appendix, Fig. S17.
The charge-density isosurfaces of LUMO states for AB
and ADALS demonstrate that an electron will localize in the
nitrogen of the azo group after lithiation, confirming the azo

2008 | www.pnas.org/cgi/doi/10.1073/pnas.1717892115

group is the electrochemical active site for the reduction of the
azo compound. It is consistent with the reduction calculations
shown in Fig. 5 A-D. The smaller energy gap between LUMO
and HOMO levels in ADALS than that in AB suggests ADALS
has higher intrinsic electronic conductivity than AB (14). We
also calculate the possibility of the reaction between a carbonyl
group and Li ion. As indicated by SI Appendix, Fig. S184, the
lithiated carboxylate groups in ADALS generated by the re-
action between a carbonyl group and Li ion are unstable, and will
be dissociated to Li,O. To confirm our calculation results, we
replace the azo group in ADALS with vinyl group (C=C) (81
Appendix, Fig. S18B), and the carbonyl groups show a reversible
lithiation/delithiation potential of 0.77 V, in line with the
reported potential of similar compounds in the literatures (37,
38). Therefore, the experimental and theoretical results confirm
that the azo group acts as an electrochemical active site to react
with Li ion in LIBs.

Since ADALS exhibited promising performance in LIBs, its
performance in SIBs was also evaluated. As shown in Fig. 64, the
galvanostatic charge—discharge curves of ADALS in SIBs display
a pair of charge/discharge plateaus at 1.2 V/1.4 V, which is 0.3 V
lower than that in LIBs, and a reversible capacity of 153 mAh g™
is delivered in the first cycle. The FCE of ADALS in SIBs is only
41.6%, which is much lower than that (77%) in LIBs. According
to a previous report, there is an ion-exchange process during the
cycling of sodium-salt electrode in LIBs, which lowers the Cou-
lombic efficiency of the sodium-salt electrode in LIBs (10). In
this work, ADALS is a lithium salt. When it is cycled in SIBs, a
similar ion-exchange process occurs, resulting in a low Cou-
lombic efficiency. To improve the Coulombic efficiency, azo-
benzene-4,4’-dicarboxylic acid sodium-salt (ADASS) was
synthesized. When ADASS is cycled in SIBs, its FCE is increased
to 75% (SI Appendix, Fig. S19), which is close to the FCE of
ADALS in LIBs. Therefore, the poor Coulombic efficiency of
ADALS in SIBs is due to the ion-exchange process between the
lithium salt (ADALS) and sodium electrolyte. The Coulombic
efficiency can be enhanced by using sodium salt (ADASS) in
SIBs. In the long-term cychng test (Fig. 6B), a reversible capacity
of 140 mAh g~! at 1 C is retained after 500 cycles with a very slow
capacity decay rate of 0.017% per cycle. Moreover, the Cou-
lombic efficiency of ADALS in SIBs is close to 100%, indicating
the superior cycling stability. Therefore, the excellent electro-
chemical performance of ADALS in LIBs and SIBs demon-
strates that azo compounds are universal for alkali-ion batteries.

Conclusions

In summary, we reported a type of organic compounds for green
and sustainable alkali-ion batteries. In these organic compounds,
the azo group (N=N) functions as an active site for revers-
ible lithiation/delithiation, representing a chemistry for organic
alkali-ion batteries. The reaction mechanism of the azo compounds
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Fig. 6. The electrochemical performance of ADALS in Na-ion batteries.
(A) The galvanostatic charge-discharge curves at 1 C. (B) Desodiation capacity
and Coulombic efficiency versus cycle number at the current density of 1 C.
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is investigated by XRD, Raman spectroscopy, XPS, and DFT
calculations, demonstrating that one azo group can reversibly
react with two Li ions through the interaction between N and Li.
As a model azo compound, the ADALS-based electrode shows
one of the best electrochemical performances in organic elec-
trodes. It delivers reversible capacities of 179 mAh g~ ' at 0.5 C
for 100 cycles, 146 mAh g~" at 2 C for 2,000 cycles, and 93 mAh
g~! at 20 C for 5,000 cycles, demonstrating the high cycling
stability and fast charge/discharge capability. Superior electro-
chemical performance is also achieved in SIBs, indicating that
azo compounds are universal electrode materials for alkali-
ion batteries.

Methods

Material Synthesis. AB, MRSS, and 4-nitrobenzoic acid were purchased from
Sigma-Aldrich and used as received. Azobenzene-4,4'-dicarboxylic acid was
prepared based on the synthetic route in literature (39). ADALS were pre-
pared as follows: Azobenzene-4,4'-dicarboxylic acid was dispersed in ethanol
alcohol with lithium 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 precipitations (ADALS) were washed with
ethanol and dried in the vacuum oven at 100 °C overnight. All of the ma-
terials were analyzed by mass spectrometry in SI Appendix, Fig. S20.

Material Characterizations. The XRD pattern was recorded by a Bruker
Smart1000 (Bruker AXS Inc.) using CuKa radiation; Raman measurements
were performed on a Horiba Jobin Yvon Labram Aramis using a 532-nm
diode-pumped solid-state laser, attenuated to give ~900-uW power at the
sample surface; FTIR was recorded by NEXUS 670 FT-IR Instrument; Mass
spectrometry: The anions of the salts were characterized with electrospray
ionization time-of-flight mass spectrometry (AccuTOF; JEOL). Mass spectra
were acquired under negative mode with the following parameters:
capillary voltage, 2,100 V; orifice 1 voltage, 20 V; orifice 2 voltage, 5 V; ring
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voltage, 5 V; dissolution temperature 100 °C. SEM images were taken by
Hitachi SU-70 analytical ultrahigh-resolution SEM (Japan); XPS data were
collected on a Kratos Axis 165 X-ray photoelectron spectrometer operating
in hybrid mode using monochromatic Al Ka (1,486.7 eV) X-rays. High-reso-
lution data were collected at a pass energy of 40 eV, and charge neutrali-
zation was required to minimize sample charging. XPS data were analyzed
using CASA XPS software, using peaks with a 70% Gaussian/30% Lorentzian
peak shape after subtraction of a Shirley background.

Electrochemical Measurements. The organic compounds were mixed with
carbon black and sodium alginate binder to form a slurry at the weight ratio
of 60:30:10 [polyvinylidene fluoride (PVDF) binder is used for an electrode
based on AB due to its strong hydrophobic property]. The electrode was
prepared by casting the slurry onto aluminum foil using a doctor blade and
dried in a vacuum oven at 100 °C overnight (an electrode based on AB was
dried at 60 °C overnight due to its low melting and boiling point). The slurry
coated on aluminum foil was punched into circular electrodes with an area
mass loading of ~1.5 mg cm™2. Coin cells for LIBs were assembled with
lithium metal as the counter electrode, 6 M LiTFSI in a mixture of DOL/DME
(1:1 by volume) or 1 M LiPFg in EC/DEC (1:1 by volume) electrolyte and Cel-
gard3501 (Celgard, LLC Corp.) as the separator. Coin cells for sodium-ion
batteries were assembled with sodium metal as the counter electrode, 1 M
NaPFs in diethylene glycol dimethyl ether electrolyte and Celgard3501
(Celgard, LLC Corp.) as the separator. Electrochemical performance was
tested using an Arbin battery test station (BT2000; Arbin Instruments). Cyclic
voltammograms were recorded using a Gamry Reference 3000 Potentiostat/
Galvanostat/ZRA with a scan rate of 0.1 mV s~'. Impedance analysis was also
performed by a Gamry Reference 3000 Potentiostat/Galvanostat/ZRA.
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