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Organic 2,5-dihydroxy-1,4-benzoquinone Potassium Salt
Endowing Ultrahigh Initial Coulombic Efficiency for Potassium-ion
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Here we propose a newly organic 2,5-dihydroxy-1,4-benzoquinone
potassium salt (K,C¢H,0,;) endowing ultrahigh initial Coulombic
efficiency of 96% as an advanced anode in potassium-ion
batteries. Theoretical calculation and experimental results suggest
that K* can reversibly insert into this organic compound due to the
flexible and stable structure of K,CsH,0, molecule as well as fast
K* kinetics in the selected dimethyl ether-based electrolyte.

With the increasingly growing environmental and ecological
issues from conventional fossil energy, the development and
storage of efficient and clean new energy systems are of great
significance.2 As an important electrochemical energy storage
device, lithium-ion (Li-ion) batteries are widely applied in
aerospace devices, electric vehicles and daily life notebook,
mobile phones, et.al.3 Nevertheless, the shortage of lithium
resource and its imbalance of distribution are gradually
serious problem. Advantageously, potassium-ion (K-ion)
batteries are expected to be a strong competitor for the
growing large-scale energy system.*® For one thing, the
potassium resources were much larger than that of lithium
from the economic and cost aspect. For another, the low
standard potential of K*/K (-2.88 V) suggest a high energy
density can be dramatically obtained. Moreover, the weaker
Lewis acidity of K will result in a fast K* transport capability,
consequently determining the high rate performance.”’
Inspiring by the successfully commercialized “rocking
chair” Li-ion batteries, constructing high safety “rocking chair”
K-ion batteries were extremely in need. Accordingly, the
suitable anode host were widely studied in the very recent
years. For example, the most concerned carbon-based
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materials, including hard carbon, soft carbon, graphite and
their derivatives could deliver noticeable electrochemical
performance but their low K-insert potential (below 0.2 V)
resulting in the formation of unavoidable K dendritic crystal at
low voltage.®-1° Other reported inorganic transition metals and
their compounds suffer from much large volume change effect
as compared to that of Li-ion or Na-ion batteries.1113
Consequently, the formed unstable solid electrolyte interface
(SEI) will result in the irreversible capacity loss in the repeated
cycles and the formed K dendritic crystal at low voltage may
lead to internal short with safety concern. Compared with
traditional anode materials, organic compounds show many
advantages with high theoretical specific capacity, low cost,
recycling, easy design and processing and safe operation of the
system.1*15> Unfortunately, due to the high activity of the K
substance in the organic electrolyte, a thick SEl layer is
consequently formed and other surface side reactions might
occur. As a result, a low first cycle Coulombic efficiency (CE) is
thus obtained leading to the inefficiency in the commercialized
full  batteries.1®7 Afterwards, many organic carbonyl
compounds and others were introduced as anode host in K-ion
batteries, with encouraging enhanced specific capacity or rate
performance.822 Nevertheless, to the best of our knowledge,
their initial coulombic efficiency is still low (below 70%) and it
is an urge to develop organic anode materials with a storage
voltage higher than 0.8 V to avoid the formation of a SEl layer.

In this communication, a newly organic carbonyl
compound, namely, 2,5 benzoquinone-1,4 di-potassium salt
(K,CgH,04) was initial introduced as the high-performance
anode host in K-ion batteries. The reversible K-insertion and
de-insertion were located at 1.2 and 1.48 V, which can prevent
the formation of solid electrolyte interface, resulting in a super
high initial CE of 96%. The as-modified K,CgH,0O./graphene
composite can exhibit a reversible capacity of 158 mAh g at a
current density of 100 mA g. The advanced K-storage mainly
attributed to the flexible structure of K,CsH,0, molecule, the
enhanced electronic conductivity from two-dimensional
layered graphene as well as fast K* kinetics.
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Fig. 1. (a)the FT-IR and (b) XRD of K,C¢H,04 and its precursor
CeH40, and (c)the *H NMR spectrum and (d) the TGA-DSC curve
of K2C5H204.

Fig. 1la shows the FT-IR spectrum of the K;C¢H,04
materials compared with its precursor 2,5 dihydroxy-1,4
benzoquinone (CsH40,). The vibration peak at 1680 -1380 cm™?
are ascribed to v, vibration peak on the benzene ring for
CeH404, which disappears in the corresponding wavenumber of
the generated K,C¢H,0,. Instead, new peaks were emerged at
1583,1400,1280 cm after the reaction, and the v.,
characteristic peaks on the benzene ring shifted to right, which
was related to the increasing molecular weight of the
introduced alkali metal cations. The corresponding XRD
patterns is shown in Fig. 1b, where the organic compounds
deliver a certain crystallization behavior before and after the
reaction, indicating that there is a strong interaction between
these molecules. Resolving the single crystal structure of
K,CgH,04 is still ongoing in a forthcoming paper. Subsequently,
the 'H NMR determination of as-prepared K,CgH,0, (Fig. 1c)
and CgH404(Fig. S2) were thus performed, where an obvious H
signal peak located at 4.66 ppm for the as-synthesized salt,
which was ascribed to the chemical shift H in the D,0. From
the TGA-DSC curve in Fig. 1d, K,CsH,04 could exhibits no
weight loss from room temperature to 480 °C, and the fast
weight loss after 480 °C indicates the collapse and
decomposition of K,CgH,04. The above discussion suggests the
successfully synthesis of K,CgH,04 with high purity. The
microstructure of K,CgH,0, was then characterized as shown
in Fig. S1. The SEM image shows that the surface of the
material was a combination of some gravel-like structures with
the particle sizes ranging from 300 nm to 1 pm.

The K-storage behavior of as-prepared K,C¢H,O, was
initially investigated as shown in Fig. 2. The initial discharge
and charge specific capacity of as-synthesized K,C¢H,04 were
214 mA gt and 207 mA g1, respectively, at a current density of
10 mA g corresponding to an initial coulombic efficiency(CE)
of 96% which is much superior than the reported organic and
inorganic anode materials (Fig. 2c).2>2> Besides, a couple of
explanate platform can be exhibited in the first and following
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cycles, suggesting a fast two-electron transport,seaction.as
previous reported.16 Herein, the excelleREfirst18yelie (CE &2t1e
K,Ce¢H,04 electrode material could be attributed to the redox
peaks of the material appear at 1.48 V /1.2 V during the
charge/discharge processes, which efficiently reduces the
formation of the SEI film during the electrochemical reaction.
Subsequently, the cyclic voltammetric (CV) test was performed
with the voltage ranging from 1-2 V (insert in Fig. 2a). A
reduction peak appeared near 1.13 V in the first cycle and it
was stabilized at 1.2 V in the following cycles. And its oxidation
peak is stably located at 1.48 V. It can be concluded from the
CV that K,CgH,04 electrode material exhibits excellent
reversibility which agreed well with its charge/discharge
curves.
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Fig. 2. The K-storage behavior of as-prepared K,CgH,0,. (a)
the initial three charge-discharge curves of K,C¢H,04 (Inset is
the corresponding CV plot) and (b) the first CE comparison
of organic anode materials in K-ion batteries (the abscissa
parameters represent the corresponding references).

To further comprehend the reversible mechanism of as-
prepared K,CeH,0O4 based  materials, ex-situ FT-IR
measurements of K,Ce¢H,0O, at different charge/discharge
states in the first cycle (A,B,C,D,E points are represent: pristine
state, discharge to 1.2 V, discharge to 1 V, recharge to 1.4 V
and recharge to 2 V, respectively) were performed to observe
the molecule vibrations during the electrochemical reaction, as
illustrated in Fig. 3a-c. The represent vs(C=0) vibration at 1642
cm can be gradually vanished and recovered from point A to
C, and then to point E. These results suggest opening and
recovering the C=0 double bond in the organic ligand during

This journal is © The Royal Society of Chemistry 20xx
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the discharge and charge processes. Additionally, the highest
occupied molecular orbital (HOMO) plot of CgH,0,% with two
negative charge (Fig. 3d) shows that the charge mainly locates
on the K atoms and the molecular structure is maintained after
accepting two negative charge, indicating that K,CgH,0, is
chemically stable with two K* insertion/extraction. As shown in
the optimized structure of K;CgH,O, the inserted K* is
coordinated with two O atoms, further suggesting the
structure stability of K4;C¢H,04 (Fig. 3e). As a result, K,CgH,04
can reversibly store K* reversibly and the K-storage mechanism
(as illustrated in Fig. 3f) of the material is the open and
recovery of conjugated hydroxyl groups, which is consistent
with the assumption of its energy storage mechanism at the
beginning of K,CgH,0,4 material design.
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Fig. 3. (a) the selected charge-discharge states of K,CgH,04;(b)
ex-situ FT-IR spectrum of K,C¢H,0, at different states; (c) the
partial enlarged drawing of the corresponding FT-IR; (d) the
HOMO plot of CgH,0,%;(e) the optimized structure of CgH,04*
after accepted to electrons and (f) the proposed reaction
mechanism of K,CgH,0,4in K-ion batteries.

To improve the rate property and depress its dissolution
in the organic electrolyte according to “like dissolves like”
principle as we previously discussed”], a simple in-situ
synthesis methodology was then utilized to contrast a
K,CsH,04/graphene composite (see detail in the experiment
part). Obviously, the addition of graphene is consistent with
the peak position of the K,CgH,0, material from the XRD
pattern (Fig. S3), which indicates that the addition of graphene
does not change the original crystal structure of the K,CgH,04
material. Meanwhile, the graphene peaks did not appear in
the XRD test, which might be weak intensity of graphene were
beyond the detector. The morphology structure of the as-
prepared  K,CgH,O,/graphene composite was further
characterized by FE-SEM and TEM as shown in Fig. S4. It can be
observed directly that the K,C¢H,O, particles are relatively
randomly distributed on the surface and interlayer of the
transparent, thin as sheets.
Subsequently, the rate performance of the K,CgH,0, and
K,CsH,04/graphene comparatively
investigated in Fig. 4a. The reversible discharge specific
capacity of K,CgH,O, is 183,172,153,118,40 mAh g at the
current density of 20,50,100,200,400 mA g, respectively
which is still noticeable compared to reported reference.1827
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composite were
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And the reversible specific capacity is restored t9.168./mA.8:2
when the current density reset to 20 mAg! 1 hEE RN TRE
K-storage electrochemical behavior of K,Cg¢H,04/graphene
composite  could deliver much better K-storage
electrochemical behavior than the bulk one. For instance, a
reversible capacity of 243 mAh g! were obtained at the
current density of 20 mA g which is very closed to the
theoretical capacity (the calculated specific capacity of
K,CeH,04 is 248 mAh g1). Advantageously, the specific capacity
of K,CgH,04/ graphene composite could maintain 245, 220,
170 and 110 mAh g%, respectively, at higher current densities
50,100, 200, and 400 mA g1. When the current density is reset
to 20 mA g, the reversible specific capacity can be restored to
about 230 mAh g%, suggesting the structure of
K,CeH,04/graphene composite can be stably maintained in fast
charge/discharge processes. The corresponding
charge/discharge curves were further displayed in Fig. 4b. It
can be observed directly that similar curves are displayed at
different rates, all of which show a certain electrochemical
platform, which indicates that K,CgH,0.4/graphene composite
has a stable electrode reaction process. However, a
polarization phenomenon of the charge/discharge curves
occurs for the bulk K,C¢H,0,4 at high current density, which
could be attributed to the poor electronic conductivity (Fig. S5)
as well as existing agglomeration issue resulting the instability
of the electrode reaction. Herein, graphene exhibits negligible
capacity ranging from 1 to 2 V in K-ion batteries (Fig. S6).
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Fig. 4. (a) the rate performance of as-prepared K,CsH,0, and
K,CsH,04/graphene composite;(b) the charge-discharge curves
of K,CgH,04/graphene composite at different current density;
(c) the cyclic performance of K,CgH,0,/graphene composite;
and (d) the fitting relationship diagram of scan rates and peak
currents for K,C¢H,0,4 and K,C¢H,0,4/graphene composite.

From the cyclic performance of K,CgH,04/graphene
composite in Fig. 4c, a reversible specific capacity of 130 mAh
g could be achieved with a CE of 99% at the current density of
100 mA g over 50 cycles. The solubility test of bulk K,CgH,0,4
and K,CgH,04/graphene is carried out, as shown in Fig. S7.
Both the K,C¢H,04 powder and K,CgH,0,/graphene composite
were dissolved in the selected DME electrolyte solvent. The

J. Name., 2013, 00, 1-3 | 3
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supernatant of K,Cg¢H,04 becomes turbid and some orange
particles precipitate at the bottom of the bottle after vibration
and standing for 2h, 24h and still a week. On the contrary, the
K,CeH,04/graphene composite material is relatively clear
without obvious turbid phenomenon after staying the same
time. The experimental results obviously illustrate the
dissolution issues can be obvious depressed by constructing a
K,CgH,04/graphene composite which is accordance well with
the enhanced electrochemical performance of
K,CeH,04/graphene composite compared with the raw
K,CeH,0O4 material. All in all, the introduction of K,CgH,0,4
particles into the graphene lamellae not only makes the
adjacent graphene sheets separate, but also reduces the
agglomeration problem which makes the fully utilization rate
of active materials obviously during charge/discharge.
Accordingly, the as-synthesized composite can construct a
good electronic conductive network for the rapid transport of
K*, increases the infiltration range of the electrolyte, and
shorten the ion diffusion path to accelerate the electrode
reaction. To further understand the superior K-storage
behavior of as-prepared K,CgH,O,/graphene composite, the
relationship of scan rates and peak currents for K,C¢H,04 and
K,CgH,04/graphene composite were thus performed (Fig. 4d).
It can be concluded from the fitting relationship diagram that
the potassium diffusion ability of the prepared
K,CeH,04/graphene composite is much better than that of
K,CeH,04 raw material (Fig.S8). Herein, the addition of
graphene can efficiently depress the dissolution issues and
improve the electrolyte and shortens the ion diffusion
pathway?®, which is consistent with the electrochemical test
results.

Conclusions

In conclusion, a newly organic carbonyl salt, namely 2,5-
dihydroxy-1,4-benzoquinone potassium salt (K,C¢H,0,) with an
ultrahigh initial CE of 96% was initially introduced as a suitable
anode host in K-ion batteries. The intercalated and
deintercalated potassium potential of K,C¢H,04 is higher than
1 V, effectively preventing the formation of the SEI film
reuslting in high performance. The  as-modified
K,CeH,04/graphene composite could exhibit a reversible
capacity of 130 mAh g at a current density of 100 mA g1. The
superior K-storage behavior is mainly ascribed to the flexible
structure of K,CgH,0, molecule, the enhanced electronic
conductivity original from two-dimensional layered graphene
as well as fast K* kinetics in the selected dimethyl ether (DME)-
based electrolyte. The results provide important reference for
the design and modification of the electrode material for K-ion
batteries.
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