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Li-ion capacitors (LICs) are emerged as complementary energy
storage devices to Li-ion batteries to satisfy some specific
application where high power density and long cycle life are
required. The wide usage of LICs necessitates a promising energy
density, which is the main challenge at this stage. In this work, we
increase the energy density of LICs via both the material
optimization and charge storage mechanism exploration. Porous
carbon with a high surface area of over 2800 m2-g* was fabricated
from alkali lignin through a traditional KOH activation method
assisted by self-activation. A wide voltage window of 1.0-4.8 V is
applied where synergistic storage of anions and cations is achieved.
It shows that a deep discharge down to 1.0 V is necessary for full
desorption of anions which also triggers the adsorption of cations
(Li*), resulting in an increased capacity. However, a compromise
must be made on the energy efficiency due to the intensified
battery polarization upon deep discharging. Furthermore, the Na-
and K- ion capacitors are also investigated using the as-prepared
carbon materials considering the natural abundance of sodium and
potassium over lithium for sustainable development.

1. Introduction

Efficient utilization of clean energy has long been afflicted by
the unsatisfied performance of power sources. Li-ion batteries
(LIBs) have been the primary choices originating from their
enormous success in portable electronics. The extension to
stationary energy storage and electric vehicles is haunted partly
by the limited power densities and depleted precious metal
sources such as cobalt. Li-ion capacitors (LICs) are designed to
meet these challenges.> Porous carbon materials and their
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hybrids with oxides/nitrides are adopted as cathodes to avoid
the utilization of costly and toxic metals.3 In contrast to Li ion
intercalation in LIBs, the primary charge storage mechanism in
the cathode side of LICs relies on the anion adsorption. The
capacitive behaviour possesses much faster kinetics than the
faradaic reaction in batteries, which bestows higher power
densities on LICs to complement LIBs in application fields such
as regenerative braking for trains.

A great number of precursors has been utilized to prepare
the porous carbon, including polymers, graphite, pitch and
biomass.®” Among these, biomass precursors have received
considerable attention recently due to not only its natural
abundance but also the beneficial effect on the environment.
Municipal solid waste becomes a big problem in the modern
city, where biomass waste occupies a great portion. To turn the
waste into treasure, designing an effective strategy to produce
carbon materials from biomass is highly desired. Biomass is
mainly consisted of lignin, cellulose and hemicellulose, with
lignin being the most attractive because of its highest carbon
yield of around 60%. For application in LICs, the surface area of
lignin-derived carbon is increased by several approaches such
as template guided and activation induced.® A super-high
surface area up to 1148 m?g?! could be gained through
combined physical and chemical activation,® demonstrating
excellent performance in supercapacitors. Considering the
similarities in the charge storage mechanism, it will be
promising to explore their behaviours in LICs.

The wide application of LICs is limited by the relatively low
energy density. To improve the performance of LICs, efforts
have been made in the following two aspects. On the one hand,
by shifting from acetonitrile- to carbonate- based electrolyte, a
high working voltage with an oxidation potential up to 5 V vs.
Li*/Li can be obtained. On the other hand, in order to boost the
capacity of the carbon cathode, numerous methods including
heteroatom doping, catalysts-assisted growth and use of high
surface area porous carbon have been applied.%13 |n this
work, a carbon material with an ultra-high surface area of over
2800 m2-gis prepared using low-cost and bio-renewable lignin



as the precursor. To fully explore its charge storage capability, a
wide voltage window of 1.0-4.8 V is used and synergistic storage
of anions and cations is unveiled. It is found that the anion
storage in carbon materials is underestimated previously due to
the incomplete desorption of shallow discharge. Furthermore,
to combat the concerns on the limited lithium reserves,!* the
Na-ion capacitors (NICs) and K- ion capacitors (KICs) are also
investigated using the same carbon cathode.

2. Results and discussion

In general, lignin was firstly carbonized at 600 °C (denoted
as LC-600), and then activated by KOH at 900 °C (Fig. 1. Route
a). After carbonization, the LC-600 shows a spherical shape with
numerous macropores in the cross-section of the spheres (Fig.
2a). High magnification image in Fig. Sla shows that a great
number of particles are coated on both the inner and outer
surface of carbon spheres, which mainly consist of Na,COs as
determined by XRD (Fig. 2d). The Na element originates from
the lignin precursor, which is transferred into Na,COs during
carbonization. After activation by KOH at 900 °C, the as-
prepared carbon (LAC-900) maintains the spherical shape with
a diameter ranging from 10~100 um (Fig. 2c, S1d). LAC-800 and
LAC-1000 were also prepared by activating at 800 °C and 1000
°C, respectively, they present the same morphology as LAC-900
(Fig. S1c, e). The XRD patterns (Fig. S2a) of LAC-800, -900 and -
1000 share the same broad peak, indicating the
graphitization degree of the activated carbon. As shown in
Raman spectra (Fig. S2b), the D- and G-band appear at around
1340 cm ™t and 1586 cm™ with an l4/I ratio of 0.98, 1.02 and 1.07
for LAC-800, -900 and -1000, respectively. This further confirms
the partly disordered state of the final activated carbon. The N,
adsorption-desorption curves in Fig. S2c can be assigned to type
| isotherms featuring activated carbon.!®> The BET parameters
for all the samples are listed in Table S1, wherein a high surface
area of 2321, 2880 and 3080 m?-gtis obtained for LAC-800, LAC-
900 and LAC-1000, respectively, with the majority of pores
located at 1.2 and 2.2 nm (Fig. S2d). It is worth noting that the
surface areas of LAC-900 and LAC-1000 are among the highest
values ever reported for KOH activated carbon materials.

To figure out the mechanism behind such high surface area,
a comparative experiment was carried out following fabrication
route b in Fig. 1, in which Na,COsz impurity particles were
deliberately removed after carbonization by washing in diluted
HCI solution (7%) and DI water. The product is marked as LCw-
600. XRD patterns and SEM images of LCw-600 in Fig. 2 and S1
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Fig. 2 Materials characterization. SEM images of a) LC-600 b) LCw-600 c) LAC-900; (d)
XRD patterns of the samples after carbonization at 600 oC; (e) N, adsorption/desorption
with the pore size distribution (inset); (f) XPS spectra of LAC-900 and LC-600.

verify the successful elimination of most of the impurity
particles. The activation was then conducted identically to the
preparation of LAC-900. Nonetheless, the final product (LACw-
900) delivers a much lower surface area of 1829 m?-g! and a
limited pore volume of 0.95 cm3-g?! (Fig. 2e) with similar
morphology compared to LAC-900. This observation
emphasizes the important role of Na,COs3 that serves as a self-
activation agent besides KOH etching. Although Na,CO; was
normally considered as an inactive agent for pore development
due to its thermal stability during annealing.’® It is
demonstrated here Na,CO; could be effective under high-
temperature activation since the decomposition of Na,COs at
around 900 °C'7 results in the generation of CO, gas whose
escape leaves pores on the surface. The surface chemistry of the
products is further analysed by XPS. Plenty of oxygenated
functional groups, including carboxyl (O-C=0), carbonyl (C=0)
and hydroxyl (C-0), are presented on the carbon surface of LC-
600 (Fig. 2f). These groups together give a total oxygen content
of 32 at. % (Table S2). High-temperature activation also greatly
enhances the carbonization process through the growth of
aromatic structure and elimination of heteroatoms,'® resulting
in a 96~98 at. % carbon amount and a merely 4~2 at. % oxygen
for LAC-800, LAC-900 and LAC-1000, separately (Fig. S3 and
Table S2, S3). Removal of the oxygenated functional groups is
helpful to the conductivity for fast charge transfer. The sp? (C=C)
structure content of LAC-900 is greatly improved to 53% while
a high amount of sp3 (C-C) structure remains since the annealing
temperature is not high enough to fully graphitize the carbon
materials.

The charge storage behaviours of the prepared carbon were
evaluated in LICs with lithium metal as the counter electrode.
The cells were firstly charged to stimulate the adsorption of
anions (PFg’) in the electrolyte. A cut-off voltage of 4.8 V, which
almost approaches the oxidation window of the electrolyte,*®
was applied to fully explore the anion storage capability. Within
the voltage window of 1.0-4.8 V, LAC-800, LAC-900 and LAC-
1000 are able to deliver a discharge capacity of 208, 326 and
302 mAh-gt at 2" cycle at 0.1 A-g'! (Fig. S4a) and demonstrate
decent cycling performance (Fig. S4b). A 24% increase in the
surface area is observed when the activation temperature rises
from 800 °C to 900 °C, accounting for the large improvement in



the capacity. Further increase in the activation temperature
does not affect much the performance due to the marginal
amelioration on the surface area. The slightly lower capacity of
LAC-1000 than LAC-900 may arise from the differences in pore
size distributions, where the latter has larger micropore volume
facilitating the anion adsorption. The dependence of capacity
on the surface area is also confirmed by the performance of
LACw-900, which shows a much lower capacity than LAC-900
due to reduced surface areas arising from the removal of
Na,COs3 before activation (Fig. S4c).

Hence, the subsequent research aiming at uncovering the
ion storage mechanisms is focused on LAC-900, of which the
electrochemical performance proves optimum among all. As
shown in Fig. 3a, it displays a promising first charge capacity of
186 mAh-g! thanks to the high surface area of carbon cathode.
Upon discharge, the PF¢ ions leave the carbon surface. It is
noted that an equal capacity to the charge value is gained when
discharged to around 1.8 V. Deep discharging also triggers the
insertion of Li* cation, contributing to an accumulative capacity
of 350 mAh-g! at 1.0 V. This capacity is among the highest value
obtained in the carbon cathode for LICs so far and is largely
maintained in the following cycles as shown in Fig. 3b. The
phenomenon may not be attractive at first sight owing to the
low discharge voltage of 1.0 V. The high capacity could be simply
ascribed to the contribution from Li* ions insertion at low
voltage, which normally occurs at a voltage lower than 3.0 V in
carbon materials.?® Therefore, the capacity contribution from
cation is clarified by limiting the voltage range to 1.0-3.0 V. It
shows an initial capacity of ~ 86 mAh-g* but quickly drops to no
more than 20 mAh-g! occupying less than 10% of the total

around 75 mAh-g* when cycled between 3.0-4.8 V, which may
result from the incomplete desorption of anions arising from
early termination of discharging, as shown in Fig. 3b. This
observation suggests a synergistic effect of both cation
insertion and anion desorption involved between 1.0 and 3.0 V.

To further understand the effect of cation insertion, it
necessitates the de-coupling of anion and cation storage.
Therefore, we gradually open the electrochemical window by
decreasing the end-of-discharge voltage from 3.0 to 1.0 V while
the end-of-charge voltage is kept at 4.8 V, as shown in Fig. 3c.
The cell was firstly activated by charging to 4.8 V. The state at
this point, which indicates the full adsorption of PFg’, is used as
a reference. All the curves are shifted so that they will overlap
at 4.8 V to eliminate the capacity contribution from electrolyte
decomposition. As expected, the discharge capacity continues
to increase from 100 mAh-g? at an end-of-discharge potential
of3.0Vto 125 mAh-gtat 2.5V, 167 mAh-gtat2.0V, 220 mAh-g-
1at 1.5V and 318 mAh-g? at 1.0 V. It is surprising that a huge
capacity of around 100 mAh-gtis gained between 1.5-1.0 V. The
contribution from the Li* ion insertion alone cannot explain the
remarkable capacity gain since the direct cycling between 1.0
and 3.0 V fails to show a considerable capacity. It may be argued
that solid electrolyte interphase generation would occur at
around 1.0 V, which would be partly responsible for the capacity
increase. The contribution should not be such significant as
demonstrated by the small irreversible capacity and good
overlapping of voltage profiles in the following cycles (Fig. 3a).
It suggests that the desorption potential of PFg could be as low
as 1.0V, although the adsorption of anions takes place at a high
potential up to 4.8 V. To support this finding, we probed the
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charge/discharge depths by energy dispersive spectroscopy
(EDS). Fig. S5 shows a continuous decrease of P and F content
when discharging to 1.0 V, indicating the desorption of PFg
occurs in the whole discharge process. Therefore, the anion
storage capability of carbon cathode is highly underestimated
previously due to the early termination of discharge, resulting
in partial desorption of adsorbed anions.

The voltage profiles in Fig. 3c show that although the energy
density could be largely improved by deep discharge, the
voltage hysteresis is also magnified, leading to low energy
efficiency. The reason lies in the higher charge transfer
resistance (Rct) when discharging to a lower potential, as shown
in Fig. 3d. A surge of Rt from 112 Q at 4.8 Vto 182 Q at 3.0V
and further to 330 Q at 1.0 V has been observed (See more
details in supporting information Fig. S6 and Table S4). The
slight decrease of Rct from 3.0 to 2.0 V may due to the transition
from anion adsorption to cation insertion with the complex
process involved. The interplay between the anion and cation
storage remains unclear and requires further exploration.
Accordingly, the energy efficiency continues to decline when
lowering the discharge cut-off voltage as shown in Fig. 3e. Note
that the energy density shown here is based solely on the mass
of carbon cathode to reflect the contributions from both the
capacity and average voltage. Thus, a compromise must be
made between energy density and efficiency depending on the
application requirements. It is worth mentioning that despite
the decreased energy efficiency upon deep discharge, the
cyclability of the capacitor maintains excellent. A high capacity
retention of 97% is achieved after cycling at 0.5 A-g* for 500
cycles (Fig. 3f). The cell also presents a decent rate capability
with a capacity of 190 mAh-g at 4.0 A-g* arising from the fast
kinetics of capacitive behaviour.?t3

Na- and K- ion technologies have been revived recently due
to the concern on the depletion of Li reserves.?*#?> Thus, we
extend the application of the high surface carbon to Na and K
ion capacitors (See details in experiment part of supporting
information). Again, the discharge voltage window is gradually
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under the various electrochemical window; (d) cyclic stability of NICs and KICs.

open to allow the entire desorption of anions. A similar
phenomenon is observed that deep discharging increases the
capacity and energy density but gives rise to the intensified
polarization and energy efficiency loss as indicated by the large
hysteresis (Fig. 4a, b and c). A promising capacity of 240 and 280
mAh-g* (Fig. 4d) is obtained at the second cycle with an average
potential of 2.40 and 2.42 V for NICs and KICs, respectively,
corresponding to an attractive energy density of 577 and 678
Wh-kg! (based on the mass of cathode). These values are
comparable to the polyanionic and layered cathode in Na- and
K- ion batteries.?® Satisfactory capacity retention is obtained
after 100 cycles. In comparison with LICs, both NICs and KICs
exhibit relatively lower capacities by around 30% at the 50th
cycle, the values of which are 220 and 215 mAh-g?, respectively.

In-situ Raman tests were conducted to explore the origin of
capacity discrepancies in the alkali-metal ion capacitors. Fig. 5a
presents the Raman spectra in LICs for the carbon at various
states. It can be seen that the D-band does not show a clear
change in the whole charge/discharge processes. On the
opposite, an up-shift of G-band is observed upon charging to 4.8
V, which is recovered once discharging to 3.0 V. The
phenomenon reminds of the anion insertion in carbon materials
at the high potential that is well understood in dual-ion
batteries.?’ It is speculated that part of PF¢ is intercalated into
the cathode in additional to adsorption. Deep discharging to 1.0
V leads to a slightly down-shift of G-band due to the insertion of
Li* ions. The position of the peak is fully restored in the
subsequent charging to 3.0 V. The results confirm again the
excellent reversibility of as-prepared carbon under the wide
voltage range. In contrast to LICs, neither D- nor G- band of
carbon in NICs and KICs (Fig. S7) undergoes distinct change
under all the oxidation/reduction depths, arising from
adsorption-governed behaviors.?® Based on the above
discussion, both diffusional and capacitive processes are
involved in the alkali-metal ion capacitors. To quantify their
individual contribution, current separation method was
employed (Fig. S8 and S9).2° At a scan rate of 2.0 mV-s?, the
capacitive contribution makes up 56.5%, 77.9%, and 76.3% of
the total capacity in LICs, NICs and KICs (Fig. 5b), respectively. It
suggests that a considerable capacity arises from insertion
behaviour in LICs compared to adsorption/desorption-
dominant behaviour in NICs and KICs, in agreement well with in-
situ Raman results. The unfavourable insertion process in NICs
and KICs gives rise to the lower capacity than LICs. The
disparities in charge storage mechanism may originate from the
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Fig. 5 Charge storage mechanism. (a) In-situ Raman of carbon cathode in LICs; (b)
Capacity contribution of diffusive and capacitive behaviour in LICs, NICs and KICs.



solvation energy differences of the salts in the electrolytes and
the corresponding electrode/electrolyte interphase in the
three-type alkali-metal ion capacitors.3° This information is little
understood in the emerging Na- and K- ion systems, which
requires further studies in order to catch up with the
performance in LICs. Lastly, it should be mentioned that the co-
utilization of anion and cation storage in the cathode might
bring difficulty in the practical application, as the pre-loading of
cations (Li, Na, K) in the carbon is demanded. Fortunately, this
issue would be overcome by the utilization of alkali-metal
anode, a topic that is intensively exploring in the battery
community.3!

3. Conclusions

It shows here the lignin-derived activated carbon are
promising cathodes in LICs. Two strategies are adopted to
achieve an attractive energy density, including i) utilizing the
self-activation from the Na,COs; impurities for obtaining
exceptional surface area; and ii) performing deep discharging to
allow the full desorption of PFg anions. A synergistic effect of
cation insertion and anion adsorption is revealed. Both the
capacity and energy density are remarkably enhanced when
decreasing the discharge-end voltage to 1.0 V, accompanying
with the increased voltage hysteresis and the corresponding
low energy efficiency. Similar phenomenon is observed in both
NICs and KICs. Therefore, for practical applications, a trade-off
needs to be made via adopting a suitable voltage window.
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