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Abstract 

Neither of the two widely used staging models in the long history of intercalation chemistry, 
namely the classical Rüdorff-Hofmann model proposed in 1938 and the pleated-layer domain-
modified one in 1969, can explain the intercalation reaction phenomena and mechanism logically. 
Taking the landmark potassium-intercalation reaction of graphite as a model case and two 5 
advanced monolithic graphitic/graphenic carbon foams as model electrodes, here we have revealed 
that the electrochemical storage of potassium in graphitic/graphenic carbon (as that of lithium) 
obeys a simple interlayered centroid intercalation (ICIC) rule to achieve the staged potassium 
intercalation into each graphitic interlayer: C → KC72 → KC24 → KC8. Moreover, judging from 
the typical potassium-storage behaviors and crystal texture of graphitic electrodes, nitrogen doping 10 
and pre-embedded K atoms would enable incoming K+ ions to perform fast pseudocapacitive 
diffusion in graphitic gallery. This study not only makes clear the basic K-storage mechanism and 
phenomena in graphitic carbon, but also establishes a more reasonable ICIC model for 
intercalation chemistry, and thus may help open a new research era for this field as well as graphite-
based metal-ion batteries. 15 
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Main Text 

Intercalation chemistry based on layered materials, including transition metal compounds and 
carbon especially graphite, is the operating basis of kinds of electrochemical energy-storage 
devices [1–3]. To explain related reaction mechanisms, phenomena, or composition and structure 
of the staged products, people have become accustomed to using the classical staging intercalation 5 
model proposed by Hofmann and his Ph.D. student Rüdorff in 1938 for H2SO4-graphite 
intercalation compounds (GICs) or the pleated-layer domain modified staging model updated by 
Daumas and Hérold in 1969 based on K-GICs [4–9]. However, as the theoretical basis of this field, 
such two models were built only according to the early X-ray diffraction (XRD) and high-
resolution (HR) cross-sectional transmission electron microscopy (TEM) characterizations about 10 
GICs of some molecules or atoms like H2SO4, K, Br2, and FeCl3 [4–7]. As a result, they have been 
considered to possess obvious logical contradiction in the model structure since the day of their 
birth [5, 6]. For example, their most remarkable structural feature is that the adjacent intercalant 
layers for each Stage-n GIC are separated periodically by n layers of graphene sheets. It is 
consequently difficult to reasonably explain the evolution of the intercalants during stage change 15 
despite of the latter introduction of the pleated-layer structure [5, 6]. In fact, there are no reliable 
evidences for the existence of periodically distributed intercalant layers and widespread graphene 
stacking faults [10–12]. And neither of the two models has been verified by methodical 
crystallography and can endow its local structure with symmetrical surrounding (obligated to 
thermal stability and charge or electrostatic energy-distribution equilibrium) [6, 10]. Researchers 20 
are always trying to solve this fundamental problem. For example, more and more studies have 
proposed that the intercalation/deintercalation of H2SO4 into graphite in fact mismatches the 
original theory [11, 12, 18]. Whereas, limited by material and technology, researchers just made 
some accidental modifications on the two problematic models according to their specific works, 
but could not give a reasonable explanation or even reach a scientific consensus on intercalation 25 
chemistry mechanism [6–18]. 

Recently, taking the virtue of a freestanding bilayer-graphene foam as model electrode, such 
as sufficient monolithic mass, absence of extrinsic interference from the as-applied substrates or 
other additives in lithium-ion batteries (LIBs), and against the ubiquitous aggregation and 
restacking of graphene sheets, we have established a new planar lithium-storage model to better 30 
describe and explain the staged Li-intercalation process into graphenic/graphitic interlayer[9, 19, 
20]. Even so, due to the distinct physiochemical features of charge carriers (such as Li+, Na+, K+, 
Mg2+, Zn2+, Al3+, and anions) as well as the applied electrolyte (such as ether, alkylcarbonate, 
lactone, and ketal), different ions would exhibit different intercalation behaviors and processes 
into graphitic interlayer [6, 8, 9]. Hence, it is crucially necessary to make clear the intercalation 35 
chemistry of various ions from either a scientific or practical point of view. As mentioned above, 
the updated pleated-layer domain (D-H) model was built mainly on the study of K-GICs. Therefore, 
it is significantly important to revisit and clarify the K-storage mechanism of graphitic carbon. In 
fact, as a strong competitor to the commercial LIB techniques (in particular for stationary or grid 
applications requiring low cost [21, 22]), K-ion batteries (KIBs) have inspired a new wave of 40 
research since 2015, when the state-of-the-art graphite anode in LIBs (372 mAh g−1 in theoretical 
capacity by forming the Stage-I Li-GIC LiC6) was proved to be also applicable in KIBs (279 mAh 
g−1 in theoretical capacity by forming KC8 as the Stage-I K-GIC) [8, 9, 21–27]. However, despite 
of the employ of a variety of advanced ex-situ and in-operando characterization techniques (e.g., 
Raman spectroscopy and XRD) and the first principle density functional theory (DFT) calculations 45 
[17, 21, 22, 28–30], researchers even disagree on the staged compositions of the major K-GICs as 
a function of charge-discharge potential (let alone their crystalline structures under the primal D-
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H model), such as KC36 ↔ KC24 ↔ KC8 [21], KC24 ↔ KC16 ↔ KC8 [28], KC72 ↔ KC24 ↔ KC8 

[22, 29], KC84–72 ↔ KC36 ↔ KC24 ↔ KC8 [30], and KC60 ↔ KC48 ↔ KC36 ↔ KC24/KC16 ↔ KC8 
[17]. The unclear K-storage mechanism of graphite has become a macronosia for both intercalation 
chemistry and KIBs [7–9, 27]. 

Inspirited by the above, here we have comparatively studied the electrochemical K-storage 5 
behaviors of graphitic/graphenic carbon by employing two suitable freestanding graphene foams 
as model electrodes (refer to their advantages mentioned above) [19, 22, 29−34], including a trace 
nitrogen-doped multilayer-graphene foam (~20–40 layers of graphene sheets, denoted as NGF) 
and a pristine fewlayer-graphene foam (~2–4 layers of graphene sheets, denoted as GF) [19, 31]. 
Consistent well with previous reports, the N dopant can endow NGF with much better K-storage 10 
performance by enhancing its local K-adsorption capacity, electron conductivity, and ionic 
diffusion [22, 26, 29, 35]. However, we find that the greatly lowered interface resistance and the 
K atoms pre-intercalated into the interlayer (priority at N-doping sites [22, 36]) should also be vital 
reasons for the superior rate and cycling performances of NGF. More important, it turns out that 
the two freestanding foam electrodes follow a similar interlayered centroid intercalation (ICIC) 15 
rule rather than the two historical staging theories to achieve the regular K storage, as follows: C 
(graphite) → KC72 → KC24 → KC8. This study not only clarifies the electrochemical K-storage 
mechanism of graphitic carbon for KIBs [26, 27], but also confirms the versatility of the ICIC 
model in elucidating the graphite intercalation chemistry [7–9]. 

Results 20 

Materials characterization 

The monolithic NGF and GF electrodes, ~30 μm thick after removing the 3D nanoporous Ni 
template with ligament diameters at 300 nm–500 nm (Fig. 1a and Supplementary Figs 1 and 2), 
are both synthesized via chemical vapor deposition (CVD) processes using pyridine and benzene 
as the precursors [19, 31], respectively. In specialty, X-ray photoelectron spectroscopy (XPS) was 25 
applied to determine the amount and bonding configurations of the doped N elements in NGF. 
Based on the quantitative analysis results from the C 1s (with the C-C concentration at ~81%) and 
N 1s XPS spectra as well as the energy dispersive spectra (EDS), the total N/C ratio is estimated 
to be ca. 1/119 (Fig. 1b and Supplementary Fig. 2a–c). By deconvolution of the N 1s spectrum 
(Fig. 1b(ii)), the three peaks at binding energies of 399.4, 400.0, and 401.5 eV can be indexed to 30 
pyridinic, graphitic/pyrrolic, and oxidic N species [27, 31, 37, 38], respectively. Thus, the small 
amount of graphic N (< 30% in considering of the co-presence of pyrrolic N; Fig. 1b(iii)) may 
imply that most of the N elements tend to be doped at edges or defects [22, 26, 27, 32–39]. This 
inference can be supported by the chemical mappings of electron energy-loss spectroscopy (EELS) 
reported previously [31], as well as the subsequent HR-TEM image of the basal plane of NGF 35 
showing only a few mono defects (Fig. 1f). By the way, many DFT simulations [24–26, 35, 36, 
38, 40–42] have demonstrated that, except that graphitic N sites would exhibit adverse impact for 
K adsorptions, other N-doped sites (including N, O-dual doped sites [25]) can result in a local 
electron deficiency with a particularly high affinity for electron and thus significantly enhanced 
attraction to a nearby K atom [22, 35]. 40 

Despite of the N doping, the strong G and 2D Raman bands at 1685.4 and 2694.8 cm−1 (Fig. 
1c), together with the following XRD (Fig. 1d) and TEM-related characterization results (Fig. 1e–
h), can confirm that NGF still possesses high-quality graphitic or graphenic crystal structure as 
that of GF. Differently, its much stronger D band at ~1354.4 cm−1 (with the ID/IG ratios at 0.56 and 
0.21 for NGF and GF, respectively) should imply that, the N doping process leads to more lattice 45 
defects. The defects of GF are considered to mainly come from the sp3 C species locating at the 
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structural edge planes, grain boundaries, or geometrical curvatures of the graphene sheets stripped 
from Ni substrate [19, 31, 33]. But for NGF, in view of the above XPS-based results, the 
significantly increased concentration of defective sites should be associated with both the similar 
structural defects enhanced by N doping and the homogenously dispersed and partially oxidized 
N atoms (refer to the inset of Supplementary Fig. 2a, c, Supplementary Fig. 3, and the EELS 5 
mapping images in refs. 31 and 34) [26]. This situation is also inflected in the mismatch on the 
measured interlayer spacing by the XRD and TEM-based techniques (with different test ranges to 
reflecting bulk or marginal-area structure information). The former indicates that the interlayer 
spacing (namely the d002 value) of NGF is centered at 3.35 Å, as with the pristine AB-stacking GF 
sample possessing a more sharp (002) peak (Fig. 1d), while it is varied from 3.4 to 3.7 Å by the 10 
latter (Fig. 1e–i and Supplementary Fig. 1f) [19, 30]. Notwithstanding, the in-plane lattice spacings 
(e.g., ~0.21 and 0.12 nm for the {0110} and {1210} faces) are hardly changed and close to those 
of pristine graphene (Fig. 1d, e, g, h, i(iii) and Supplementary Fig. 3). That is, the trace N doping 
(< 0.3 at% for graphitic N specie) doesn’t change the basic honeycomb structure of pristine 
graphene foam, but it does modify its interlayer spacing in particular at edge plane [26, 33, 38]. 15 
By the way, the number of graphene layers at ca. 20–40 is sufficient to let NGF (Fig. 1f and 
Supplementary Fig. 1f and see its characteristic Raman spectrum in Fig. 1c) achieve a specific 
capacity close to that of graphite [19]. In addition, some pleated-layer defects can be clearly 
observed from the cross section namely (002) edge plane of a single multilayer-graphene sheet 
constructing NGF (Fig. 1f and i(iv) and Supplementary Fig. 3). Both of these stacking faults and 20 
here the N-doping defects are believed to benefit K+ ions to enter the graphitic interlayers but not 
affect the exploration of intrinsic K-storage mechanism of graphitic carbon. 

Electrochemical potassium-storage performances 

The K-storage performances of the freestanding NGF and GF electrodes were investigated 
using K-ion half-cells, where K metal foil was used as the counter electrode and 1 M potassium 25 
bis(fluorosulfonyl)imide (KFSI) dissolved in ethylene carbonate/diethyl carbonate as the 
electrolyte. Galvanostatic charge–discharge (GCD) measurements (Fig. 2a–d and Supplementary 
Fig. 4) and cyclic voltammograms (CVs, Fig. 2e, f and Supplementary Figs 5–7) were firstly 
performed to determine their K-storage performances in terms of specific capacity and capacitance, 
respectively. In line with the previous report [22], the NGF material shows much higher K-storage 30 
capability to the fresh defective GF in various aspects, including the maximum reversible 
capacity/capacitance (ca. 326 mAh g−1/1284 F g−1 for NGF vs. 81 mAh g−1/241 F g−1 for GF, Fig. 
2a, b, e), rate performances (Fig. 2e and Supplementary Figs 4c and 5i), and long-term cycling 
stability as well as Coulombic efficiency (Fig. 2c, d). Considering the edge locations of most of 
the extrinsic N-doping defects and the intrinsic sp3 C structural defects for here the specific 35 
graphene foam materials [24–26], as well as the entrance (namely the edge (002) planes) for K+ 
ions to diffuse into their galleries, the reason for such performance differences are considered as 
follows [22]: (i) trapping K atoms (K+ + e– → K0) at the marginal N-dopant sites of NGF [25, 36] 
would undoubtedly further enlarge the entrance to facilitate the K storage; (ii) the edged C defects 
with dangling bonds (refer to Fig. 1b(i) and Supplementary Fig. 2a), however, can only further 40 
shrink or reduce the relatively narrow entrances of GF to compromise the K storage. The much 
lowered interface resistance and improved electron transfer capability of NGF than that of GF 
makes this explanation more reasonable and comprehensive (Fig. 3a, b and refer to their Nyquist 
plots in Supplementary Fig. 8a, b). Although the two cells possessed similarly low ohmic 
resistances (< 5 Ω and originating from electrode, electrolyte, and separator) and high initial 45 
interface resistances (~6280 Ω cm2 before working), the subsequently total interface resistances 
for NGF, dominated by the surface solid electrolyte interphase (SEI; generated during the initial 
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discharge-charge process), became much smaller than that for GF (Fig. 3a). Their DC impedance 
R values at each current density (Fig. 3b) further confirm this observation and the above deduction, 
which rose from ca. 0.20 kΩ cm2 at 10 A g–1 to 1.26 kΩ cm2 at 0.01 A g–1 for NGF and from 1.05 
kΩ cm2 at 0.4 A g–1 to 3.07 kΩ cm2 at 0.005 A g–1 for GF, respectively. Therefore, it is quite 
necessary and crucial for an energy-storage electrode to possess simultaneously good electronic 5 
and ionic transfer capabilities [43]. The super steady K-storage capacities of another independent 
NGF electrode, which ran at varied current densities for hundreds and thousands of cycles (Fig. 
2c), also illustrate this point. While, the GF electrode’s capacity seemed to gradually increase until 
approaching to the theoretical value of trilayer graphene (186 mAh g–1) after cycling at 8.2 mA g–

1 for 100 cycles (~175 mAh g–1, Fig. 2d and Supplementary Fig. 4d). Judging from the Coulombic 10 
efficiencies always < 95% (Fig. 2d) and the formation reason of SEI, this phenomenon is 
associated with the ever-diminishing dangling organic groups as indicated above. As a result, more 
entrances will be generated to facilitate the diffusion of K+ ions into graphitic galleries. By the 
way, to help make clear the K-storage mechanism of graphitic carbon, we stopped the above 
cycling test of 2# NGF at discharged 0.20 V to obtain its Stage-II potassiated product 15 
(Supplementary Figs 9 and 10), which will be discussed in detail in Fig. 4. 

Electrochemical potassium-storage kinetics 

To fully understand the K-storage (vs. Li-storage) behavior of NGF and GF, the b values, a 
common and important kinetic parameter, were obtained based on the CV curves at scan rates 
below 0.2 mV s−1 (Fig. 2f and Supplementary Figs 6 and 7) and the power-law relation (i = aνb) 20 
between CV peak current (i) and scan rate (ν) [19, 44]. Generally, a b value at 1.0 stands for a 
capacitive charge storage achieved by fast ion diffusion/adsorption on the surface, when the value 
at 0.5 refers to a typical battery reaction controlled by slow ion solid-state diffusion. Thus, judging 
from the obtained b values for the distinguished redox peaks at 0.60−0.001 V (when the Stage-III 
K-GIC has already formed), the kinetics diffusion behavior of K+ ions in the potassiated GF are 25 
quite similar to that of Li+ ions in lithiated bilayer graphene [19]. That is, the concentration of K 
atoms embedded in the graphitic interlayer intrinsically determines the intercalation kinetics of K+ 
ions, and the pseudocapacitive diffusivity of incoming K+ ions will decrease as this concentration 
gradually increases. However, the cathodic and anodic b values (i.e., 0.80 and 0.78) corresponding 
to the phase change between Stage-I and Stage-II K-GICs are both larger than the counterparts for 30 
lithiated bilayer graphene (i.e., 0.67 and 0.77) [19]. That is, the diffusion of K+ ions in KC24’s 
interlayer looks easier than that of Li+ ions in C14LiC14’s interlayer, as simultaneously reflected by 
their Bode diagrams (Supplementary Fig. 8c–f). Such an interesting phenomenon is possibly 
associated with the different atomic and ionic sizes of K and Li (with the diameters of K0/K+ and 
Li0/Li+ at 4.54/2.76 Å and 3.04/1.52 Å, respectively [8]) and thus the remaining stereoscopic space 35 
in K or Li atoms-filled graphitic gallery. Given the approximate in-plane compositions of the 
potassiated NGF and GF at Stages I and II, the general variation trend for each b value, increasing 
with the decrease of scan rate (Supplementary Figs 6c, d and 7c, d), further supports the above 
inference and in particular the significant role of interlayer spacing. 

To further verify the significance of interlayer spacing (proportional to the amount of K atoms 40 
embedded in graphene interlayer [21, 27]), the well-known Galvanostatic intermittent titration 
(GITT) technique [17, 24, 25] was applied to determine the chemical diffusion coefficients of K+ 
ions (DK) in the NGF electrode at GCD current densities of 0.1 and 0.2 A g−1 (Fig. 3c, d and 
Supplementary Fig. 11), respectively. As is expected, as a function of the state of charge (SOC), 
the DK values evaluated at 0.1 A g−1 are always larger than the counterparts at 0.2 A g−1 (ranged 45 
between10–9–10–7 cm2 s−1 at SOC < 60%), well demonstrating the above kinetics analysis. In 
addition, the two groups of DK values basically share the same evolution trends to those of the b 



Submitted Manuscript: Confidential 

7 
 

values, in particular noticing how they change during the depotassiation or charging processes 
(e.g., with b values for the ever-present anodic peak continually decreasing from 0.96 below 0.2 
mV s−1 to 0.48 or even 0.25 between 0.2−50 mV s−1 [27]; Supplementary Fig. 6c). Meanwhile, the 
slight change in the DK values at SOC < 60% (between 1.0 × 10–9 and 2.0 × 10–9 cm2 s−1) should 
imply that the K+ ion-intercalation kinetics has a close correlation with the distribution density of 5 
K atoms. Obviously, it is difficult to use the two classical staging models to explain such a kinetics 
behavior. 

Electrochemical potassium-storage mechanism 

Judging from the GCD curves of NGF and GF (Fig. 2a, b), there are mainly three 
distinguished slope regions accounting for three-stage K-intercalation reactions [26, 27]. 10 
Specifically, according to the discharge curve of NGF at the smallest current density of 0.01 A g–

1 (Supplementary Fig. 6c), the capacities at the end of each potential slope (i.e., 0.40, 0.20, and 
0.001 V) are ca. 48, 144, and 327 mAh g–1, respectively. Considering the deviation of ~48 mAh 
g–1 between the maximum capacity and the theoretical 279 mAh g–1 for KC8 (associated with the 
N-doping and C defective sites [19, 22]), the actual capacity contributed by K intercalation at 0.20 15 
V (~96 mAh g–1) should imply that the Stage-II K-GIC phase is close to the widely reported KC24 
of 93 mAh g–1 (Fig. 4a). To further confirm the staged K-intercalation process, analysis was carried 
out in terms of the NGF and GF’s CV curves between 0.60 and 0.001 V at low enough scan rates 
(Fig. 2f, g and Supplementary Fig. 6a, b). As the scan rate decreases from 20 to 2 μV s–1, the initial 
two obvious pairs of CV redox peaks gradually split into five pairs for both NGF and GF, similar 20 
to the lithiated-bilayer graphene case and characteristic of the staged quasi-equilibrium phase 
transformations of KCx [19]. Despite of this fact, here these split peaks are still treated as one in 
view of their high-degree overlap (standing for rapid phase transformation [17]). Accordingly, the 
Stage-II phase is estimated to approach KC24 as well according to the average area ratios of the 
two integrated peaks at various scan rates (Fig. 2g; refer to the KPF6 electrolyte-based CV curves 25 
in Supplementary Fig. 13). Theoretically, such a composition also corresponds to a very stable 
structure judging from the geometric locations of its K atoms on the graphenic carbon matrix 
(Supplementary Fig. 12a). Furthermore, the K atoms of KC8 are found to locate right in the 
centroid of three adjacent K atoms of KC24, highly consistent with the Li-storage mode in bilayer 
graphene [19]. Thus, we predict that the Stage-III K-GIC is KC72 of 31 mAh g–1 by such an ICIC 30 
rule (Figs 2g and 4a), agreeing well with the previous reports and the GCD result mentioned above. 
Consequently, all the analyses indicate that the elementary K-intercalation process in graphitic 
interlayer should be C (graphite) → KC72 → KC24 → KC8 in theory (Fig. 4a). 

Notwithstanding, it is still uncertain whether the classical pleated-layer staging model 
proposed 50 years ago is suitable to describe the K-intercalation scene in the c direction [4–6, 10, 35 
12, 19]. To well address this historic problem, here we have carefully studied the crystal structure 
of the representative Stage-II K-NGF phase (close to KC24 in composition; Supplementary Figs 9, 
10, and 13) by multiple TEM-based advanced characterization techniques (Fig. 4b–e and 
Supplementary Figs 14–20 and Video 1). Similar to what happened in the lithiated-bilayer 
graphene foam [19], high-energy electron beam irradiation (EBI) also seriously changed the initial 40 
distribution of K atoms embedded in the graphitic interlayers (Fig. 4b), as reflected by those ever-
changing SAED patterns (Fig. 4c, d and Supplementary Fig.14) and HR-TEM images (Fig. 4e and 
Supplementary Figs 15–20) [26, 27]. Differently, due to the much larger diameter of K atom (4.54 
Å) than that of Li atom (3.04 Å) versus that of C6-ring unit (2.84 Å), a greatly enhanced expansion 
in graphene honeycomb lattice was observed in this case (up to ~29% vs. ~8% for Stage-II 45 
C14LiC14 [19]; Fig. 4c, d and Supplementary Figs 12 and 16–20). Meanwhile, most of the K atoms 
would be squeezed away from the region under electron beam, rather than being forced into 
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graphenic matrix like Li atoms [19]. Relative evidences include the lattice ripples (ca. 1–4 nm 
apart from each other) caused by regular movement of the interbedded K atoms (Fig. 4e and 
Supplementary Fig. 15a, h), some individual K atoms residual in the irradiation region 
(Supplementary Fig. 15h, i), the regular d002 variations in different regions (Fig. 4c–e and 
Supplementary Figs 15d–f, 16, and 17) [27], the gradual emergence of the coexistence scene of 5 
the intrinsic and expanded graphenic carbon lattices (Fig. 4c, d and Supplementary Figs 16–20), 
and the generation of crystal lattices of the K-atom intercalation layers [19] which should come 
from the derived KC8 or KC16 structure under EBI (Fig. 4b–d and Supplementary Figs 12 and 16–
20). Thus, based on these EBI-driven structure changes, the KC24’s intrinsic configuration can be 
ascertained reasonably as shown in Fig. 4a, where the adopted d002 values have been widely 10 
confirmed by XRD technology [17, 21]. By the way, the sharp d002 increase from Stage II to Stage 
I (ca. 4.39 Å for KC24 and 5.40 Å for KC8) can well illustrate the stacking configuration change of 
K-GICs from ARB to ARA. In particular, it can be seen clearly from the quickly captured HR-
TEM images of random locations that all the Stage-II K-NGF’s interlayers are roughly uniform 
and equal in spacing (Fig. 4e). And as confirmed simultaneously by the XRD pattern with a single 15 
(002) peak (d002 = 4.87 Å; Fig. 4f and Supplementary Fig. 9d), there are no empty graphitic 
galleries to periodically separate two adjacent K intercalant layers, completely different from what 
the two classical staging models presented (see the inset of Fig. 4f). In fact, it is just because of the 
undifferentiated intercalation behaviors of K+ ions in each graphitic/graphenic interlayer that the 
NGF and GF samples possessing quite different K-storage capacities can exhibit analogous CV 20 
features (Fig. 2 and Supplementary Figs 5–7). Thus, here the ICIC model (Fig. 4a) can not only 
logically explain the above kinetics phenomena, but also can reasonably describe and even predict 
the staged structure and composition of K-GICs. 

Discussion 

Neither of the two classical staging models in the history of intercalation chemistry (as well 25 
as their derivatives) can explain the potassium-storage process of graphite without logical defects. 
With enlarged marginal interlayer spacing caused by trace nitrogen doping but still high crystalline 
quality, the freestanding multilayer NGF electrode (Fig. 1) is expected to help solve this problem. 
Using a defective fewlayer graphene foam GF as counterpart (Fig. 1c, d) and according to the 
statistical electrochemical data recorded at enough small current density or slow CV scan rate (Fig. 30 
2), we find that the two monolithic electrodes in fact demonstrate similar K-intercalation processes 
by following a regular ICIC rule: C → KC72 → KC24 → KC8 (Fig. 4). And, against the theoretical 
basis of the two historical staging models [6–9], the TEM characterizations imply that there are no 
empty graphene layers observed in the typical Stage-II phase (Fig. 4e, f) despite of the mere 
existence of pleated-layer stacking faults in the initial sample (Fig. 1f, i). The kinetics analyses 35 
(Fig. 3c, d) further indicate that, the diffusion of K+ ions in graphitic interlayer are closely related 
to the distribution concentration of the embedded K atoms and tend to be capacitive due to the 
larger interlayer spacing, consistent well with the ICIC theory. On the other hand, the comparative 
analyses about the K-storage performances (Fig. 2a–e) and impedances (Fig. 3a, b) of the two 
model electrodes also illustrate that, unimpeded ion diffusion at the edge plane and good electronic 40 
transmission at the SEI-dominated interface are both necessary for a high-performance graphitic 
anode in KIBs. Thus, in view of the well-documented N-doping effects, these results in turn 
confirm that N-doped graphitic carbon foam can make an ideal anode material for KIBs [26]. 

In summary, taking the advantages of monolithic graphene foam electrodes, here we have 
revealed the fundamentally staged K-intercalation mechanism for graphitic carbon as follows: C 45 
→ KC72 → KC24 → KC8. It is found that the electrochemical storage of potassium in 
graphitic/graphenic carbon obeys a similar ICIC rule to that of lithium, rather than the two historic 
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staging models widely used in graphite intercalation chemistry. Meanwhile, it is clarified that the 
superior K-storage performances and capacitive kinetics of nitrogen-doped multilayer graphene 
foam can be attributed to its enlarged interlayer spacing and lowered interface resistance, which 
can make it a qualified mixed conductor for both ions and electrons [43] when working in KIBs. 
This study not only confirms the versatility of the ICIC model in elucidating the staging K-5 
intercalation phenomena in graphitic/graphenic interlayer, which may help open a new era of 
research in intercalation chemistry [6–9, 12, 17], but also makes clear the design approach to 
promote graphitic carbon for better KIBs. 

 

Methods 10 

Materials Preparation. Both the nitrogen-doped multilayer graphene foam (NGF) and fewlayer 
graphene foam (GF) were synthesized via a CVD process employing nanoporous Ni (np-Ni) as 
template and liquid organic compound with small molecule as graphene precursor. Thereinto, the 
np-Ni template was prepared by dealloying 50 μm-thick Ni30Mn70 foil in 2.0 M (NH4)2SO4 solution 
for 10 h, which during the preparation was placed at the center of a quartz tube (φ30 × φ27 × 1000 15 
mm) of the CVD furnace. 

The np-Ni@NGF material was prepared at 800 oC by injecting gasified pyridine (C5H5N) in 
the gas flow of Ar (2500 sccm) and H2 (100 sccm) for 3 min using the method shown in ref. 31. 
The np-Ni@GF material was prepared from gasified benzene (C6H6, 30 s for gas entry) by 
following the high-temperature-switched CVD procedures described in ref. 19, where the high and 20 
low temperatures were set at 950 and 850 oC, respectively. And the target freestanding NGF and 
GF materials were obtained through dissolving Ni substrate in 2.0 M HCl, repeatedly water-
isopropanol washing, and the supercritical CO2 drying. 

For the potassiated NGF sample, it was carefully taken down from its coin cell disassembled 
in an argon-filled glove box and then fully rinsed by pure ethylene carbonate (EC)/diethyl 25 
carbonate (DEC) electrolyte. 
Structure and Composition Characterization. Microstructural and chemical characterizations 
were performed using a field-emission transmission electron microscope (JEOL JEM–2100F and 
F200, 200 kV) and scanning electron microscope (FEI Apreo S LoVac, 2 kV; JEOL JIB–4600F, 
15 kV) equipped with X-ray energy-dispersive spectrometer. The Raman spectra measurements 30 
were performed on a micro-Raman spectrometer (Renishaw InVia RM 1000) with excitation laser 
wavelength of 514.5 nm. The XRD patterns were collected on an X-ray diffractometer (SmartLab) 
using Cu Kα radiation and nickel filter (λ = 0.15406 nm), and the operating voltage and current 
were 40 kV and 30 mA. The XPS spectra were measured by using an X-ray Photoelectron 
Spectroscopy (XPS, AXIS ultra DLD, Shimazu) with an Al Kα (mono) anode at 150W in a vacuum 35 
of 10−7 Pa. 
Electrochemical Measurements. Coin 2032-type test cells were assembled in a high-purity 
argon-filled glove box (H2O < 0.5 ppm, O2 < 0.5 ppm, SegoStation) with 1 M potassium 
bis(fluorosulfonyl)imide (KFSI) dissolved in EC and DEC (EC:DEC = 1:1 v/v) as the electrolyte, 
the freestanding graphene foams directly as the working electrodes, fresh potassium foil as the 40 
counter electrode and Whatman glass fiber as the separator. Galvanostatic charge/discharge (GCD), 
cyclic voltammetry (CV), and galvanostatic intermittent titration (GITT) measurements were 
carried out at room temperature on LAND CT2001A and Neware battery testing systems and 
Ivium electrochemical workstation. The electrochemical impedance spectrum and Bode phase 
diagram were measured on Ivium electrochemical workstation simultaneously at varied open 45 
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circuit voltages with a sinusoidal signal in a frequency range from 100 kHz to 0.1 Hz at an 
amplitude of 5 mV. 
 
 

Data availability 5 

The authors declare that the major data supporting the findings of this study are available within 
the paper and its Supplementary Information. Extra data are available from the authors upon 
reasonable request. 
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Fig. 1 | Microstructure and composition of the 3D NGF material. a, TEM image of NGF. b, C 
1s and N1s XPS spectra and the contents of N species. c, d, Comparative Raman spectra (c) and 
XRD patterns (d) of NGF and GF. e, g, SAED patterns from marginal multilayer region (e) and 
flat fewlayer region (g) of NGF. f, h, i, HR-TEM images from cross section (f), flat region 5 
(removing amorphous carbon through the average background subtraction filter) (h), and marginal 
area (i) of some single graphene sheets constructing the NGF foam, together with their 
corresponding FFT patterns (see the insets in f(i, ii), h, and i(ii)) and some specific inverse FFT 
images (f(ii) and i(iii, iv)). Pleated-layer defects can be observed clearly from the cross section (f 
and i(iv)). The SAED and FFT pattens of non-regular hexagonal shape shown in (g–i) imply that 10 
their selected regions were not completely flat or the electron beam was not normal-incidence[19]. 
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Fig. 2 | Comparative electrochemical performances of the freestanding NGF and GF 
electrodes. a, b, GCD curves of NGF (a) and GF (b) at varied current densities. c, d, Cycling and 
rate performances of NGF (c) and GF (d). Two cells were assembled for either sample (1# and 2#) 
for the tests. The 2# cell of NGF was disassembled to check the microstructure of its potassiated 5 
phase at Stage II. e, Specific capacitances of NGF and GF at CV scan rates varied from 20 mV s–

1 to 2 μV s–1. The values marked next the curves refer to the high-end cut-off potentials in 
calculating the two samples’ specific capacitances (Supplementary Fig. 7a, b). f, CV curves at 2 
μV s–1 for NGF and GF, where C1–5 and A1–5 refer to the visible cathodic and anodic peaks on 
behalf of the K-intercalation/deintercalation reactions of K+ + e− + KCx ↔ KCy, respectively. C1 10 
and C2 are assigned to the formation of Stage-II KC24, and C3, C4, and C5 are corresponding to 
the formation of Stage-I KC8 together with the K storage at some defects. g, Determination of the 
Stage-II KCx products for NGF and GF by calculating CV peak areas at low CV scan rates 
(Supplementary Fig. 6a, b). The contributions of defective sites, ca. 15% according to the specific 
capacity of 327 mAh g–1 at 0.01 A g–1 (Fig. 2a and Supplementary Fig. 4a–c) and the theoretical 15 
279 mAh g–1, were excluded in the calculations. 
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Fig. 3 | Electrochemical resistance of the NGF electrode and kinetics analysis about its K-
storage capability. a, Comparative AC equivalent resistances of NGF and GF based on the 
simulation of their Nyquist plots measured at different OCPs as a function of CV scan rates 
(Supplementary Fig. 5). Re (unit: Ω) refers to the total Ohmic resistance from the electrode, 5 
electrolyte, and separator of the test cell, while Rtotal (unit: Ω cm2) refers to the SEI-dominant 
interface resistances (originating from the SEI itself, the electrode-SEI interface, and the SEI-
solution interface) and it is associated with the exposed surface of the specific electrode sample in 
the electrolyte[19]. b, Comparative DC equivalent resistances of NGF and GF based on the voltage 
drops at varied GCD current densities (refer to Fig. 2a, b). c, GITT profiles at 0.1 and 0.2 A g–1 10 
for the NGF sample after a long-term GCD cycling test (refer to Fig. 2c and Supplementary Figs 
9–11). d, Apparent chemical diffusion coefficients of K+ ions in the NGF electrode as a function 
of SOC. The SOC values were calculated using the two sets of specific capacities obtained from 
(c) by assuming that the specific capacity of 326.5 mAh g–1 measured at 0.01 A g–1 (Fig. 2a and 
Supplementary Fig. 4a–c) was the maximum capacity of NGF. 15 
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Fig. 4 | Determination of the electrochemical K-storage mechanism for graphitic/graphenic 
carbon based on the Stage-II K-NGF material potassiated at 0.2 V. a, Schematic of the ICIC 
rule for the staged K-storage process into graphitic/graphenic carbon and the configuration 
diagrams for the three main K-GICs. b, Schematic of the EBI influence on the c-direction and 5 
planar distribution of K atoms storing at marginal area of curved multilayer graphene sheet (refer 
to Supplementary Figs 12 and 14–20). c, d, SAED patterns of the Stage-II K-NGF captured 
immediately (c) and after a long period of radiation (d; refer to Supplementary Fig. 14). e, HR-
TEM images captured from cross section or marginal area of the Stage-II K-NGF under EBI (refer 
to (b) and Supplementary Figs 15 and 20). f, XRD pattern of the Stage-II K-NGF (refer to 10 
Supplementary Fig. 9). The insets display the structure of the Stage-II KC24 by the ICIC rule and 
by the classical R-H and D-H models, respectively. 
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