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Abstract

Disordered carbon is considered as a potential anode material for potassium ion batteries (PIBs)
due to its advantages in rate capability compared to graphite. Nevertheless, its capacity is
usually limited below 300 mAh g . Herein, we demonstrate the performance of low-cost pitch
derived carbon could be significantly boosted through synergistic microstructure design and
electrode/electrolyte interphase regulation. A considerable amount of mesopore is produced to
provide the extra active sites for K ion storage and meanwhile, facilitate the charge transfer.
The optimized carbon anode delivers a remarkable capacity of 460 mAh g* with outstanding
rate capability up to 4.0 A g*. In-situ Raman spectra reveal the superb performance originates
from K ion storage in both the mesopore and disordered graphene layers. The construction of a
robust solid electrolyte interphase in ethylene glycol diethyl ether derived electrolyte further
improves the long-term stability, leading to an exceptional capacity retention of 80% after 2000
cycles under a current density of 1.0 A g. This strategy provides a facile approach to enhance

the performance of carbon materials for PIBs via structure and interphase design.
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1. Introduction

The 2020 global renewables outlook report predicts that around 55% of electricity
generation will be shared by renewables like solar, wind and tides by 2050 to confront the
depletion of fossil fuels and to meet the ever-growing energy demand in a green and sustainable
way [1,2]. Meanwhile, the annual stationary storage of the intermittent energy forms will
increase from 30 GWh in 2019 to 370 GWh in 2030 and to 3400 GWh in 2050 [1]. In this
context, potassium-ion batteries (PIBs) emerge as a cost-effective choice for large scale energy
storage bestowed by the abundance of potassium resources and similar working mechanisms
with those of lithium-ion batteries (LIBs) [3,4]. Unlike sodium, potassium could form stable
graphite intercalation compounds (GICs) KCs upon electrochemical intercalation into graphene
galleries at below 0.3 V (vs. K*/K), corresponding to a theoretical capacity of 279 mAh g*[5,6].
However, research on graphite and other SP2-based carbon allotropes like graphene and
expanded graphite as anodes for PIBs shows either a limited practical capacity of less than 250
mAh g? or sluggish kinetics [7-9]. Other insertion-type anode materials like K2TisO13 and
KVPO4F exhibit excellent rate capability but insufficient capacity [10,11]. Metallic Sb [12],
Sn4P3 [13], and Bi [14] possess high reaction capacity with K, whereas the large volume

expansion upon alloying raises concerns about long-term stability.

In search of appropriate anode materials for PIBs, disordered carbon appears as a promising
candidate thanks to a large number of available precursors, low cost and facile manufacture
methods [15]. In addition to the various intrinsic K ion storage sites, extra active sites could be
readily incorporated into the carbon anode via heteroatom doping and pore generation [16,17].
For instance, N-doping has been proved an effective way to increase the capacity by providing
additional defect sites [18,19]. S- [20] and P-doping [21,22] are capable of enlarging the d-
spacing between graphene layers, thus allowing fast K ion migration. Along with the doping
strategy, structure modifications such as introduction of pores, construction of hollow or yolk
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shell structure, and particle size control are beneficial for the enhancement of material activities
towards energy storage and catalysis by enlarging the electrochemical active areas [23-25].
Among those, building porous structure is an promising approach for enhancing anode
performance. The merits are multifold. First, pore structures help improve the wettability of
bulk carbon by shortening the electrode-electrolyte contacting distance. Second, the hollow
structures could buffer the volume expansion upon exterior ion insertion [17,26]. Furthermore,
mesopore plays a critical role in enhancing the capacity as more K ions could be adsorbed and

stably stored in the relatively large cavities [27].

Herein, taking advantage of MgO particles with appropriate size [28], a facile and scalable
MgO-templated method was adopted in this work to boost the capacity of disordered carbon by
building mesoporous structures in the carbon skeletons. Mesophase pitch is chosen as the
carbon precursors on the basis of its low cost and high carbon yield of over 80%. Besides, the
electrode-electrolyte interphase was modified by shifting from the traditional carbonate-based
electrolyte to an ether-based one. Compositional information of the as-formed solid electrolyte
interphase (SEI) was confirmed by surface XPS analysis. Furthermore, K ions storage

mechanisms in mesoporous carbon were investigated by in-situ Raman spectroscopy.

2. Experimental

2.1. Preparation of mesoporous carbon

For the synthesis of mesoporous carbon, mesophase pitch was firstly grind-mixed with
magnesium acetate (Sigma Aldrich. Co) with a weight ratio of 1:5 in an agate mortar. Afterward,
the grey-colored mixture was annealed at 800 °C for 2 h in a tube furnace with a ramp rate of
5 °C min" under Ar protection. Specifically, the chamber temperature was kept at 400 °C for
0.5h before rising to 800 °C to allow the full growth of MgO templates through the
decomposition of magnesium acetate. The annealed black sample was then washed with

excessive diluted HCI (7%) solution followed by deionized water to remove the residual MgO
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and neutralize the sample. Finally, mesoporous carbon was obtained by drying the washed
powder in a vacuum glass oven at 100 °C for 24h. For comparison, the unmodified carbon was
prepared by directly carbonization at 800 °C for 2h after stabilizing the raw precursors at 300 °C
for 4h in a muffle furnace. Accordingly, the carbon sample prepared with and without MgO

template is marked as P-MgO and Neat-P, respectively.

2.2. Materials Characterizations

The morphology of the as-prepared carbon materials was characterized by scanning electron
microscopy (Field-emission SEM, TESCAN MAIA3) and transmission electron microscopy
(TEM, JEOL 2010F). Pore structure analysis was carried out via N2 adsorption/desorption
isotherms collected on a micromeritics ASAP 2020 machine. The surface compositional was
examined via X-ray photoelectron spectroscopy (XPS) performed on a Nexsa X-ray
Photoelectron Spectrometer system (Thermo Fisher Scientific Inc.) with monochromatic Al Ka.
radiation. Prior to the experiment, the cycled electrodes for XPS characterization were washed
with the corresponding solvents to eliminate the residual salts. After drying in the glovebox,
the electrodes were directly attached to a vacuum transfer chamber for the test. Raman spectra
were collected using a Witec-Confocal Raman system (UHTS 600 SMFC VIS) with a laser
length of 532 nm. The X-ray diffraction (XRD) patterns were obtained on a Diffractometer

(Rigaku Smart Lab 9kW) with Cu-Ko radiation (A=1.54178A).

2.3. Electrochemical measurement

To fabricate the electrodes, Neat-P or P-MgO was homogeneously mixed with carbon black
and sodium alginate by a weight ratio of 8:1:1 in an agate mortar. Subsequently, deionized
water was drip-added while continuous mixing to prepare the slurry, which was then blade-cast
onto the copper foil to make the electrode tape. After drying at 60 °C overnight, discs with a
diameter of 12 mm were cut from the tape to be used as the electrodes. Typically, each electrode

has an active mass of 0.8-1.2 mg. Standard CR2032 coin cells were assembled in a glove box



with Oz and H20 content below 0.5 ppm. The electrolytes were prepared by dissolving
potassium bis(fluorosulfonyl)imide (KFSI, Energy chemical.) into ethylene glycol diethyl ether
(EGDE, Macklin) or ethylene carbonate (EC, DoDoChem)/diethyl carbonate (DEC,
DoDoChem) (1/1 by weight) via magnetic stirring for 12h in a glove box. One piece of
Whatman (GF/D) glass fiber was used as the separator and potassium plate was adopted as both
the counter and reference electrodes. For the full cell test, the cathode was made of
Fes(Fe(CN)e)s active materials and the slurry was coated on an aluminum foil following the

same procedure in carbon electrode fabrication.

Galvanostatic tests were performed on LAND CT2001A Battery Testing systems within
0-3.0 V (vs. K*/K). The cyclic voltammetry (CV) data were collected on an electrochemical
workstation (Solartron Analytical 1400 cell test system) within the same voltage window at
sweep rates varying from 0.2, 0.5, 1.0, 2.0 to 4.0 mV-s’. The electrochemical impedance
spectroscopy (EIS) was carried out on an SP150 workstation (Biologic, France). The
galvanostatic intermittent titration technique (GITT) tests were conducted on Arbin battery

systems.
3. Results and discussion
3.1 Mesopore-enhanced capacity and rate performance

The morphology of the as-fabricated carbon is first examined by SEM. It presents irregular
bulk-shape particles for Neat-P, as shown in Fig. Sla. In comparison, P-MgO distinctively
exhibits hollow structures with a large number of obvious macropores (Fig. S1b-d) and
mesopores (Fig. S2). The successful incorporation of uniformly-distributed pores into the neat
carbon matrix is further confirmed by TEM images of Neat-P (Fig. 1a-c) and P-MgO (Fig. 1d-
f), in which typical positions of pores are marked by dashed lines and arrows. To examine the
pore evolution in P-MgO, the BET measurement was carried out on both samples. As shown in

Fig. S3, the N2 adsorption/de-sorption curve for Neat-P shows fairly limited adsorbed quantity,
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while that for P-MgO could be ascribed to the type 1V isotherm [29], which typically results
from the capillary condensation effect of mesopores. Accordingly, the directly annealed
disordered carbon possesses scarcely any pores with a pore volume of less than 0.01 cm® gt
and a surface area of merely 3.5 m? gt by BET method (Fig. 1g). A sharp contrast is observed
for P-MgO, which has a pore volume of 0.99 cm® g and a specific surface area of 333.2 m? g-
! Besides, the sizes of most pores range from 10 to 50 nm, yielding an average pore size of
11.9 nm (Fig. 1h). This is in good agreement with that detected in the HRTEM image (Fig. 1f),
which shows a pore size of 10~12 nm. Raman spectra (Fig. S4a) give a similar Io/lc ratio of
0.99 and 0.97 for Neat-P and P-MgO, respectively, as a reflection of the presence of defects
and poor crystallinity. This is also confirmed by the broad bump-shape peak shown in the XRD

patterns of both samples (Fig. S4b).
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Fig. 1. TEM images of (a-c) Neat-P and (d-f) P-MgO and the corresponding pore size

distribution results by BET method for (g) Neat-P and (h) P-MgO.
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A galvanostatic rate test is then conducted to examine the effect of mesopores on the
electrochemical performance of disordered carbon. Fig. 2a shows a capacity of 245 and 360
mAh g? at 0.05 A g for Neat-P and P-MgO, respectively. Upon further increasing of the
current density, a capacity of 290, 250, 206, 173, 146, and 110 mAh g*is obtained for the
mesoporous carbon at 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 A g%, respectively. In contrast, when the
current density increases to 0.2, 1.0 and 4.0 A g%, the capacity of Neat-P drops to 168, 99 and
30 mAh g1, respectively. As the current is set back to 0.1 and 0.05 A g2, the capacity for both
samples could be resumed. The enhanced capacity should come from the increased K ion active

sites in mesopores, as will be discussed later.
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Fig. 2. (a) Rate performance of the as-prepared carbon and the corresponding voltage profiles for (b)
Neat-P and (c) P-MgO under different rates. The dashed lines indicate the voltage profiles after recovery

to low current rates.

The change of the dominant K ion storage mechanism is also reflected in the corresponding
voltage profiles shown in Fig. 2b and 2c. It presents a plateau-slope combined charge-discharge
profile for Neat-P with nearly no capacity delivered above 1.5 V. By contrast, a sheer slope-

shaped profile is observed for P-MgO throughout 0-3.0 V without a clear plateau region.



Interestingly, the P-MgO electrode shows a nearly 100-mAh g capacity increase after the
recovery of current to 0.1 and 0.05 A g%, as indicated by the dashed lines in Fig. 2c. Such a
phenomenon could arise from the activation process triggered by large current density [30].
The repeated intensive volume change opens up some enclosed cavities, thus allowing more K
ions to flow into the carbon matrix. As a result, P-MgO exhibits a capacity as high as 460 mAh
gt at 0.05 A g? after activation, which places it among the best of the state-of-the-art carbon-

based anodes for PIBs, as illustrated in Fig. S5.
3.2 Interphase-boosted cycling stability

To explore the effect of electrode/electrolyte interphase on the long-term stability, the cyclic
performance of P-MgO is also conducted in classic carbonate electrolyte, i.e., 1M KFSI in
ECDEC. The cells using different electrolytes are examined at 1.0 A gt after pre-cycling at 0.1
A g for ten cycles (Fig. 3a). They deliver similar capacities at the small current density, but
large discrepancy is found at 1.0 A g1. A stable capacity of 223 and 159 mAh g is obtained
under EGDE- and ECDEC- based electrolyte, respectively, suggesting better rate capacity in
the former electrolyte. Moreover, the cell with 1M KFSI/ECDEC starts to undergo frequent
over-charging after the first 100 cycles, accompanying with the fluctuation of the Coulombic
efficiency (indicated by the dashed circle). By contrast, the cell using 1M KFSI/EGDE exhibits
a much stable cyclic performance. It shows a capacity of 178 mAh g* after 2000 cycles,
corresponding to a capacity retention of 80%. Post-cycle investigation of the morphology of
the electrodes reveals that the P-MgO anodes in both electrolytes remain intact after cycling
(Fig. S6). The disparity between the performance of P-MgO anodes under the ether- and
carbonate-based electrolytes may originate from the difference in the solid electrolyte

interphase (SEI) formed.
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Fig. 3. (a) Cycling performance of P-MgO at 1.0 A g*and (b) C 1s surface XPS profiles of the
electrodes after 3 cycles under 1M KFSI in EGDE and 1M KFSI in ECDEC; (c) Charge transfer

resistance of the electrodes after different cycles.

XPS measurement was carried out on the electrodes after 3 cycles to investigate the surface
composition. The full survey of both samples indicates that the surface layers mainly consist of
C,0,K,F, S, Nelements (Fig. S7). High-resolution C 1s peaks in Fig. 3b confirm the existence
of sp® C-C, sp? C=C, C-O-C, C-O and C=0 species for both electrolytes [14,31-34], whereas
O-C=0 species is only observable for the ECDEC-based electrolyte. In detail, the C-O, C=0
and O-C=0 species are mainly produced by the decomposition of the O-containing functional
groups from the ether or carbonates, which leads to the formation of organic and inorganic
compounds such as potassium-based oligomer (CH2CH2-O-)nK (mainly from C-O) and alky!l
carbonate RO-COOK (mainly from O-C=0) [35,36]. The possible decomposition mechanisms
for EC, EGDE and KFSI are presented in the supporting information. The O 1s peaks in Fig.
S8 also confirm the formation of RO-COOK and O-C-O species [36]. The presence of a large
number of inorganic species in the organic matrix would decrease the SEI’s flexibility [37],

leading to the fracture of the SEI formed in ECDEC. The speculation is evidenced by the



fluctuation of Coulombic efficiency resulting from the repeated failure and re-construction. In
comparison, the robust SEI derived in EGDE electrolyte essentially improve the stability for
long-term cycles.

The SEI also has an important impact on the resistance on/through the surface of electrodes.
To compare the values in the above two electrolytes, the EIS measurement is performed on the
cells at various states, i.e., prior to cycle and after certain cycles. The original data are fitted
using the model presented in the inset of Fig. 3c, which includes the high-frequency-responded
processes at SEI film (Rsei, except for pre-cycle state), medium-frequency-responded charge
transfer at the interface of electrodes and electrolyte (Rct), and low-frequency-related Warburg
impedance of the bulk particle [38]. The summed value of Rsei and Rct for both electrolytes
experience an abrupt decline (Fig. 3c, Fig. S9 and Table. S1, S2) owing to the gradual wetting
of the electrodes. Upon further cycling, the resistance for EGDE slowly reduces to 250 Q and
maintains almost constant till 100 cycles thanks to the formation of a stable interface. In contrast
to it, the value in ECDEC presents an averagely 5-fold higher value throughout the cycling

process with oscillations in the value of Rseiand Rt
3.3 Mesopore-related K ion storage mechanism

It remains unclear how K ions are stored in the mesoporous carbon. The CV rate sweeping
test of P-MgO is adopted to probe the K ions behaviors based on the current division method
proposed by Dunn et al. [39]. According to formula (1) and (2), where i refers to the current
observed and v corresponds to the scanning rate. The overall current i consists of the capacitive-
related kiv and the diffusion-derived kav'/2. After dividing formula (1) by v? into both sides,
formula (2) is obtained for determining the kiand kz in i(V)/"vY2 versus v plot.

i=k1v + kav2—— (1)
i(V)AVY2 =kiv!2 + ko—— (2)
The CV scanning curves and linear fitting results are presented in Fig. S10. It shows that

the capacitive-controlled behaviors contribute 44%, 52%, 59%, 67% and 78% to the overall
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capacity under the scan rate of 0.2, 0.5, 1.0, 2.0 and 4.0 mV s* (Fig. 4a, 4b). The large
proportion of the capacitive contribution mainly results from the mesopore adsorption of K ions,
while the residual capacity could be attributed to the K ions storage in expanded graphene layers
or by adsorption on isolated/edge graphene layers [16]. As the capacitive behavior possesses

fast kinetics, its contribution increases with the scan rates.

Q

o
IS

C
1mvs' [ IDiffusive r T T T T T T 900
| Capacitive D \ G 0.45

59%

1000 1500 2000
Raman shift (cm)

Current (mA/cm?)
o o
o N
isity (a.u.)
B
@ o
Intensity (a.u.)
%
3
8

S & o
> » N
Intensity (

1M KFSI in EGDE

1000 1500 2000
¢ ] . Raman shift (cm™)
T T T T T T T S ) =
00 05 10 15 20 25 30
b Voltage (V vs. K'IK)
120
[ Diffusion [ Capacitive

T 1000 1500 2000

604 G Raman shift (cm”)
67% e 2

E - A =

£ 40 " 529% 59%| “AW 1000 1500 2000

Raman shift cm™)

Intensity (a.u.)
Capacity (mAh-g”)

contribution (%)

T T T T T
o . . . . . 1200 1600 30 25 20 1.5 10 05 00

0.2 0.5 1.0 2.0 4.0 . 4
Scanning rate (mV-s™) Raman shift (cm™)

—=7=n Ay breathing mode

K+
Adsorption

E»y G mode Insertion

VRN
-—7\070/,,’
¢K Mesopore % Graphene layers =, = Exposed defects & K*
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the capacitive-related region and (b) the capacitive contribution at various rates; (c) In-situ
Raman spectra (left) collected upon the 1% charge/discharge and the 2" discharge process

(right); (d) Schematic illustration of the K storage mechanisms in mesoporous carbon.

To closely monitor the mesopore-related K storage mode, in-situ Raman spectra of neat P-
MgO powders are real-time collected during the 1% discharge/charge and 2" discharge
processes under an in-situ Raman cell. As shown in Fig. 4c, prior to initial discharge, D-band

and G-band appear at 1336 and 1595 cm, which gradually shift to 1279 and 1558 cm™,
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respectively, when it is discharged to 0 V. Meanwhile, the slow weakening of D-band is
observed, leading to the reduction of Io/lc ratio from 0.97 to 0.47 at 0 V. Upon further charging,
both D- and G-band blue-shift back to 1337 and 1595 cm™ along with the regaining of D-band
intensity. Further recording of Raman spectra at 2" discharge reveals that this evolution is a
highly reversible process. The red/blue shift of G-band during the discharge/charge process is
ascribed to the adding/releasing of internal strain induced by the change of C-C bond length
inside graphene layers [40,41]. In terms of the D-band, its position and intensity are varied
simultaneously as the charge state changes. The defect-relating aromatic cluster from the
amorphous component is electronically and vibrationally associated with the graphene lattice
[42]. Therefore, its state could be affected by the strain inside the graphene layer during K ion
insertion, resulting in the coincidental shift of D- and G- bands. The K ions storage mechanism
in mesoporous carbon is schematically illustrated in Fig. 4d. The introduction of mesopores
into the amorphous carbon matrix will make a large number of defects, such as graphene edges
and voids, that are exposed to the cavities. Such defects could act as potential active sites for K
ion storage and contribute a significant ratio to the signal of D-band, which stems from the Axgq
breathing mode. Besides, the turbostratic carbon structure in the bulk part could store K ions
by adsorption and insertion, which is correlated with the G-band following the E2g mode. When
K ions take occupation of the aforementioned sites, those defect-related vibrations become
inactive, resulting in the restriction of the Aiq breathing mode and hence the weakening of D-
peak [42]. Aside from defects, the meso-sized (2~50 nm) cavities also can effectively
accommodate the K ions, contributing to the increase of the overall capacity. On the other hand,
K ions insertion into graphene layers does not weaken the Ezg vibration mode. Instead, the

induced strain arising from the expansion of graphene layers leads to the shift of G-band.

3.4 Full cell evaluation
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cycling performance at 100 mA g

As a proof of concept, a full cell is assembled with Prussian blue analog Fes(Fe(CN)s)s
cathode and P-MgO anode using 1M KFSI in EGDE as an electrolyte. Fes(Fe(CN)s)3 was
synthesized based on a previous report [43], which gives a highly crystallized structure, as
indicated by the XRD pattern (Fig. S11a). The cathode delivers a reversible capacity of 77.8
mAh g? (Fig. S11b) with an average potential of 3.3 V. Since the pristine material is K-ion
deficient, a pre-cycle process in half cells is required to prepare the KxFes[Fe(CN)s]y for acting
as the cathode in the full cell. To eliminate the SEI-related irreversibility, the P-MgO electrode
is charged/discharged for three cycles in a half cell before assembling the full cell. Coupling
with the KxFes(Fe(CN)e)s, a 2.5-V class PIB is obtained (Fig. 5a). The cell delivers a stable
capacity of around 245 mAh g (based on the mass of anode) and shows no apparent decay
after 50 cycles (Fig. 5b), indicating the compatibility of the developed mesoporous carbon
anode with the cathode for future application. For comparison, a KxFes[Fe(CN)s]y/Neat-P full
cell is also assembled following the same procedure, which delivers a lower capacity of around

102 mAh g* (based on the mass of anode) and decays to 80 mAh g after 50 cycles (Fig. S12).
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4. Conclusions

In summary, a mesoporous carbon is fabricated via a facile MgO-templated method from
high-carbon-yield and low-cost pitch. Compared to the directly annealed disordered carbon,
the capacity is considerably increased from 245 to 360 mAh g* at 0.05 A g, which could be
further enhanced to 460 mAh g* via large current activation. Moreover, the as-prepared
mesoporous carbon shows a decent rate capability with a capacity of 110 mAh gtat 4.0 A g™
and proves an ultra-stable cyclic performance with a capacity of 178 mAh gt after 2000 cycles
at 1.0 A gt using 1M KFSI in EGDE electrolyte. This outstanding performance, on the one
hand, originates from the mesopore incorporation, which provides plenty of K ion storage
active sites. On the other hand, the formation of a robust SEI in ether-based electrolyte
significantly boost long-term stability. The charge storage mechanism is revealed by the CV
rate sweep method and in-situ Raman spectroscopy. This work provides a simple way of
enhancing the overall electrochemical performance of neat carbon via structure and interphase

modification, which helps promote the application of carbon anode for PIBs.
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