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As a representative natural polymer with abundant functionalities,
humic acid was creatively explored as anode materials for lithium
ion batteries and sodium ion batteries with high storage
capacitances, satisfactory cycling stabilities. Most impressively,
this work oriented a promising and effective strategy for
developing organic energy storage devices from natural sources.

More recently, much attention has been paid to organic
compounds (organics or polymers) as electrode materials for
rechargeable batteries (both lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs)) due to their resource abundance,
structure diversity, chemical and physical stability and mechanical
softness.” Most importantly, by virtue of the redox reaction
mechanism, theoretical capacities and reaction rates of these
than that of inorganic
intercalation compounds, endowing them with high energy and
power density.

Until now, most organic materials, including organosulfur
materials,2 free radical compounds,3 conducting polymers4 and

organic materials are even higher

quinine-type carbonyl compounds5 have been presented for
cathode materials with redox potentials above 2V vs Li*/Li or
Na‘/Na. However, compared to the blooming exploration in organic
cathodes, the progress in developing organic anode is sluggish. Even
though several carbonyl-based organics with small molecular
weight, including conjugated dicarboxylalte,6 2, 6-naphthalene
dicarboxylate dilithium,” perylenetetrau:alrboxylates,8 lithium and
sodium terephthalate,9 Li,CgH,04 nanosheets'® have been
demonstrated as potential anode materials for LIBs or SIBs, the
further enhancements in capacitance, the improvements in the rate
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Fig. 1 (a) The typical structure model of HA. (b) The FTIR spectrum
of HA.

capability and long cycling performance of them are still urgent -
needed. On the other hand, it has to be mentioned that most of th~
reported organics were derived from chemical feedstock with tf »
high cost issues and environmental concerns. Therefore, it is =
challenging task to exploring promising organic anode material
especially from environmental benign species.

In this contribution, inspired by our previous research on bion .s
derived carbons,'" a natural polymer, humic acid (HA), which can be
derived from woods, soils or coals,12 was creatively chosen as anode
materials for LIBs and SIBs. By virtue of the abundant existence r~
the oxygen functionalities (carboxyl, phenolic, quinone and keton:
groups) in HA framework, the as-prepared anodes presente:'
excellent storage performance, including satisfactory storage
capacity, improved rate capability as well as excellent cyclir~
behaviours.

Fig. 1a shows the typical structure model of HA. It is found that the
HA molecule contains a large concentration of chemically reactiv 2
oxygen groups, including carboxyl, phenolic and alcoholic hydroxyls,
which can also be confirmed by the FTIR spectra collection (Fig. = ).
In detail, the broad peak locating at 3400 cm™ belongs to -H
stretching vibration. The weak shoulders at 2914 and 2852 em ™ mav
be attributed to aliphatic C-H stretching of alkyl groups ar.1
stretching of methyl C-H groups. The peaks lying in 1600-2000 cr
! may be ascribed to aromatic C-H stretching, hydrogen-bonu
binding quinine and carboxyl groups, respectively. The peaks ' ¢
1580 and 1380 cm™ may be indexed to carboxyl asymmetric
stretching and symmetric stretching modes respectively. The pei .
at 1200 cm™ is resulted from C-O stretching and O-H deformatio.. _.
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Fig. 2 (a) XPS survey scans of HA. (b) High-resolution XPS survey
scans of Cy peak.

Table 1. Surface chemistry analysis of HA using Boehm's titration method.

Amount of groups on HA (mmol/g)
Lactone
0.0130

Total
1.0514

Phenol
0.0780

Carboxyl
0.9604

carboxyl group. The peak locating at 1070 em™t may be owing to
stretching of carbohydrate or alcoholic bonds (C-O-C or C-0O). The
wavenumbers ranging from 900 to 700 em’ might inform plane
vibrations of aromatic C-H, benzene and alkyl benzene bonds. In
addition, to demonstrate the morphologies of HA, the typical SEM
and TEM images were presented in Fig.S-1 and Fig S-2 (Electronic
Supplement Information, ESI), It is observed that HA exhibits as
lamellar sheets with disordered pores, which will facilitate the mass
transfer as well as the occurrence of redox reactions.

To further confirm HA’s chemical composition, the X-ray
photoelectron spectroscopy (XPS) measurements and Boehm's
titration analysis were conducted. As shown in the wide scan XPS
spectrum (Fig. 2a), two typical peaks with the binding energy of 285
eV and 533 eV are easily indexed to C4; and O, orbits respectively,
indicating the main composition of carbon and oxygen elements. In
addition, after de-convolution the complex C,, spectrum (Fig. 2b) is
divided into 4 different types of carbon species: C=C—C (284.6 eV,
69.7% mass ratio), C-0 (286.4 eV, 17.6%), C=0 (287.7 eV, 4.7%) and
0-C=0 (288.7 eV, 8%) groups, respectivelyla. Furthermore, as
shown in Table 1, a large number of acidic groups, such as carboxyl,
lactones, and phenolic, are detected during Boehm’s titration
analysis,14 accordant with the FTIR and XPS investigations. As a
consequence, the combinational investigations of FTIR, XPS and
Boehm's titration solidify the abundant existence of oxygenic
functional groups in HA molecule and imply potential application
for ion accumulation.

To evaluate the electrochemical performance for ions storages,
cyclic voltammograms (CVs) were performed by using a half cell
system where HA was used for the working electrode, and metal
foils (lithium or sodium) acted as both the reference electrodes and
the counter ones, respectively (Experimental information, ESIT). As
depicted in Fig. 3a, HA presents a reduction peak centred at 1.06 V
(vs Li/Li") during the cathodic scan from 3 V to 0 V, informing the
accumulating process of lithium ions. In the meanwhile, an anodic
peak located at 0.82 V (vs Li/Li*) is observed, indicating the de-
intercalation of lithium ions. Similarly, HA possesses the same
sodium ion insertion process as that of Lithium-ion. As can be seen
from the CV curves of Fig. 3b, HA displays one reduction peak
centred at 0.71 V (vs Na/Na') during the cathodic scan,
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Fig.3 (a) The CV curves of HA in 1 M LiPFg+EC+EMC+DMC (1:1
volume ratio), potential range: 0-3 V (vs Li), scan rate: 1ImV s™; (b)
the CV curves of HA in 1 M NaPF6+PC+DMC (1:1 volume rati
electrolyte, scan rate: 1 mV s, potential range: 0-3 V (vs Na); (c)
the charge/discharge profiles of HA in a voltage range of 0-3 V (vs
Li) at a constant current density of 20 mA g% (d) Tl
charge/discharge profiles of HA in a voltage range of 0-3 V (vs Na)
at a constant current density of 20 mA g™ .

corresponding to the insertion of Na-ions. The anodic scan shov :
an oxidization peak at 0.48 V (vs Na/Na‘), which reveals the de-
insertion of sodium ions. These comparatively reversible redox pai s
at the low potential range (0-2V) validated the potential utilization
of HA for lithium ions and sodium ions storage.15 Furthermore, it s
observed that the current intensity of the reduction peak is nearly
equal to that of the oxidation peak, suggesting the comparative y
reversible reactions occur for lithium ion intercalation/de-
intercalation. Most interestingly, no obvious shift or shrinkag :
phenomena are observed during the first five cycles, indicating the
probably cycling stability. To further elucidate the ion storas-
mechanism, the charged samples were compared and detectea .
FTIR spectrum technology. As recorded in Fig. S-3 (ESI), after the
insertion of ions, several strong adsorption peaks (900-700 em?
(benzene rings), 1300-1500 cm™ (C-O-C), 1600-1700 cm™ (C=C 1
appear, implying the polarization and ionization effect of H. .
Combining with other reports,e’m it is deduced that the carboxy:
groups might contribute to the observed capacity dominantl ,
which can be expressed as below:

M" o

(M-Li or Na)

R—C—R re R—C—R

In summary, both the CV curves and FTIR spectra presented imply
that HA would be quite suitable for using as anode materials ror
both LIBs and SIBs.

To further evaluate the storage performance of HA, th~
galvanostatic charge/discharge technologies were conducted. Fis
3c depicts discharge/charge profiles of the first three cycles of h.\
for lithium ions in the potential range 3-0 V vs Li*/Li at a current
density of 20 mA g"l. In the first discharge process, the voltag 2
dropped sharply to 1.2 V and then experienced a long and gentle
slope from 1.2 V to 0V, corresponding to a capacity of 1100 mAh ¢ .
Then the subquent charge released a capacity of 484 mAh g"1 wiLn
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Fig. 4 (a-b) Reversible capacity of cells at different charge-discharge
current densities from 20 mA g* to 400 mA g™ (a) HA/Li cell, (b)
HA/Na cell; (c-d) Long cycling curves of cells at a constant current of
40 mA g™ (c) HA/Na cell, (d) HA/Na cell.

an initial coulombic efficiency (CE) of 46%. This irreversible capacity
loss might arise from the formation of solid electrolyte interphase
(SEI) which is a common phenomenon for anode materials of LIBs at
the first cycle.1oa After the first cycle, the lithium ions insertion and
extraction process becomes relatively reversible with a capacity of
450 mAh g_1 and a high CE of 92%. On the contrary, HA in SIBs
(Fig.3d) exhibits a discharge capacity of 244 mAh g”, a quasi-
reversible charge capacity of 208.3 mAh g’1 as well as an initial CE of
86% (higher than that of LIBs) in the first cycle. After that, the
discharge/charge profile becomes constant with a CE of 95%. In
summary, HA displays a higher capacity for LIBs than that of SIBs
with an inferior CE.

Furthermore, the rate performances of HA in LIBs and SIBs were
also evaluated. Fig. 4a records a comparison of electrochemical
cycling performances of HA for lithium ions at different current
densities (20-400 mA g*). It is observed that HA delivers stable
capacities of 420 mAh g™ at 20 mA g™ and 60 mAh g at 400 mA g~
respectively. Similarly, the capacities of HA decrease gently from
220 mAh g* to 40 mAh g for sodium-ion accumulation with the
increase of the current densities (20-400 mA g™, Fig. 4b). It indicates
that HA displays better rate capability in Li-ion electrolytes than
that in Na-ion electrolytes, which may result from the size
difference of Li-ion and Na-ion.” In addition, the long cycling
performance at a current density of 40 mA g’1 was also studied in Li-
ion and Na-ion electrolytes (Fig. 4c and 4d). After 200 cycles,
discharge capacities of 180 and 133 mAh g’1 were presented for LIBs
and SIBs, corresponding to capacity retentions of 70% and 80%,
respectively. Impressively, comparing to other referred small
organic molecules,%9 these enhancements in capacity retention
might arise from the fact that the polymeric structure of HA would
partly inhibited the dissolving of HA in organic electrolytes.l’
16 Moreover, the CEs of the HA electrodes are more than 98% after
the second cycle both for Li-ion and Na-ion storage at this current
density. Collectively, the combination of abundant functional

This journal is © The Royal Society of Chemistry 20xx
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groups with the polymeric framework endows HA with excellent ic
storage performances not only for LIBs and SIBs.
In summary, combining the chemical

characterizations, HA has
validated as promising anode materials for LIBs and SIBs, in whic

analysis  wit:

electrochemical been success” I’

the abundance of functionalities in framework endows HA with high
storage capacities, the polymeric structure satisfies HA wiin
excellent cycling stabilities. Furthermore, it is envisioned this
pioneering work not only paves a sustainable and effective stratey v
for developing organic energy storage devices, but also triggers

researchers’ interest in material exploration especially from

renewable nature source.
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