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A B S T R A C T   

Developing anode materials with multiple-dimensional ion transport channels, especially to overcome huge 
volume expansion and sluggish ion diffusion kinetics caused by large radius of potassium ion (K+), is critical to 
improve the potassium storage performance. Herein, we propose a self-reversible conversion of chemical bonds 
with different bond lengths based on graphdiyne (GDY) to self-regulating the ion transport channels. Density 
functional theory (DFT) calculations and ex/in situ electrochemical tests proof the in− plane triangular− like pores 
(5.46 Å) of the GDY framework offer a transport channel for K+ (1.38 Å) diffusion in the direction perpendicular 
to the GDY plane, which differs it from carbonaceous materials whose ion diffusion is mostly governed by 
in− plane migration. Furthermore, the reversible alkyne− alkene bonds linking/breaking of GDY stimulated by 
K+ to realize self-regulating ion channels are demonstrated by in situ Raman and electro− kinetic analysis. 
Moreover, compared to graphite, the GDY anode with 2 orders of magnitude diffusion coefficient delivered a 
high reversible capacity of 202 mAh g− 1 at 100 mA g− 1 exhibited extraordinary durability corresponding to cycle 
time over 380 days. This work opens a new avenue of designing intelligent, efficient ion transport channels from 
molecular carbon skeleton perspective to enhance diffusion kinetic for high-performance KIBs.   

1. Introduction 

Potassium− ion batteries (KIBs) have emerged as next generation 
energy storage alternatives to lithium− ion batteries (LIBs) owing to the 
abundant potassium storage and small solvated potassium ions (K+) 
[1–3]. Particularly, the redox potential of K+/K (− 2.93 V vs standard 
hydrogen electrode, SHE) is quite close to that of Li+/Li (− 3.04 V vs 
SHE), which allows wider operating voltage of KIBs [4–9]. Unfortu-
nately, the larger atomic radius of K+ (1.38 Å vs 0.76 Å for Li+) would 
cause substantial volumetric deformation and sluggish diffusion kinetics 

for most current KIBs anode materials [10–12]. Therefore, the devel-
opment of electrode materials, especially the anode side, to achieve 
rapid charge transfer dynamic, high structural robustness and excellent 
electrochemical performance is urgent but remains challenging. 

Carbonaceous anodes, featured by adjustable structure, high con-
ductivity and low redox potential, has been considered as promising 
materials for high− performance KIBs [10,13]. For example, Ji et al. 
demonstrated the reversible electrochemical insertion of K+ into 
graphite to from a steady potassium intercalated graphite (KC8), which 
further accelerates the research on KIBs [14]. However, the large size of 
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K+ arouses huge volumetric expansion (61% by KC8 vs 10% by LiC6), 
causing unstable crystal structure and sever capacity fading [15–17]. 
Moreover, due to the fixed pore size limitation of aromatic carbon ring 
in the graphite plane structure, the diffusion of K+ perpendicular to 
two− dimensional (2D) plane is restricted (Scheme 1a) [18–20]. The K+

can only be driven in the narrow interlayer planar lattice structure of 
graphite, thus leading to slow intrinsic diffusion kinetics and poor rate 
performance [21,22]. 

Compared to graphitic carbon, the emerging nanocarbon materials, 
including soft carbon [11], hard carbon [23–25], graphene [26,27] and 
so on, have been recognized as promising anodes for KIBs. Among them, 
researchers mainly focus on the mesoscopic structure regulation 
research of carbon structure (such as defect engineering, pore structures 
regulation, macro and micro morphology designing), to boost reversibly 
potassium storage via adsorption− induced capacitive behavior [28–32]. 
However, the behaviors at atomic-to-molecular level (such as electronic 
properties, junction effects, electrical interactions,) that are caused by 
K+ stimulation on potassium storage remains at primary level [33,34]. 
Moreover, the capacitive behavior mainly occurs on surface or near 
surface region, e.g., accommodating K+ by surface pores, voids, defects 
and functional groups [35,36]. Although the apparent diffusion kinetics 
of K+ in reported capacitor− style carbon materials has been improved, 
the intrinsic K+ transport inside the bulk electrode materials is still slow 
[37,38]. One of results caused by slow diffusion is that more K+ accu-
mulates on the surface, leading to larger volume change and stress 
concentration [39]. Consequently, rationally designing advanced car-
bon materials from the perspective of molecular carbon skeleton design 
with regard to promoting intrinsic ion diffusion dynamics and reducing 
volume change is of great significance. 

Graphdiyne (GDY), a novel 2D carbon allotrope composed by sp and 
sp2 hybrid carbon atoms, has drawn extensive attention to energy 
storage and conversion because of its facilitated appropriate layer 
spacing, ion transport pathway and excellent conductivity [40,41]. GDY 
is consists of hexagon benzene rings connected by diacetylenic linkages, 
with a large conjugated π− extended carbon framework and intrinsic 
18− C in− plane triangular pores [42–44]. Recently, researchers have 
proved that in− plane pore can act as an out− of− plane transport chan-
nel for ions [45,46]. Liu et al. reported GDY skeleton by temper-
ature− mediated engineering strategy and used it as the potassium 
storage anode for KIBs, and revealed the favorable adsorption sites of K+

through first principles method [47]. Despite a few works have shown 
the superiority of GDY as anode materials for KIBs, the understanding of 
its potassium storage mechanism still depends on theoretical 

calculation. Especially, π− conjugated carbon framework, in− plane 
pores, chemical bonds conversion, crystal lattice distortion of GDY upon 
the action of K+ are still unclear [48–50]. Therefore, it is highly desir-
able to ascertain ion transport mechanism of GDY to achieve rapid 
intrinsic diffusion of K+, although still a great challenge. 

Herein, we reported that a self− regulating ion channel based on the 
planar triangular hole of GDY provides additional transport pathways 
during potassiation\depotassiaion process, which improves the intrinsic 
diffusion kinetics of K+ (Scheme 1b). In situ Raman, ex situ X− ray 
photoelectron spectroscopy (XPS) and DFT calculations reveal that the 
reversible conversion of alkyne− alkene bond with stimulus of K+ caused 
the self− regulating of the ion transport channel in GDY. Galvanostatic 
intermittent titration technique (GITT) test suggest that self− regulating 
ion channel decreases the transport barrier of K+ and improves the K+

diffusion coefficient. Utilizing in situ transmission electron microscopy 
(TEM), the structural evolution of GDY during potassiation was sys-
tematically investigated. The GDY enables superior potassium storage 
performances with high capacity, outstanding cyclic stability (stable 
cycling more than 380 days with a high reversible capacity of 202 mAh 
g− 1, a decay of 0.012% per cycle with a high coulombic efficiency (CE) 
of 99.5%) and fast ion/electron− transport kinetics. The results show 
that GDY can overcome the limitations of slow diffusion and volume 
expansion caused by larger K+. More importantly, this work provides a 
strategy to design fast ion transport channels with self-regulating feature 
and develop high-performance materials for energy storage. 

2. Results and discussion 

2.1. Physical properties of GDY 

The microstructure of stripped GDY was detected (Fig. 1a). The TEM 
results showed that GDY presented a large area of 2D nanosheet struc-
ture, and it was difficult to avoid the existence of trace GDY powder with 
low exfoliation degree. With the statistical analysis of several different 
regions, the synthesized 2D nanosheet exfoliated GDY with a thickness 
of about ~ 0.8 nm (Fig. 1b-c), was evidenced by atomic force micro-
scope (AFM). Based on literature reports and theoretical simulation re-
sults [51–53], it is shown that the thickness of GDY is ~ 0.8 nm, which 
corresponds to the three− layer stacked GDY layered structure [41,54]. 
The layered structure of GDY was also confirmed by the high− resolution 
TEM (HR− TEM). The interlayer distance of GDY is about 0.378 nm, 
corresponding to the characteristic value for the multilayer GDY 
(Fig. 1d). Fig. 1e presents the HAADF− STEM image of GDY. The results 

Scheme 1. Illustration for the structural features of graphite (a) and GDY (b) on potassium ions transport and storages.  
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show that GDY shows a clear layered structure, which is well consistent 
with the HR− TEM results. Fig. 1f shows typical Raman spectra of GDY at 
different positions. All the Raman spectra from different positions 
exhibited four prominent peaks at 1360 cm− 1, 1582 cm− 1, 1986 cm− 1 

and 2122 cm− 1, respectively [55]. The peak at 1986 cm− 1 and 2122 
cm− 1 are attributed the conjugated acetylenic bonds [56]. The rich 
acetylenic bonds, unique pores (diameter of inscribed circle of triangular 
hole, 5.46 Å) and layered structure of GDY are not only conducive to the 
in− plane migration of potassium ions in the triangular pores [47], but 
also allow the diffusion of potassium ions between layers (Fig. 1g). X-ray 
photoelectron spectroscopy (XPS) indicate unambiguously that GDY is 
built exclusively from elemental carbon (Fig. S1). The high-resolution C 
1 s signals of GDY can be readily deconvoluted into four contributing 
peaks at 284.6, 285.7, 287.6, 289.4 eV, which are assigned to C––C 
(sp2), C–––C (sp), C–O, and C––O bonding, respectively. The X-ray 
diffraction (XRD) pattern (Fig. S2) showed broad peak centered at 22.5◦, 
which agreed well with the typical representative peak of GDY [40]. 

GDY layer stack was analyzed to understand the role of bulk GDY 
structure in the potassium storage mechanism. The carbon atomic layer 
in bi− layer and tri− layer structures of GDY are stably stacked in “AB” 
and “ABC” mode of Bernal manner, respectively [41]. The DFT calcu-
lation results show that GDY tends to exist in the "ABC" three− layer 
stacking configuration, and the energy of its aggregate structure system 
is lower than that of the "AB" configuration [57]. The AFM and HR− TEM 
results show that the thickness of e− GDY is about 0.8 nm and it presents 
multilayer aggregation structure. For GDY with "ABC" stacking config-
uration (Fig. 1h-i), the distance between two carbon layers is 0.365 nm 
[58,59], and that between three layers is about 0.730 nm, which is 
consistent well with the results of AFM and HR− TEM. DFT calculations 
were carried out to evaluate the diffusion barrier of K+ in different di-
rections of GDY configuration (Fig. S3). As for the pristine GDY, the 
diffusion barrier for the in− plane diffusions between neighboring tri-
angular− like pores is 0.8 eV. For out− of− plane diffusion of K+

perpendicular to the 2D base plane, that is, triangular pores act as ion 

Fig. 1. (a) The TEM image of GDY. (b) The AFM image of GDY. (c) The thickness of GDY. (d) HR− TEM image of GDY. (e) HAADF− STEM image of GDY. (f) The 
Raman spectra of GDY. (g) The three layers GDY with “ABC” stacking mode. (h) The thickness of three layers GDY with “ABC” stacking mode. (i) Chemical structure 
of GDY and the most preferred K adsorption sites at triangular− like pores (Site 7). Other possible adsorption sites of K atom are summarized in Table S1. 
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transport channels (Fig. S4). The diffusion barrier in pristine GDY is 
0.79 eV, while reduced to 0.58 eV in expanded pores with stimulus of 
K+, highlighting that pores, especially expanded pores, will greatly 
facilitate the out− of− plane transport of K+. 

2.2. Structural and chemical bonds dynamic changes of GDY 

In situ Raman test was then used to investigate the structural and 
chemical bonds dynamic changes of GDY. The peak at 1582 cm− 1 (G 
band) corresponds to the first-order scattering of the E2g mode observed 
for in-phase stretching vibration sp2 carbon. The peak at 1360 cm− 1 (D 
band) is attributed to the breathing vibration of sp2 carbon domain. As 
displayed in Fig. 2a-b, in initial discharge state I (open circuit voltage 
(OCV)− 0.8 V): the intensity of G peak (1582 cm− 1) does not change, 
while the intensity of peak at conjugated acetylenic bonds (1986 cm− 1 

and 2122 cm− 1) has weakened, which can be regarded as the adsorption 
behavior of K+ at diacetylenic triangular− like pores. Interestingly, G 
peak shifts to lower wavenumbers. The reason for this shift is that the 
π− electrons of alkyne partially transferred to the adsorbed K+ and 
resulted in the transition of alkyne to bonds with alkene characteristics 
[60]. With appearance of more alkene feature, the in− plane C/C 
bonding stretching (C–––C—1.23 Å vs C––C–1.29 Å) increases the pore 
size of triangular pores and interlayer spacing, resulting in biaxial strain 
and leading to the redshift of G band [7]. With the continued discharge 
state II (0.8 V − 0.01 V): G peak shifted to higher wavenumbers (blue 
shift) with the intensity gradually decreased, which can be regarded as 
the interaction between the C–C/C––C bond with the inserted K+. The 
appearance of blue shift is caused by the more inserted K+ adsorbed into 
the triangular nanopores, resulting in the enlarging of pore size and the 
decrease of the interlayer spacing. With the potassium embedded, the 
steric hindrance and electron density are increased which reduces the 
corresponding electron-withdrawing ability and the electron deviation 
of benzene ring, leading to the blue shift of G band. At the same time, the 
further transition of alkyne to alkene after K+ intercalation indicate the 
formation of a new transition state with extended conjugation [61]. The 
inherent large in− plane triangular pore of GDY can realize the diffusion 
of K+ perpendicular to the basal plane. More importantly, the conver-
sion of chemical bonds increases the pore size of K+ transport channels, 
driving K+ to realize rapid out− of− plane migration by expanding 
channels. During the subsequent charging state, the G peak first shifted 
to higher wavenumber and then to lower wavenumber, while the in-
tensity of the G peak and acetylenic bonds increased gradually, indi-
cating the reversible transition of the alkyne− alkene complex. This 
phenomenon is directly observed in the intensity map of the Raman 
spectra (Fig. 2d). 

At the initial discharge process, the appearance of alkene feature 
provides more π-electrons with sp2 characteristics, which means that the 
conjugation degree of sp2 is changed, leading to the red shift of D band. 
With further potassiation process, the density of the benzene ring elec-
tron cloud increases, and more electrons need to be excited with greater 
energy, resulting in the blue shift of D band. Furthermore, the ID/IG 
ratios continuously increases from 0.90 to 0.99 upon potassation 
(Fig. S5), suggesting the increased defect density was caused by the 
transition of the alkyne− alkene. During charging process, the value of 
ID/IG recover to almost the initial level, confirming good self− reversible 
conversion of alkyne− alkene bonds with the K+ response. In the sub-
sequent charging and discharging process (Fig. S6), GDY still showed the 
dynamic behavior of realizing adjustable structure based on reversible 
chemical bond conversion. 

Ex− situ XPS analysis was applied to understand the changes of 
conjugated acetylenic bonds constructed by sp− C atoms in the process 
of providing the storage sites for K+. Fig. 2e illustrated the selected 
points under different potential at the initial discharge/charge process. 
From the high resolution XPS of C1s, two peaks at 285.3 and 284.8 eV 
correspond to the peaks of sp− C (C–––C) and sp2− C (C–C). The intensity 
of sp− C peak gradually decreases, while the counterpart of sp2− C peak 

increases with the decreased of potential, suggesting that acetylenic 
bond transforms to the intermediate bond with more alkene character-
istics [62]. During gradually discharged process (Fig. S7a), the binding 
energies (BEs) of sp− C peak show obvious shift towards higher BEs 
compared with original state, further indicating that acetylenic bond 
participates in the process of K storage. In contrast, when recharging to 
3 V (Fig. 2f and Fig. S7b), the GDY show shift towards lower BEs for the 
sp− C peak along with the intensity of sp2− C decreasing and sp− C 
increasing, further verifying the reversible transition of the alkyne-
− alkene bonds, which is consistent with above in− situ Raman results. 
Besides the ratio of sp− C/ sp2− C calculated from XPS integral area 
continuously decreases from 1.84 to 0.23 with the gradual potassiation 
process, then recovers to 1.57 when volage is above 3.0 V (Fig. 2g). 

2.3. Electrochemical tests and analysis 

The K+ storage behaviors of GDY as an anode of potassium half cells 
was verified. Fig. 3a illustrated the initial cyclic voltammogram (CV) 
curves of GDY at a scan rate of 0.1 mV s− 1. During first scanning state, 
two wide irreversible cathodic peaks at 0.7 V and 0.45 V, correspond to 
reduction of electrolyte and formation of solid electrolyte interphase 
(SEI) film. Different from graphite electrodes (Fig. S8), a wide cathodic 
peak located at 1.1 V in the second cycle and then remained unchanged, 
indicating the in− plane nanopores of GDY absorb and accommodate K+

[45]. The cathodic peaks at 0.25 V and 0.01 V represent the K storage by 
acetylenic bond and intercalation of K+ to form K–C compounds. In the 
subsequent anodic process, the peaks at 0.35 V and 0.6 V are related to 
the extraction of K+. The first galvanostatic charge− discharge (GCD) 
curves (Fig. S9) at 50 mA g− 1 demonstrate similar behavior as the CV 
curves, where the initial CE is 26.2%. The cycling performances of GDY 
and corresponding CE are shown in Fig. 3b. GDY possesses high capacity 
of 220 mAh g− 1 at 50 mA g− 1 with the capacity retention of 85% from 
20th to 600th cycles. The capacity retention rate is much higher than 
that of graphite, because GDY prosses self− regulating planar nanopores 
which combination of sp2 and sp− hybridized carbon, providing more 
K+ storge sites and mitigating volume changes. Impressively, GDY 
demonstrated long− term cycling capability, stable cycling for more than 
7 months at 50 mA g− 1, significantly higher than previously reported 
carbonaceous anodes (Table S2). The discharge/charge behaviors of 
GDY were further explored by GCD curves (Fig. 3c). The curves in the 
100th and 600th cycles show sloping feature and overlap quite well, 
indicating good reversibility of ion storage behavior. 

Fig. 3d displays the rate capabilities of GDY and graphite electrodes 
at different current densities. The capacities of GDY at 0.1, 0.2, 0.5, 1 
and 2 A g− 1 are 238, 208, 180, 157 and 131 mAh g− 1, respectively. Even 
at 5 A g− 1, GDY electrode could maintain high capacity of 101 mAh g− 1, 
corresponding to a high retention of 42% of the capacity at 0.1 A g− 1, 
while the corresponding capacity of graphite was only 8 mAh g− 1. 
Meanwhile, the capacity of 223 mAh g− 1 can be recovered when the 
current density switches to 0.1 A g− 1 again under a series of high-
− current rates, demonstrating superb stability of GDY. In addition, the 
GCD curves at various currents densities (Fig. 3e and Fig. S11) of GDY 
exhibit more stable voltage plateaus and smaller polarization than 
graphite, further confirming the outstanding rate capability. The 
observed small “plateau” in the beginning of charge process at high 
current density is actually due to a testing procedure issue in the con-
stant current charge-discharge test. Impressively, GDY electrode can 
deliver a charge capacity of 109 mAh g− 1 at 500 mA g− 1 over 600 cycles, 
even remain high capacity of 83 mAh g− 1 at 1 A g− 1 over 1600 
consecutive cycles and nearly 100% CE (Fig. S12 and S13). Moreover, in 
the long− term cycle at 100 mA g− 1, the GDY electrode shows a cycle of 
up to 380 days and runs over 2100 cycles with a high reversible capacity 
of 202 mAh g− 1, a decay of 0.012% per cycle with a high CE of 99.5% 
(Fig. 3f). As shown in Fig. S14, the corresponding GCD curves in 
different cycles have no obvious change during the one year running 
time, delivering superior cycling stability for K+ storage. 
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Fig. 2. (a − d) In situ Raman patterns and corresponding con-tour plots at various discharge–charge states. (a) Changes of G band during cycling; (b) changes of 
alkyne bonds during cycling; (c) first charge and discharge curves of GDY; (d) corresponding Raman mapping analysis of G bands changes during cycling. (e − g) Ex 
situ XPS measurements of the cycled electrodes at various discharge–charge states and corresponding evolution of sp− C/sp2− C ratio. 
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Notably, compared to the recent literature works (Fig. 3g and 
Table S2), the excellent long− life capability of GDY for KIBs indeed 
surpassed the most of unmodified carbon− based composite anodes. 
From the above results, the long-term cycling performance and 
extraordinary capacity retention ability of the GDY electrode are ob-
tained due to large interlayer distance (0.365 vs 0.335 nm of graphite), 
can mitigate the interlayer spacing change during cycling and facilitate 
the fast kinetics of K+ intercalation [16]. Moreover, the abundant alkyne 
groups and in− plane nanopores combine with sp2 and sp hybridized 
carbon afford strong interaction between K+ and GDY and sufficient K+

adsorption sites [43]. GDY can fix K+ in its in− plane nanopores to 
alleviate the volume change caused by the intercalation behavior [63]. 
In addition, the self− regulating 18− C hexagon pores and layered 
structures of GDY are beneficial for the in− plane and out− of− plane ions 
diffusion, allowing K+ to diffuse along the vertical 3D channels, which 
shortens the K+ diffusion length and facilitates rapid ion diffusion within 
the electrode material [64]. On the contrary, due to the limitation of 
small pore size in molecular structure of graphite, the diffusion of K+

perpendicular to the basal plane is blocked, leading to worse cycling 
performance [22]. 

2.4. K+ reaction kinetics and diffusion behavior 

To describe the reaction kinetics of the GDY, the CV tests were car-
ried out at scan rates ranging from 0.1 to 2.0 mV/s. The CV curves in 

Fig. 4a manifest similar shapes and become broader with the increase of 
scan rates. The K+ diffusion coefficient is investigated by the Rand-
les− Sevcik equation [65]: IP = 2.69 × 105n3/2AD1/2

k v1/2Ck, which can 
be evaluated by linearly fitting the line of Ip versus v1/2. In Fig. 4b, the 
slope of anodic and cathodic peaks of GDY were 0.0163 and 0.0138, 
respectively, much higher than those of graphite electrode (0.0079 and 
0.0012). As shown in Fig. 4c, the K+ diffusion coefficient at the anodic 
and cathodic of GDY calculated by equation were roughly one or two 
orders of magnitude greater than that of graphite respectively, indi-
cating that GDY electrode delivered much faster ion transport dynamics 
over graphite. However, when calculating the chemical diffusion coef-
ficient using CV method, only the peak current value is considered. This 
can only provide the apparent average chemical diffusion coefficient at 
the reaction potential corresponding to the peak current [66,67]. The 
electrode process kinetics differ slightly between potassium extraction 
and insertion. The diffusion coefficient obtained reflects the average 
chemical diffusion coefficient of potassium insertion/extraction near the 
peak current, but this method cannot determine the chemical diffusion 
coefficient at different potassium insertion levels. Due to the limitation 
of only measuring the apparent chemical diffusion coefficient, CV 
method cannot capture the variation of the diffusion coefficient with 
potassium content, which restricts its applicability. 

Furthermore, GITT measurement was used to calculate the diffusion 
coefficient (Dk) under deep charge/discharge condition. For continuous 

Fig. 3. Electrochemical performance of GDY and graphite in 0.01− 3.0 V (vs. K+/K). (a) CV curves of GDY at a scan rate of 0.1 mV s− 1. (b) Cycling performance at a 
current density of 0.1 A g− 1, (c) charge and discharge curves at 0.1 A g− 1. (d) Rate capabilities at current densities ranging from 0.1 to 5 A g− 1 of the GDY and graphite 
electrode. (e) Charge and discharge curves at various current densities for GDY. (f) Long cyclic of the GDY and graphite electrodes at 0.1 A g− 1. (g) Comparison of rate 
and cycle performance of GDY anode with the reported other anode materials for KIBs. 
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electrochemical reactions involving the insertion and extraction of po-
tassium ions, the chemical diffusion coefficient should vary with the 
extent of insertion/extraction. GITT can be used to measure the differ-
ences in diffusion coefficients of electrode materials for insertion and 
extraction in a relatively short period of time [68]. It allows for the 
determination of diffusion coefficient variations at different levels of 
potassium insertion/extraction, enabling in-depth investigation of the 
relationship between structure and kinetics [69]. Fig. 4d shows GDY 
exhibited smaller overpotentials compared to graphite, meaning a 
higher Dk. As shown in Fig. 4e, the Dk of GDY electrode significantly 
decreased at the range around I: 2.0 − 1.3 V. The rapid drop of Dk values 
could be attributed to the formation of SEI which consumes a large 
amount of K+ [63]. The reverse increase of Dk values around the 1.3 −
0.9 V (II) due to the dynamic behavior of chemical bond conversion 
between alkyne and alkene under K+ stimulation, which implies the 
triangular pore size of GDY increases and thus reduces the transport 
potential barrier of K+. The Dk values decrease slightly at 0.9 − 0.7 V 
(III) corresponds to the K+ intercalation into the GDY interlayer and 

transport between neighboring triangular pores. According to the results 
of DFT calculation, the high energy barrier of the in− plane diffusion 
reduces K+ diffusion coefficient. With the insertion of additional K+ (0.7 
− 0.01 V, IV), more K+ is adsorbed into the 18− C hexagon pores. The 
mutual repulsion of adsorbed K+ on the triangular hole of butylene 
further increases the pore size, which promotes the out− of− plane 
migration of K+ in the extended channels. 

At the initial charging state (Fig. 4f), with the deintercalation of K+, 
the expanded pores by repulsion gradually shrink, which prevents the 
diffusion of internal K+ from GDY and leads to the gradual reduction of 
Dk. With the deep deintercalation of K+, alkene spontaneously converts 
to alkyne, and the expanded pores gradually shrink to original state, 
resulting in a blockage of K+ diffusion. The lower Dk values of graphite 
could be attributed to the K+ diffusion through a non− regulatable 
two− dimensional (2D) layered structure, which seriously limits its 
diffusion rate. In situ XRD proves the reversible interlayer changes 
(Fig. S17). The diffraction peak (~ 25◦) shifts negatively to a small angle 
from the original state until the discharge to 0.5 V then positively to a 

Fig. 4. Evaluations on K− ion diffusion kinetics. (a) CV curves of the GDY electrodes at sweep rates from 0.1 to 2.0 mV s− 1. (b) Reduction and Oxidation peak current 
versus (V/s)1/2 and the corresponding linear fits. (c) The corresponding K+ diffusion coefficient of GDY calculated by equation. (d) Galvanostatic intermittent 
titration technique (GITT) curves of GDY and graphite at the first cycle. (e − f) Diffusion coefficients of GDY and graphite calculated from the GITT profiles during the 
first potassiation/depotassiation cycle. (g) Schematic illustration of the reaction mechanism of GDY as an anode in KIBs. 
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high angle during subsequent continuous discharge to 0.01 V. At the 
charge process, the diffraction peak (∼25◦) undergoes a reversible 
shifting process. 

Electrochemical impedance spectroscopy (EIS) was employed to 
study the charge− transfer resistance and explain the detailed electro-
chemical reaction kinetics. As displayed in Fig. S18a, GDY possesses a 
relatively smaller semicircle diameters upon comparison of graphite, 
demonstrating the superior K ion diffusivity kinetics in GDY. In addition, 
after calculation (Fig. S18b and Table S3), the σ (Warburg coefficient) 

value of GDY (10,240 Ω S− 1/2) was lower than that of the graphite 
(14,707 Ω S− 1/2) [70]. As demonstrated in Fig. S18c, the change of 
charge transfer resistances of the GDY electrode is much lower than that 
of the graphite either before or after cycling, indicating that a stable 
interface has been formed between the electrode and electrolyte, thus 
providing excellent cycling stability. Notably, the GDY electrodes show 
lower σ than the graphite electrode (Fig. S18d), revealing that GDY 
delivers a higher K+ diffusion coefficient. 

Fig. 5. (a − d) Time− lapse TEM images for a single GDY electrode during first potassiation process. (e − j) Depth profiling XPS analysis (normalized according to the 
relative peak intensity of the XPS spectrum) of the SEI chemistry after 10 cycles with sputtering time 0, 30, 60 and 120 s. GDY electrode retrieved from GDY/K 
half− cell charged to 3.0 V: (e) C 1 s & K 2p, (f) O 1 s and (g) F 1 s. (h) Quantified atomic composition ratios of the SEI obtained by XPS spectra for the GDY and 
graphite anodes cycled. (i) Ratio of PEO to PEDC in SEI based on O 1 s spectra f at different sputtering times. (j) Ratio of KF in SEI based on F 1 s spectra f at different 
sputtering times. 
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2.5. Structural evolution and interfacial chemistry of the GDY electrolyte 
interface 

To clearly performs the dynamic evolution mechanism of GDY dur-
ing the cycling process, a schematic illustration of self-regulating ion 
transport channel is shown in Fig. 4g. At the initial of discharge state, the 
interlayer spacing and pore size are increased due to the K+ embedded 
and the conversion of alkyne− alkene bonds. In the further discharge 
process, more interlayer K+ is adsorbed into the 18− C hexagon pores, 
resulting in an increase of pore size and a decrease interlayer spacing. 
During the charging process, partially intercalated or absorbed K+ is 
removed, with the simultaneous decrease of the pore size and layer 
spacing. Afterward, K+ in the triangular hole is released into interlayer 
and then extracted, corresponding to the increase of layer spacing and 
the expanded pores gradually return to the original state. 

Real− time observation of potassiation process is the key to study the 
mechanism of electrochemical reaction. To clarify the microstructure 
evolution of GDY electrode during potassiation, a solid− state K− GDY 
nanobattery was assembled inside a TEM for in situ electrochemical 
experiments [71]. A bias potential of − 3 V is then applied to the 2D GDY 
layer to induce the potassiation process. Fig. 5a− d show the time-
− resolved TEM images during first potassiation captured from in situ 
TEM videos (Movie S1). With the continuous insertion of K+, significant 
K accumulation can be observed on the reaction front with slight size 
expanding from 324.5 to 339.4 nm with an expansion rate of 4.5% 
(Fig. 5a–d). The regular 2D GDY plane framework is selected to study 
which can obtained exact volume change. By measuring the width and 
length of 2D GDY sheet in potassiation from 0 to 882 s, the length of 
159.5, 172.9, 760.1 nm are gradually expanded to 177.4, 176.4, 775.5 
nm (8.6 % expansion), confirming the rigid structure stability of GDY. 
These results clearly demonstrate the reliable structural stability of GDY 
during the potassiation process, with its volume expansion much smaller 
than that of graphite (theoretical volume expansion of 60 %). This is due 
to the intelligent adjustable structure brought about by chemical bond 
conversion, which reduces volume expansion and stress accumulation. 
Moreover, the morphology of GDY and graphite electrodes after 500 
cycles were characterized by SEM (Fig. S19). There were severe huge 
cracks on graphite electrode, suggesting that the electrode undergoes a 
large volumetric change during cycling process. In addition, the slow K+

diffusion can lead to local aggregation of ions and electrons on electrode 
surface, which induces an uneven and drastic potassiaiton reaction with 
great stress at the surface of graphite. In comparison, the electrode of 
GDY exhibits integral and smooth surface. Moreover, TEM images of 
electrodes after 500 cycles were also shown in Fig. S20. GDY presented 
an ultra− thin SEI layer. On the contrary, the SEI film of graphite is 
discontinuous, thick, and unstable. In a word, in/ex situ TEM with SEM 
confirm that the self− regulating K+ channels based on reversible 
chemical bond conversion can effectively stabilize electrode structure 
and withstand volume expansion. 

Furthermore, the depth− profiling XPS were conducted to analyze 
the composition and of SEI formed in the electrode. The GDY electrode 
presented the stronger K 2p peak and weaker C–C peak in C 1 s 
photoelectron spectra with different Ar+ bombardment times (Fig. 5e). 
After 30 s of ion sputtering, the C1s spectrum shows the emergence of 
the sp-C peak at 285.1 eV, which intensity increases with prolonged 
sputtering time. This indicates that the surface of GDY generates a thin 
SEI layer, consistent with TEM images of the cycled GDY (Fig. S20). The 
C 1 s spectra of graphite (Fig. S21a) exhibits a stronger peak at ~286.2 
eV (RC–O–K) derived from solvent reduction appears in electrolyte, 
and the peak intensities is always stronger than GDY electrode upon Ar+

ion bombardment [72]. This corroborates that the continuous con-
sumption of electrolyte on the graphite surface forming much thicker 
SEI compared with GDY. As shown in Fig. 5h, GDY− derived SEI delivers 
the higher amounts of K and F element throughout whole probing depth, 
whereas the C element is lower compared with graphite, demonstrating 
the SEI mainly inorganic components while less organic components. 

The deconvoluted peak of O1s (Fig. 5c) at 532.0 eV (C–O) is attributed 
to the –(CH2CH2O)n− (assigned to (poly(ethylene oxide) oligomers, 
PEO), and − OCO2K is identified at 533.2 eV (C––O) (assigned to po-
tassium ethylene decarbonate, PEDC). PEO has excellent electro-
chemical stability and anti− deformation ability, which could 
significantly increase the structural stability of SEI layer and reduce the 
electrolyte consumption [73]. In contrast, PEDC is easily decomposed to 
RCH2OK or K2CO3 upon long cycling, continuously generating unstable 
SEI layers [74]. The ratio of PEO/PEDC (Fig. 5i) demonstrated that the 
outer SEI layers of GDY and graphite show similar organic content with 
the previous etching times, however, much more PEO are found near the 
GDY anode. More PEDC was formed with respect to PEO in graphite 
inner SEI, which gradually forms to the much thicker SEI layer. As 
shown in Fig. 5j, the inorganic content of KF in GDY is much higher 
across the whole− time step, which improves electrical conductivity and 
possess better mechanical strength to accommodate large volume 
changes. According to XPS results, GDY delivered organic (near the 
electrolyte)− inorganic (near the anode) heterogeneous SEI structures, 
implying that side− effect of solvent reduction is significantly suppressed 
[75]. Furthermore, the intrinsic fast ion diffusion kinetics is beneficial to 
generate a dense, robust, and high ionic conductive SEI, which 
contribute to exceptional interface stability. 

2.6. DFT calculations 

DFT calculations are performed to investigate the potassium storage 
model of GDY and influence mechanism of self− regulating ion channels. 
Before constructing the adsorption structure of only single K was added, 
and four possible configurations were selected and determined through 
appropriate binding energy. As shown in Fig. 6a-d, the adsorption en-
ergy (Ea) of K atom at the different positions of diacetylenic groups or 
above the benzene ring K− adsorption structures are calculated to be 
− 1.77 eV, − 1.79 eV, − 1.94 eV respectively, to evaluate the 
K− adsorption ability. The center of triangular− like pores has the 
stronger interaction (− 2.66 eV) with K than that of others sites, which is 
a more energetically favorable adsorption site. Electron density differ-
ence is calculated to analyze the bonding characteristic of adsorbed K 
atoms. As shown in Fig. 6e-f, an evident charge depletion near the 
adsorbed K atom can be observed in all three structures, suggesting 
transfer of charge from the adsorbed K to the neighboring C atom. The 
charge accumulation is more around the middle of the diacetylenic 
linkage in the molecular plane (Fig. 6g) which could further confirm the 
function of the sp− C in the storage of K. Moreover, the transport of 
charge density (− 0.87 eV) of K atom at the center of 18− C skeleton of 
ion channels is smaller than that at the top of the benzene ring and 
alkyne bond (− 0.90 eV, − 0.91 eV), suggesting less charge transfer from 
the adsorbed K to the diacetylenic linkage, which is beneficial to 
migration of K. Therefore, it can be concluded that K has less charge 
transfer in ion channels, which proves the lower out− of− plane transport 
barrier and enhances the ion diffusion kinetics. 

As shown in the electron localization function (ELF) analysis 
(Fig. 6h), the electron density distribution of K and GDY 18− C triangular 
pores has little change compared to the undoped configuration, sug-
gesting the weak electron interactions. Based on the above discussion, 
the optimized configuration for the maximum K storage in GDY sin-
gle− layer model is proposed. As depicted in Fig. 6i and Fig. S22, the 38 
carbon atoms configurational unit can accommodate 14 K atoms with 
the specific capacity is significantly increased (1736 mAh g− 1) compared 
to graphite (575 mAh g− 1). It should be noted that the calculated 
theoretical capacity is much higher than the measured, and this occasion 
has been also reported in GDY materials for other batteries. The larger 
theoretical capacity in the calculation results is to explain the potassium 
storage mechanism of signal− layer GDY, without considering the effect 
of K shared by multi− layer GDY structures. As the higher K loadings on 
the monolayer GDY, distortion of the triangular pores accompanies by 
the formation of C4 ring and alkyne− alkene structures when reaches 14 
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K atoms (Fig. S23). Due to the alkyne− K interaction, π− electrons 
transfer from alkyne to K, resulting in the formation of alkene and 18− C 
pore expansion. After removing all K atoms, the deformed GDY returned 
to the original state, demonstrating the reversibility of its structure 
(Fig. 6j). 

3. Conclusion 

In summary, we demonstrate a new strategy to overcome the terrible 
diffusion dynamics and volume expansion due to the large size of K+. A 
series of kinetics study results indicate the dynamic evolution mecha-
nism of the self− regulating ion channels, which is regulating K+ trans-
port channels by the reversible conversion of alkyne− alkene complex of 
GDY. Through in situ Raman, ex situ XPS and DFT calculation, this self- 
regulating ion channel promotes the out− of− plane K+ migration 
perpendicular to 2D plane and improve ion transport kinetics. In situ 
TEM results verify the GDY with unique ion channel could effectively 
relieve volume variation and maintain structural integrity to benefit 
exceptional cycling stability. Based on this, GDY delivers an impressive 
capacity of 202 mAh g− 1 at current density of 100 mA g− 1 after 2100 
cycles and ultra− long cycling stability with a decay of 0.012% per cycle, 
corresponding to a runtime of up to 380 days. This work offers a new 
perspective to regulate molecular carbon skeleton and its intrinsic 
transport kinetics for high-performance KIBs and next generation of 
electric energy storage systems. 
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