https://doi.org/10.1016/j.ensm.2023.102805 This is the Pre-Published Version.

The following publication Yu, Z., Chen, C., Liu, Q., Liu, J., Tang, M., Zhu, Y., & Zhang, B. (2023). Discovering the Pore-filling of Potassium lons in
Hard Carbon Anodes: Revisit the Low-Voltage Region. Energy Storage Materials, 102805 is available at https://doi.org/10.1016/j.ensm.2023.102805.

Discovering the Pore-filling of Potassium lons in Hard Carbon Anodes:

Revisit the Low-Voltage Region

ABSTRACT Hard carbon anodes deliver attractive performance because of abundant active sites
for hosting the charge. Among diverse charge storage mechanisms, pore-filling is of particular
interest in emerging Na/K ion batteries owing to the induced high capacity at a low voltage.
Despite the widely accepted Na ion pore-filling, whether K ion could fill in the nanopores remains
vague. We explore the K storage behavior associated with the different voltage regions taking
pistachio shell-derived hard carbon as a model. Besides the reported adsorption and intercalation
mechanisms at relatively high potentials, cryo-transmission electron microscopy and electron
paramagnetic resonance indicates the presence of quasi-metallic potassium nanoclusters once
discharged continuously at 5 mV vs. K'/K, unambiguously demonstrating the K ion pore-filling in
hard carbon anodes. We also discuss the strategies to promote such behavior, and show that
chemical etching-induced open pores could boost the kinetics but not benefit the capacity.

Developing high-capacity hard carbon anodes relies on the rational design of closed pores.
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1. Introduction

Lithium-ion batteries (LIBs), as the dominant energy storage devices for portable electronics
and hybrid electric vehicles, have encountered some “bottleneck” issues on the soaring cost of raw
materials and the shortage of Li resources[1]. K-ion batteries (KIBs), with characteristics of
abundant K in the earth’s crust (about 400 times of Li abundance)[2, 3], the close redox potential
with Li and the capability of using Al as the current collector for anodes, are promising candidates
for large-scale energy storage. Inherited from the Li-ion counterpart, carbon materials are among
the most attractive anodes for KIBs. Compared to Na ions, it is a delight to find the K ions could
be intercalated into graphitic carbon. However, the insertion of K* with a large radius (1.33 A vs.
0.68 A for Li") often causes severe volume expansion[4], i.e., about 61% for KCs formation
compared to 10% for LiCe. Such a large distortion damages the layered structure of graphite,
leading to unsatisfactory cyclability and rate performance if not well protected[5].

Other carbon materials possess diverse active sites for hosting alkali metal ions. Along with the
intercalation, other charge storage mechanisms are also widely explored to boost performance, in
particular for the hard carbon anodes with rich composition and morphology[6]. For instance,
surface adsorption on defects has been utilized to enhance the rate capability because of the fast
kinetics[7, 8]. However, these sites normally uptake K ions at a relatively high potential[9],
discouraging the construction of high-voltage KIBs when coupling with cathodes. This is clearly
reflected in low-cost biomass-derived hard carbon materials[10, 11] whose large proportion of the
capacity is gained generally at over 1 V (as summarized in Table S1). An in-depth understanding
of the K ion uptake mechanism in the low-potential region and enhancing the low-voltage capacity

are therefore the keys to achieving high-performance hard carbon anodes for KIBs.



The situation significantly differs from the Na ion storage in hard carbon, which shows an
essential fraction of capacity at a low voltage plateau of ~0.1 V vs. Na'/Na[12], making it the most
attractive anode for practical application. The low-voltage capacity is associated with the Na ion
filling in the nanopores, evidenced by the presence of a quasi-metallic sodium clusters signal in
nuclear magnetic resonance (NMR) spectra[13]. Most recently, Yang’s group[14] reported the
possible K ion pore-filling by comparing the Na and K ion storage using electron paramagnetic
resonance (EPR). There is still a lack of any direct evidence, despite an open call for deep
investigation[ 15, 16], to confirm whether a pore-filling mechanism occurs in KIBs, bringing
difficulty to rational microstructure design.

Herein, we synthesize porous and partially ordered HC from pistachio shucks biomass waste. It
exhibits a charging capacity (K ion extraction) of around 220 mAh g ! under 1.0 V, outperforming
most reported biomass waste-derived carbon (Table S1). In addition to the K ion adsorption in the
sloping region of the voltage profiles, an “intercalation-pore filling” hybrid behavior of K ions in
hard carbon is detected in the low-potential region. The universality of such behavior is confirmed
in lignin-derived HC. This clarified mechanism elucidates the current blurring understanding of K
ion storage and offers new insights into designing advanced hard carbon anodes for KIBs.

2. Results and discussion
2.1 Synthesis and physical properties of hard carbon

As Figure 1a illustrated, the rinsed pistachio shucks were first ball-milled to fine powder, then
sintered into uniform and dark ones. HCI treatment was applied after the calcination to remove
impurities, as proved by X-ray diffraction (XRD) in Figure S1. X-ray photoelectron spectroscopy
(XPS) pattern (Figure S2) further confirms the absence of impurity atoms other than oxygen,

which is widely probed as surface functional groups and may contribute to K ion storage. Raman



results (Figure S3a) show a high intensity of D band at around 1341 cm ™! because of the poor
crystallinity and partially ordered domain under moderate carbonization temperatures of 1100-
1400 °C, which agrees with the XRD broad peaks at ~22° and 43° (Figure S3b) representing (002)
and (100) diffraction. The sample treated at 1300 °C (denoted as HC-1300) delivers the highest
capacity of 273 mAh g ! with a retention of 96.7% (Figure S3c-d) and is selected for probing the
charge storage mechanism.

The structural feature of HC-1300 is captured by cryo-electron transmission microscopy (cryo-
TEM), which confirms the partially ordered structure exhibiting small graphitic domains and
isolated graphene layers (Figure 1b). The small-angle X-ray scattering (SAXS) technique
sensitive to both closed and open pores is employed for exploring the overall pore information.
The data is fitted through the correlation between the characteristic length and the scattering power
variation (Figure 1¢)[17]. It confirms the presence of meso- and micro-pores in the sample (Figure
S4-5), leading to a large surface area Ssaxs of 229.0 m?> g !. The pore distribution is further
investigated by the N2 adsorption/desorption (Figure 1d). It shows a Brunauer-Emmett-Teller
(BET) surface area of 1.7 m? g ! and a pore volume of 0.004 cm® g"!. The pore size concentrates
at 1.4 nm (micropores), 9.3 nm (mesopores), and over 50 nm (macropores), with an average pore
size of 9.4 nm. Since N adsorption has limitations in detecting the ultra-micropores, CO>
adsorption is adopted as the supplementary. The CO; adsorption test result gives a much higher
surface area of 70.9 m? g ! and a pore volume of 0.008 cm® g ! (Figure 1e). It implies that apart
from larger pores, a large content of micropores exist inside HC-1300, whose size is centered at
0.52-0.77 nm.

Note that the surface area obtained in N2 and CO: adsorption/desorption is much smaller than

that derived from SAXS. The reason lies in that the former two techniques mainly provide



information on open pores[18]. The results indicate that substantial amounts of closed pores are
presented in HC-1300. By subtracting Sget from Ssaxs, the surface area contributed by the closed
pore is as high as 158.1 m? g”!. Furthermore, we examine the volume of closed pores through the
true density measurement by the helium pycnometer since the He atom can reach nearly all pores
in the samples (Details are in Figure S5). The volume of closed pores is calculated to be 0.043
cm® g ! based on the true density of the sample (prue=2.06 g cm™>), which is over five times that
of open pores obtained in CO» adsorption/desorption. The rich porosity (as summarized in Table
S2) provides a platform for exploring whether potassium nanocluster could be stored through the

pore-filling mechanism.
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Figure 1. Synthesis and structural information of hard carbon. (a) Synthesis procedure of hard

carbon; (b) HRTEM with marked defects (the left square), graphitic domain (rectangle in the



middle); (c) SAXS patterns presenting pores and graphitic layers; BET isotherms with porosity

distribution derived from (d) N2 and (e) CO» adsorption/desorption.

2.2 Electrochemical performance and Kinetics

We first compare the K ion storage with the Na counterpart, as the latter could be readily stored
through pore-filling[18]. The electrochemical performances are examined in classic carbonate
electrolytes, and a constant-voltage discharge (CVDi) is applied after discharging to 5 mV to fully
exhibit the capacity. The discharge curves of K (Figure 2a) and Na (Figure 2b) ion storage have
a similar shape, both consisting of a sloping region between 0.1-0.5 V followed by a plateau at a
super low potential of below 0.1 V, as shown in the in dQ/dV profiles (insets in Figure 2a-b). It
delivers a reversible capacity of 306 mAh g~! for Na ion storage with over 65% of it located in the
plateau region. In comparison, the K counterpart shows a short low-voltage plateau, resulting in a

lower reversible capacity of 273 mAh g !.

a, [ b, |- C L[ =
2045, 2017 o 13
- "E - z \j o0 NalH&i e
X = = £ 8.0 TS
= 24 o oslEm ) = \<,‘ A)szg@ f’_%
w 151g, sdsqgs R | Y] : oY &
” 12 08 04 00 = ; ! X o 85) wHe ‘ﬂ@ﬁﬁ Q
> Voltage ¥ vs. K¥1K) g ot £ O
210 = 1.0 L£90
L] - 3 s
g o 5-9.5| 5
B ] S (%
o 05 *= 054 —
= st 2 15t 100}
w20 —2nd
0.0 0.0 -10.5
0 100 200 300_1 400 0 100 200 300_1 400 12 10 08 06 04 02 00
Specific capacity (mAh g™ ') Specific capacity (mAh g™ ') Voltage (V)
20000 € 400 100f‘_‘ 400 100
T\._ GPE . = 350 ;\?I:’ 3504 S
150004 .. " ] t b 90 n. o 90 >,
—— | o o
I * | £ 300 2 E 300 [#%sesees e
_ KKHe - . oo 2
E » DCO.26V £ Sovens, AR o% 5
© 10000 4 N G 250 il 80E S 250 80 &
il— DC 5 mV g 3 o Na/HC half cell 3
v o CVDisSmV o L 2
] 8 200 KIHC halj cell 'E g 200 _g
5000 - - e = 25mAg 70 5 & 25mAg" 70 §
i~ gl I} So | =
S e o 150 3 2 150 F4
5 t% Ow o
0 T T T 100 r r . . 60 100 r T r T 60
0 5000 10000 15000 20000 0 10 20 30 40 50 0 10 20 30 40 50
Z' (Ohm) Cycle number Cycle number

Figure 2. Electrochemical performances and corresponding kinetics. Initial two charging-

discharging profiles with insets of dQ/dV profiles for (a) HC-1300/K cell and (b) HC-1300/Na



cell; (c) Diffusion coefficient calculated from GITT results of HC-1300/K cell and HC-1300/Na
cell; (d) EIS plots of HC-1300 obtained from the three-electrode cell at different discharging states.
Inset illustrates the three-electrode Swagelok cell; Cycling performances of (e) HC-1300/K cell

and (f) HC-1300/Na cell.

Apart from the inferior capacity for K ions, a considerable proportion of capacity is gained during
the CVDi process because of the poor kinetics. This is also reflected by a large voltage hysteresis
between charge/discharge voltage profiles of K-ion cell. Therefore, we measure the apparent
diffusion coefficient (D) by a Galvanostatic Intermittent Titration Technique (GITT) technique
(Figure 2¢). Both Na and K ion diffusivities show a similar trend but at a different pace. In specific,
upon discharging, both the Na™ and K™ diffusivity decreases owing to the formation of SEI[12,
19]. Due to the distinct electrolyte decomposition pathway in the two systems, the Na* diffusion
pace goes through a progressive reduction above 0.8 V in contrast to 0.4 V for K*. Afterward, both
diffusivity increases at the medium voltage region (0.8-0.1 for Na*, and 0.45-0.1 V for K*) because
of the fast kinetics associated with Na*/K* adsorption[12]. The insertion-pore filling hybrid
mechanism at the low voltage regime leads to a first decrease and then an increase in the diffusivity
of both Na* and K. Overall, the D value for K ion is in general one order of magnitude lower than
that for Na, explaining the large voltage hysteresis. We therefore use electrochemical impedance
spectroscopy (EIS) to compare the kinetics at the sloping and plateau region. A three-electrode
Swagelok cell, consisting of an HC-1300 working electrode, a K metal counter electrode, and a K
metal reference electrode, is adopted to avoid the interference of K metal counter electrode
(illustrated in the inset of Figure 2d). The charge-transfer resistance (R.) of the sample ramps

obviously from 6902 Ohm in the sloping region to over 10000 Ohm once discharging to 5 mV.



Considering such sluggish kinetics in the low-voltage region, the CVDi process is required to fully

access the K ion storage capability of HC-1300.

Despite the lower capacity and poor kinetics, the K ion storage possesses similar stability as the
Na ion (Figure 2e-f), suggesting that the large K ion insertion does not bring about significant
structural damage to hard carbon upon cycling. The relatively low efficiencies may lie in the
instability of electrolytes[20, 21], which require further optimization. It is worth mentioning that
the K ion storage delivers a high charge capacity of 220 mAh g ! below 1.0 V with a relatively
high initial Coulombic efficiency of 67.1%, which is one of the best among biomass-derived hard
carbon anodes (Table S1).

2.3 K-ion storage behaviors

The alike electrochemical behavior between Na and K poses a question of whether they share
analogous charge storage mechanisms. Thanks to the intensive studies on Na-ion batteries[22-25],
the mechanisms associated with different voltage regimes in the voltage profiles have been clearly
demonstrated. Depending on the microstructure of hard carbon, the sloping region may relate to
Na ion storage through either adsorption on the isolated graphene layers or insertion between
partially ordered graphitic domains[22, 26]. And the low voltage plateau capacity is widely
accepted as the contribution of Na ions filling in the nanopores, i.e., the formation of quasi-Na
metal clusters[27]. Such a pore-filling behavior is one of the most stunning features of hard carbon,
as it can not only uptake Na ion at a low voltage but induce an exceptional capacity of up to 410
mAh g ! [28]. It would be promising if the same mechanism could be applied to K ion storage,
which will offer a potential approach to boost the capacity.

Raman tests were conducted on the samples at different states of potassiation/depotassiation

(Figure 3a-b). Both the intensity D (Ip) and G (Ig) band of carbon decreases once discharged to



0.5 V because of the electrolyte decomposition to form SEI. Nevertheless, we detect neither
apparent variation of the Ip/Ig nor shifting of D and G bands position until discharging to 0.25 V.
It indicates that K ions storage within this region arises mainly from the surface adsorption on the
isolated graphene sheets or defects, consistent with previous reports[29, 30]. Subsequently, an
obvious splitting peak at 1613 cm™! of G band emerges when discharged to 5 mV as an indicator
of the stiffening of G-mode, which is caused by the disruption of Born-Oppenheimer expansion in
the graphene layer and implies the formation of graphite intercalation compounds (GICs) with
high stage number (stage II GIC KC24)[31, 32]. As the discharging proceeds to the CVDi stage, a
significant downshift of G band is discerned and G band displays an asymmetrical Fanoy
resonance shape. Such a phenomenon is typically observed in graphitic carbon anodes, like highly
graphitized soft carbon(Figure S6), because of the existence of deeply intercalated GICs like stage
I KCg[33, 34]. The intercalation of K ions and electron conveyed to graphitic layers causes the red
shift for the G band, which can be ascribed to occupied 7~ antibonding bands and weakened C-C

bonds and the resonant phono scattering process [35, 36].
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Figure 3. Structural evolution and corresponding K states upon charging/discharging. (a) Ex situ
Raman curves of HC-1300/K collected at different charge-discharge states with (b) corresponding
charging-discharging profile; (¢) Ex situ XPS results of samples at different charge-discharge
states after Ar-beam etching with the XPS pattern for plated K as the reference. All the spectra are

normalized through C-C peak at 284.8 eV.

To testify whether intercalation could take place in the partially ordered carbon prepared here,
we first conducted the ex situ XRD test for the fully discharged sample, the peaks at 30.3" and
33.4° likely ascribed to K-GICs (KC24 and KCs) [37] are detected (Figure S7), confirming the
intercalation during CVDi process. Then we deliberately plate K metal on HC-1300 electrode by
discharging to blow 0 V. A spike is observed in the voltage profile (Figure S7a) before the K
plating to overcome the nucleation energy, which is widely observed in metal electrode. The
absence of such a spike in the cell with CVDi process also excludes the possibility of K metal
plating in CVDi process. XRD confirms the plated K metal (Figure S7b) after discharging
additional merely 30 mAh g'! capacity (based on the weight of HC-1300) below 0 V. The K ion
intercalation shows poor kinetics, the reason why a clear shift of G band only appears in the CVDi
instead of the constant current discharge stage. When it comes to charging, the G band witnesses
a preliminary sudden blue shift at 0.25 V with improved intensity, attributed mainly to the
extraction of potassium ions from the graphitic layers. The D and G band positions and their
intensity ratio almost recover to the initial stage after charging to 2 V, evidencing the remarkable
reversibility. Note that the presence of intercalation cannot exclude pore-filling in the low-voltage
region. For instance, the weakening and broadening of the D band in the Raman spectrum after
holding at 5 mV could also be associated with the filling of K ions into the nanopores because of

the reduced sp” ring vibration[22, 38].
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XPS was further utilized to detect K states upon charging/discharging. The plated K metal, as
discussed before in Figure S7, is adopted as a reference to compare with the K ions storage in HC-
1300. To avoid the interference of SEI layer, the samples are etched by Ar-beam with a depth of
around 40 nm. There is not any clear change of the K 2p peak until discharging to 5 mV. In contrast,
we observe the shift of the K 2p peak towards metallic K (Figure 3¢) of the electrode after CVDi,
which cannot be detected without Ar etching (Figure S8). The K 2p position is recovered when
charging to 0.25 V. This observation indicates the presence of another K form, other than the
adsorbed/intercalated K ions and plated K metal, which is most likely to be quasi-metallic K
nanoclusters filled in the nanopores according to the similar phenomenon in Na case[39, 40].

We adopted cryo-scanning transmission electron microscopy (cryo-STEM) and electron energy
loss spectroscopy (EELS) to probe the detailed charge storage mechanism. The elemental mapping
(Figure 4a) from energy-dispersive X-ray spectroscopy (EDS) shows the uniform distribution of
K element in samples. Compared to the pristine state in Figure 1b, the d-spacing of {200} plane
in the graphitic domain is slightly broadened after discharging to 5 mV, showing a value of 0.39
nm. (Figure 4b). This suggests the K-ion intercalation starts before 5 mV, which is confirmed in
the corresponding fast Fourier transformation (FFT) pattern: apart from the {200} plane, the {112}
plane of KCeo (stage V GIC)[41] is observed. The CVDi at 5 mV allows the complete insertion of
K ions under slow kinetics, leading to the deep intercalation of K ions into the graphitic domain.
The {2117} plane of stage II GIC KC»4[41] (inset selected area electron diffraction (SAED) pattern
in Figure 4¢) and {0010} plane of stage I GIC KCs (Figure S9) are detected after full discharge.
It agrees well with the Raman spectra that show a clear G band shift at CVDi, which promotes the
sufficient insertion of K ions with sluggish kinetics. The upshift of the C n* peak and the drop of

n* intensity after CVDi in the EELS (Figure 4d-e) further supports the K ion intercalation. The C
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n* peak corresponds to the excitations of electrons from 1s to the unoccupied anti-bonding ©* of
carbon atoms[42]. Its intensity drop indicates the more occupied anti-bonding n* by electrons from

alkali ions[43, 44].
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Figure 4. Direct observation of K ion storage behaviors at different voltage regimes. (a) Annular
dark-field STEM image and the simultaneous EDS elemental maps for C, K, and O of samples
after the CVDi process (CVDi-5 mV); Ex situ HR-TEM images of discharged HC-1300 at 5 mV
(b) DC 5 mV sample, with the corresponding FFT pattern (inset), and (c) CVDi 5 mV (K deeper

insertion) sample, with the corresponding SAED pattern presented in the inset; EEL spectrum of
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(d) DC 5 mV sample and (e) the CVDi1 5 mV sample. (All the TEM/STEM observation was taken
at cryogenic temperature ~98 K to preserve the pristine state of the samples.) (f) EPR spectra of
samples at different cycling states with inset of fitting curves. Each peak (solid line) is
deconvoluted into two peaks. The fitted peaks are plotted in dash line with the same color as

original data; (g) Schematic illustration of proposed K ion storage behavior along with discharging.

Although detecting the K metal with EELS is challenging because of the lack of reliable
potassium reference samples, clear K lattice with diffraction dots have been spotted in high-
resolution TEM (HRTEM), which is most likely to be K nanoclusters filled in the nanopores, and
is termed as quasi-metallic K following the convention in Na case. Similar quasi-metallic Na
nanoclusters in hard carbon were captured by Kang’s group before[45]. The lattice spacing of 0.26
nm is well aligned with the {200} plane of the cubic K metal (Im3m (229) group) (Figure 4c).
Furthermore, diffraction patterns corresponding to the {110}, {200}, and {211} planes of K metal
are captured in the SAEDs (The insets in Figure 4¢ and Figure S9b). To the best of our knowledge,
this is the first direct observation of quasi-metallic potassium storage in carbon-based electrodes.

Additionally, the signal of quasi-metallic K after CVDi (Figure 4f) is also detected through
EPR, a powerful technique to capture the unpaired or delocalized electrons for alkali metal and
transition metal elements[46]. The pristine sample exhibits no pronounced signal but a tiny defect
one originating from functional groups[47]. As discharge proceeds, the broad peak (ABpp= 5.1 mT)
in Lorentz line shape (The absolute ratio of the maximum to the minimum of the intensity (A/B)
is about unity) emerges, which represents more delocalized m-electrons of graphitic crystallites
after K intercalation[14]. This broad peak becomes more pronounced after the CVDi process as

shown in the inset of Figure 4f, which indicates the existence of GICs of low stage number in the
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CVDi stage due to the stronger interaction between the o-spin of K™ with m-electrons in the
graphitic molecule[48], consistent with the above-mentioned Raman and XRD results. Notably, a
new sharp narrow peak (ABpp= 0.8 mT) centered at a g-value of 2.00193 appears after discharge
to 5 mV. It becomes strongly intense after CVDi due to the presence of delocalized electrons
around the inserted K ions as a result of partial electron transfer from the hard carbon to the inserted
K ions (from K" to KI™* 0<x<I, the form of quasi metallic K) in deep discharge[39, 49].
Moreover, the symmetrical Lorentz shape (A=B) is obviously distinguished from the Dysonian
asymmetrical shape (A>B) of the large bulk metal[50], which suggests the quasi-metallic K
clusters are nanoscale not plated bulk ones[51]. Based on the above discussion, apart from the
adsorption in the sloping region, it can be interpreted that “intercalation-pore filling” hybrid
behavior occurs in the low-voltage region, and the former starts first (Figure 4g).

3. Discussion

Having confirmed the presence of K ion pore filling in HC-1300, we next discuss whether such
phenomenon exists in other hard carbon anodes and the approaches to promote the pore filling for
gaining a high capacity at the low-voltage region.

1). Universality of K ion pore filling. To examine whether K ion filling in the nanopores occurs
in other types of hard carbon, we prepared the lignin-derived one (Lig-HC) following the previous
work[52]. Similar to the results on HC-1300 derived from pistachio, an over 50 mAh g! capacity
is delivered in the low-voltage plateau of Lig-HC (Figure 5a). A K 2p peak shift is found in XPS
after CVDi process, indicating the presence K pore-filling behavior in hard carbon derived from

different precursors.
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The mechanism exploration of
Pore-filling in KIBs
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Figure S. Further exploration of pore-filling mechanism. (a) The validity of pore-filling; (b)
Strategies to avoid CVDi; (c) Effects of open and closed pores. To avoid the interference of SEI

layer, the samples for XPS tests are etched by Ar-beam with a depth of around 40 nm.

i1). Promoting the pore-filling behavior. The long duration of CVDi might restrict the practical
utilization. We investigate whether CVDi is essential for such K storage behavior from two
aspects. First, we directly discharge the HC-1300 at an extremely low current of 2.79 mA g’!
(~1/100 C) to 0 V (Figure S10). An obvious shift of the K 2p peak suggests that the pore filling
of K ions could take place without CVDi. Furthermore, the charge transfer kinetics is affected by
the SEI, which is closely related to the electrolyte formulation[53]. Our preliminary investigations
show that 0.8 M KPFg in EC/DMC helps the construction of robust SEI favoring the K ions transfer
(Figure Sb). It allows the K ion pore filling at a relatively large constant current density of 25 mA
g! (voltage profiles are presented in Figure S10). Therefore, the pore filling of K ions could be
realized without resorting to the CVDi through further electrolyte engineering to circumvent the

slow kinetics.
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i11). Effects of open and closed pores. After clarifying the validity of the pore-filling mechanism,
a question remains whether we could improve the K ion storage capacity by increasing the
porosity. We apply the classic chemical activation by KOH to create additional pores as potential
active sites, and the sample is denoted as HC-KOH with an over ten-times improved BET surface
area (Figure S11). The HC-KOH sample shows a much-reduced voltage hysteresis in the
charge/discharge curves (Figure Sc and Figure S12). This does not come as a surprise as the high
porosity could shorten the solid diffusion path to ameliorate the kinetics, leading to small
polarization and high rate capability[54]. Nevertheless, the chemical activation fails to promote
the K ion pore-filling, as evidenced by the short low-voltage plateau. We speculate that only closed
pores could be utilized for hosting the K ions as the studies on Na ion pore-filling have already
demonstrated the overwhelming role of closed pores in determining the low-voltage plateau
capacity[ 18, 55]. Additionally, we calculated the closed pore volume of the HC-KOH from the
helium pycnometer-based true density test. It shows an increased true density of 2.16 g cm™,
indicating a decreased closed pore volume of 0.02 cm® g!, which is over 50% reduced compared
to the value (0.043 cm?® g ') for HC-1300. Such a dramatic decrease in closed pore volume might
limit the pore-filling behavior (Figure Sc), thus calling for the preparation of hard carbon with rich
closed pores to boost the capacity in future studies. Note that the voltage hysteresis of hard carbon
is slightly larger than graphite and soft carbons, which should be correlated to a lower electronic
conductivity in HC with a poor graphitization degree. Apart from the chemical etching method
and electrolyte optimation mentioned before, the higher proportion of conductive materials in the
electrode may also reduce the voltage hysteresis. To verify it, we increase the conductive carbon

(SP) content from 5% to 30%. A slightly reduced voltage hysteresis is observed (Figure S13). The
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higher capacity in the 30% SP-containing HC electrode is due to the capacity contribution by
carbon SP[56].
4. Conclusion

We prepare a hard carbon material from pistachio shell waste for exploring the K ion storage
performance and the associated charge storage mechanism. It is found that the K ion insertion
exhibits much lower kinetics than the Na ion, requiring a CVDi at the end of discharge to allow
the full K ion insertion. The as-prepared anode delivers a decent charging capacity of over 200
mAh g ! at below 1 V, making biomaterials-derived hard carbons attractive candidates for low-
cost KIBs. Furthermore, pore structural tests indicate the presence of rich pores in the sample,
providing an ideal plateau form to explore the pore-filling mechanism. Such a mechanism has been
widely observed in Na ion storage but is controversial in the K ion counterpart. Assisted by the
cryo-TEM and EPR, we clearly observe the quasi-potassium nanoclusters after fully discharging,
evidencing that the K ion filling could also occur in the hard carbon. Such behavior could be
promoted through optimizing cycling protocol and electrolyte engineering to circumvent poor
kinetics. We also show that the open pores created through classic chemical etching do not enhance
the pore-filling capacity but only boost the kinetics. It indicates the design of appropriate closed

pores is the key to achieving high-capacity hard carbon in future studies.
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