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a b s t r a c t

Sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) are the most promising alternatives to

lithium-ion batteries, and thus have drawn intensive research attention. Porous carbon materials from

different precursors have been widely used as anode materials owing to their compatible storage effec-

tiveness of both larger radii sodium and potassium ions. However, the differential bonding behaviors of

Na and K ions with porous carbon-based anode are the significant one worth investigating, which could

provide a clean picture of alkali ions storage mechanism. Therefore, in this work, we prepare a porous

carbon network derived from sawdust (SDC) wastes, to further analyze the differences on sodium and

potassium ions storage behaviors in terms of bond-forming process. It is found that, as-prepared SDC an-

odes could deliver stable sodium and potassium storage capacities, however, there are notable distinctions

in terms of electrochemical behaviors and diffusion processes. By virtue of ex-situ XRD and Raman spec-

troscopy, the phase transition reaction of potassium ions could be well-observed, and the results shows

that the multiple intercalated compounds was formed in SDC network during ions insertion, further re-

sulting in slower diffusion kinetics and larger resistance compared to non-bonded process of sodium ions

storage. This study provides more insights into the differences between sodium and potassium ions stor-

age, as well as the energy storage mechanism of porous carbon as anodes for secondary batteries.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Within the realm of energy research, the exploration of alter-

natives to lithium-ion batteries (LIBs) has gained significant trac-

tion [1–4]. Sodium-ion batteries (SIBs) and potassium-ion batter-

ies (PIBs) are considered prominent illustrations of the emerging

“next generation batteries” technology, primarily due to the abun-

dant availability of sodium and potassium resources [5,6]. Further-

more, it is worth noting that aluminum foil, being a cost-effective

material, may serve as a suitable collector for both the cathodes

and anodes in SIBs and PIBs [7]. However, the energy density level

of sodium and potassium ions batteries is comparatively lower

than that of lithium, mostly owing to their higher relative atomic

masses [8]. Therefore, the investigation on suitable materials for

sodium/potassium ions storage holds considerable significance.

At present, graphite and its derivatives serve as the predom-

inant materials employed as anodes in LIBs [9,10]. However, the

energy storage capacity of these materials in SIBs is restricted be-
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cause of the heightened energy demand associated with the inser-

tion of Na+ ions into the narrow graphite layers [11]. The cyclic

stability of graphite, which is employed as the anode material in

PIBs, is greatly diminished as a result of its high ionic radius, re-

sulting in noticeable deformation of the electrode [12–15]. Hence,

the development of carbon-based anodes that exhibit compatibil-

ity with both sodium/potassium storage systems could provide a

solid basis for effective energy storage [16]. Porous carbon pos-

sesses several advantageous attributes, such as a substantial spe-

cific surface area, adjustable physical and chemical properties, af-

fordability, and convenient accessibility [17]. These characteristics

render it highly favorable for application in burgeoning fields such

as energy storage and conversion, catalysis, and adsorption sepa-

ration. An illustration of this phenomenon can be observed in the

study conducted by Yu et al., wherein they recorded the synthesis

of nitrogen-doped porous carbon fibers using potassium hydroxide

(KOH) as a pore-forming agent obtained from polypyrrole [18]. It

is possible to attain a specific surface area of 1508 m2/g and a re-

versible Na+ storage capacity of 296 mAh/g at a current density

of 0.05 A/g. Zhang et al. prepared a hierarchical nitrogen-doped

carbon materials with an accordion-like structure, which exhib-
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Fig. 1. (a) Schematic illustration of production of SDC materials. (b–d) SEM images and (e) HRTEM image of SDC-12. (f, g) N2 adsorption–desorption isotherm and pore size

distribution of as-prepared samples.

ited a significant reversible K+ storage capacity of 346 mAh/g [19].

At present, the primary focus in the structural design of porous

carbon revolves around the enhancement of pore structure to in-

crease the specific surface area, in addition, heteroatom doping

could also be employed to augment the electrochemical capacity

[20–22]. The dominant agreement within previous reports is that

the major mechanism of energy storage in porous carbon is mostly

attributed to adsorption [23]. In order to provide a theoretical basis

for the design of porous carbon, it is essential to analyze the dif-

ferential energy storage mechanism of such materials in SIBs and

PIBs, which can be attributed to the unique physical and chemical

properties shown by sodium and potassium ions.

Here, a porous carbonaceous network was prepared using the

process of KOH etching, and then employed as anodes in both

SIBs and PIBs. As-prepared carbon material exhibiting a hierarchi-

cal pore structure was achieved by the adjustment of etched time,

resulting in a specific surface area of 1410.65 m2/g. When doing a

comparison on electrochemical properties between SDC anodes in

SIBs and PIBs, it becomes evident that SDC-12 exhibits similar level

in terms of capacity, rate, and long-term cyclic stability, with the

exception of diffusivity. The identification of the phase transition

process of potassium carbide formation during potassium storage

in SDC was achieved through the investigation of ex-situ XRD and

Raman spectroscopy. Hence, this work offers an in-depth analysis

of the discrepancies observed in the disordered carbon structure

during the sodium and potassium storage procedures. Schemati-

cally, the conversion process of as-prepared carbon could be clearly

seen in Fig. 1a, as a biomass waste, sawdust holds potential on

large-scale production to feed the demand for sustainable devel-

opment target. After pore-forming and pyrolysis operation, saw-

dust could be transformed to a porous carbon framework, and cor-

responding appropriate textural properties is favorable for larger

radii Na/K ions storages. Firstly, the X-ray diffraction (XRD) pat-

terns of the as-prepared SDC-12 derived from sawdust is shown

in Fig. S1 (Supporting information). The SDC-12 shows two broad

peaks around 25° (002 peak) and 44° (101 peak), respectively, indi-

cating the amorphous structure [24]. The interlayer spacing (d002)

is calculated to be ∼0.4 nm, which is larger than that of graphite

(0.334 nm) [25]. The larger spacing of carbon layer is essential for

the reversible storage of alkali metal ions [26]. As shown in Fig.

S2 (Supporting information), the Raman spectra exhibit two dis-

tinct bands, namely the D peak at 1340 cm−1 and the G peak at

1580 cm−1. A prominent feature of amorphous carbon can also be

seen in the Raman spectra of the as-prepared material [27]. The X-

ray photoelectron spectroscopy (XPS) of SDC-12 is shown in Fig. S3

(Supporting information), and the sample is mainly composed of

carbon and oxygen elements. Figs. 1b–d provide scanning electron

microscope (SEM) micrographs that exhibit a porous structure at

the surface. The formation of porous structure could be attributed

to the KOH activation reaction [26]:

4C + 6KOH → 6K + 3H2(g) + CO(g) + 2CO2(g) (1)

It was found from transmission electron microscope (TEM) im-

age that the morphology of the sample is block with irregular

shape and uneven thickness (Fig. S4 in Supporting information).

In high resolution TEM images of Fig. 1e, the turbostatic struc-

ture can be observed, indicating its amorphous structure owing

to the relatively low pyrolysis temperatures and KOH activation.

The specific surface areas of SDSs are measured by N2 Brunauer–

Emmett–Teller (BET) adsorption measurements. Fig. 1f shows the

N2 adsorption–desorption behavior of SDC, it is evident that all

samples show type-IV isotherms with a sharp adsorption knee in

low pressure aeras and well-defined plateaus [28]. The adsorption

observed at low pressure in the case of SDC suggests the presence

of micropores, whereas the occurrence of hysteresis rings shows

the existence of mesopores. The corresponding pore size distribu-

tion curves of SDCs show a hierarchical pore structure dominated

by mesopores (Fig. 1g). The adsorption average pore sizes of SDC-6,

SDC-12, SDC-24, and SDC-48 are 2.188, 2.264, 2.264, and 2.369 nm.

The mesoporous structure not only facilitates ion transport but also
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Fig. 2. (a) The first three cycles of CV curves at a scan rate of 0.2 mV/s. (b) The first three cycles of GCD curves at a current density of 30 mA/g, and (c) CV curves at various

scan rates of SDC-12 for Na+ storage. (d) Rate capacities and (e) cycle performances of SDC samples. (f) GITT profiles, (g, h) Na-ion diffusion coefficient, and (i) contribution

of the surface process of SDC-12.

provides more capacitive capacity for energy storage [29]. In addi-

tion, the total volumes of micropores obtained through the T-plot

method is 0.553, 0.595, 0.586, and 0.514 cm3/g. Considering that,

micropores also have a vital effect on storing alkali metal ions. The

multi-point BET specific surface areas of all samples are 1191.02,

1410.65, 1366.86, and 1231.41 m2/g, respectively. The hierarchical

porous structure would offer more favorable transport routes for

the Na+, while the large surface area provides Na+ with more ad-

sorption sites. Overall, a moderate activation time is beneficial for

the formation of micropores and mesopores. However, owing to

the partial mesopores collapse caused by excessive activation span,

the specific surface area of SDC-48 is slightly lower.

The electrochemical performance of SDC samples as anode for

SIBs and PIBs are evaluated in the voltage rang of 0.01–3.0 V.

Fig. 2a displays the SDC-12 sample’s cyclic voltammetry (CV)

curves of the first three cycles at scan rate of 0.2 mV/s. In the

first cathodic scan, the pronounced peak at around 1.2 V can be

attributed to the reaction between surface functional groups and

Na+ ions, while the peak at around 0.4 V is caused by the decom-

position of the electrolyte and the formation of solid electrolyte in-

terface (SEI) [30]. These two peaks disappear in the subsequent CV

curve, proving the irreversibility of the reactions. This irreversible

phenomenon of the first cycle can also be observed in the gal-

vanostatic charge discharge curve (GCD), as shown in Fig. 2b. How-

ever, for the subsequent CV and GCD curves, their shapes remained

basically consistent, proving a reversible electrochemical process.

Compared to sawdust based carbon materials prepared by direct

annealing (Fig. S5a in Supporting information), activated carbon

materials treated with KOH exhibit better sodium storage perfor-

mance, proving that porous structures can provide more sodium

storage sites. Moreover, Fig. 2c demonstrates that the CV curves

well maintained as the scanning rate increased, demonstrating the

good stability and rate capability. The quantitative analysis of ca-

pacitive behavior can be carried out by the following equation [31]:

ip = aνb (2)

ip is the peak current and v is the scan rate. The b value could

be obtained by the slope of the log(i) versus log(v) plot to deter-

mine the electrochemical processes controlled by semi-infinite dif-

fusion (b ≈ 0.5) or capacitive process (b ≈ 1.0). As shown in Fig.

S6 (Supporting information), the anodic b-value of SDC-12 for SIBs

is 0.94306, indicating that the capacitive behavior is the capital ca-

pacity contribution. To enhance the clarity of the rate performance

analysis, the material’s capacity was assessed at several current

densities. The results show that the capacities of SDC-12 sample is

higher than that of other samples at all current densities. The spe-

cific capacities at the current densities of 30, 50, 80, 100, 200, and

500 mA/g of the SDC-12 electrode are 326.4, 244.5, 199.5, 168.7,

136.8, and 99.8 mAh/g, respectively (Fig. 2d). In addition, the SDC-

12 still maintains a reversible capacity of 248.7 mAh/g as the cur-

rent density is returned back to 30 mA/g. Fig. 2e shows the cyclic

stability of SDC samples at 30 mA/g. Due to the large specific sur-

face area of SDC samples, it can cause the formation of SEI films

and the decomposition of the electrolyte during the first few cy-

cles. After multiple cycles, the electrode interface reaches a stable

state, resulting in a coulombic efficiency of nearly 100%. Benefiting

by the stable carbon skeleton of porous carbon, all samples exhibit

good cyclic stability with sample SDC-12 having the highest capac-

ity [32,33].

In order to investigate the kinetic process of sodium storage,

galvanostatic intermittent titration technique (GITT) testing was

conducted on the SDC-12 electrode. Fig. 2f shows the voltage-

capacity curves of SDC-12 with a relaxation time (τ ) of 30 min. Ac-

cording to the calculation formula of Na-diffusion coefficients (DNa)

of the SDC-12 electrode at different voltages is obtained. The DNa

values of the sodification and desodification processes are shown

in Figs. 2g and h, respectively. The average DN̅a values of SDC-12
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Fig. 3. (a) The first three cycles of CV curves at a scan rate of 0.2 mV/s. (b) The first three cycles of GCD curves at a current density of 30 mA/g, and (c) CV curves at various

scan rates of SDC-12 for K+ storage. (d) Rate capacities and (e) cycle performances of SDC samples. (f) GITT profiles, (g, h) K+ diffusion coefficient, and (i) contribution of

the surface process of SDC-12.

in the sodification and desodification process is 1.0 × 10−13.26 and

1.0 × 10−12.01 cm2/s, respectively. Furthermore, to calculate quanti-

tatively the contribution ratio of capacitive and diffusion-controlled

capacity, the Dunn’s method was applied to separate the total cur-

rent (i) into capacitive process (k1v) and diffusion process (k2v
1/2).

The equation is presented below [34,35]:

i = k1v + k2v1/2 (3)

Hence, the slope and intercept correspond to the values of k1
and k2 via plotting the i(V)/v1/2 versus v1/2 curve at a given volt-

age. The contribution rates of diffusion-controlled and capacitive

capacities at 0.2–2.0 mV/s are presented in Fig. S7 (Supporting in-

formation). The diffusion-controlled and capacitive contributions to

the total storage of the SDC-12 electrode at different scan rates are

shown in Fig. 2i. When the sweep speed is 0.2 mV/s, the capaci-

tive contribution is 54% of the total charge storage. As the sweep

speed increases to 2.0 mV/s, the value gradually increases to 91%,

resulting in the shrink of total capacity at high scan rates. This

phenomenon demonstrates that the Na+ storage reactions of SDC-

12 electrode are subject to both diffusion-controlled and capacitive

processes.

To investigate the potassium storage performance of the mate-

rial, this batch of samples were used as anodes for PIBs under the

same testing conditions as sodium storage. The CV (Fig. 3a) and

GCD (Fig. 3b) curves of SDC-12’s potassium storage are similar to

sodium storage with the discharge process in the first cycle shows

a high irreversible capacity, which is related to the electrolyte con-

sumption and SEI formation caused by the large specific surface

area of the SDC-12 material [36]. Compared to the GCD curve

of sawdust derived carbon materials prepared by direct annealing

(Fig. S5b in Supporting information), the activated carbon materi-

als with KOH exhibit better potassium storage performance. Not-

ing that SDC-12 in K+ storage application exhibits sharper peaks

in potassication and broad peaks in depotassication at low poten-

tials with no obvious peak coverage at high potentials (Fig. 3c). The

anodic b-value of SDC-12 for PIBs is 0.87099 (Fig. S8 in Support-

ing information), indicating that the SDC-12 has more diffusion-

controlled processes in storing potassium than storing sodium.

Figs. 3d and e demonstrates that SDC-12 has better rate capability

and cycling stability, respectively, compared to other samples dur-

ing potassium storage. The specific capacities at the current densi-

ties of 30, 50, 80, 100, 200, and 500 mA/g of the SDC-12 electrode

in PIBs are 210.6, 201.7, 171.3, 114.5, 120.6, and 95.4 mAh/g, respec-

tively. When the current density is returned back to 30 mA/g, the

specific capacity could slightly increase to 243.4 mAh/g. From the

GITT test (Figs. 3f–h), the average K-diffusion coefficients (DK̅) for

potassication and depotassication processes are 1.0 × 10−22.49 and

1.0 × 10−21.28 cm2/s, respectively, which is lower than those of DN̅a.

This phenomenon indicates that the diffusion of potassium ions in

SDC-12 is slower than that of sodium ions. Interestingly, by fitting

the capacitive capacity contribution in CV curves at different scan-

ning rates (Fig. 3i and Fig. S9 in Supporting information), it can

be found that the proportion of capacitive capacity and diffusion-

controlled capacity in the total capacity is nearly at the same level.

In addition, the reaction resistance of SDC-12 is tested via elec-

trochemical impedance spectroscopy. The Nyquist plot and the cor-

responding equivalent circuit diagram are shown in Fig. S10 (Sup-

porting information), showing two different regions with a semi-

circle in the high frequencies and a sloped straight line in the low

frequencies [37]. The sloped line is in accordance with the alkali

ion diffusion features. The slope of the low-frequency straight line

of SDC-12 used for SIBs (SDC-12-Na) is greater than that of SDC-

12 used for PIBs (SDC-12-K), indicating the sodium ions have bet-

ter diffusion characteristics in SDC than potassium ions. The fit-

ted electronic components include resistance of SEI (RSEI), charge

transfer (Rct), solution resistance (Rs), constant phase elements (Q),

and Warburg element (W). From the fitting results (Table S1), SDC-

12-Na exhibits a smaller Rs of 3.21 Ω and Rct of 191.6 Ω and com-
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Fig. 4. (a) GCD curves, (b) ex-situ XRD pattern, and (c) ex-situ Raman spectra of the SDC-12 electrode for Na+ storage during second discharge/charge. (d) GCD curves, (e)

ex-situ XRD pattern, and (f) ex-situ Raman spectra of the SDC-12 electrode for K+ storage during second discharge/charge. (g) Schematic illustration for differential Na and K

ions storage behaviors.

pared to the value of 11.4 and 406.8 Ω, respectively, for SDC-12-K,

indicating a lower charge transfer resistance of Na+ in SDC.

Overall, the storage of sodium and potassium in SDC is

mainly through adsorption with stable electrochemical capacities

of around 240 mAh/g. The electrochemical curves also exhibit typ-

ical adsorption characteristics. However, the diffusion and resis-

tance performance of the two types of alkali metal ion storage

is obviously different. Therefore, further mechanism characteriza-

tion is used to investigate material changes during charging and

discharging. Ex-situ XRD and Raman were employed to character-

ize structural changes of the SDC-12 sample during energy storage

process. 3.0, 1.0, 0.5, 0.1, and 0.01 V in the discharge process and

0.3, 0.5, and 2.5 V in the charge process are selected as cut-off

voltages, which are marked as D-3.0 V, D-1.0 V, D-0.5 V, D-0.1 V,

D-0.01 V, C-0.3 V, C-0.5 V, and C-2.5 V, respectively (Figs. 4a and

d). By observing the XRD during the sodium storage process, it was

found that no other peak was observed except for the 002 peak

of carbon (Fig. 4b). In addition, the 002 peak did not show sig-

nificant deviation during the charging and discharging process. For

potassium ion storage, it is observed in Fig. 4e that with the start

of discharge, significant peaks appear at about 24.3°, 30.2°, and

34.5°, corresponding to KC24, KC36, and KC8, respectively, which in-

dicates that K was successfully intercalate in carbon layer to form

graphite intercalation compounds during the charge and discharge

[38,39]. Noting that these peaks did not completely disappear after

recycling, proving that it is not a completely reversible process in

the first few cycles, which may be one of the reasons for the low

coulombic efficiency of potassium storage for SDC. For potassium

ion storage in CV curves, the platform near 0 V can be attributed

to the intercalation of potassium ions into the carbon layer to form

potassium carbide. However, sodium ions are difficult to enter the

carbon interlayer, and there is no redox reaction near 0 V, so the

plateau capacity is very small. It can be found from ex-situ Raman

spectroscopy (Figs. 4c and f) that the ID/IG of the SDC electrode

increases as the depth of sodification and potassication increases,

which can be attributed to the adsorption or insertion of a large

number of alkali metal ions leading to a greater degree of defect.

For the Raman spectra of pristine SDC-12 (Fig. S2 in Supporting

information), the ID/IG value is 0.923. After sodium and potassium

storage, the ID/IG value of the sample increases, indicating that the

adsorption or insertion of alkali metal ions can affect the polariza-

tion of carbon-carbon bonds. It is worth noting that the ID/IG gen-

erated by SDC potassium storage is generally larger than that of

sodium storage, which may be due to the generation of potassium

carbide causing greater damage to the carbon structure. Therefore,

this is also the reason why the diffusion performance of potassium

in SDC is lower than that of sodium. Vividly, the differential Na

and K ions storage mechanism of as-prepare porous SDC materials

could be seen in Fig. 4g. In high-voltage region, SDC matrix mainly

exhibits an adsorption behavior, to store Na ions in non-bonded

mechanism. As the working voltage further reduced, porous car-

bon can hold more Na ions but still in a non-bonded way. How-

ever, for K ions, when voltage situated at low level, there are obvi-

ous bonding behaviors between K ions and carbon, as a result, the

graphite intercalation compounds (KxCy) was formed, which could

be regarded as the nature of differential ions storage behaviors for

carbon materials. For potassium ion storage, the platform near 0 V

can be attributed to the intercalation of potassium ions into the

carbon layer to form potassium carbide. However, sodium ions are

difficult to enter the carbon interlayer, and there is no redox reac-

tion near 0 V, so the plateau capacity is very small.

In summary, we have prepared porous carbon as negative elec-

trodes in SIBs and PIBs via using sawdust as precursors and KOH

as activation agents. Under the condition of activation time of
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12 h, the prepared SDC-12 exhibits the best electrochemical per-

formance. Benefiting from its large specific surface area and hier-

archical pore structure, the stable capacity is about 240 mAh/g at

30 mA/g for sodium and potassium storage. In addition, the energy

storage mechanism of SDC-12 is mainly dominated by adsorption,

but due to the production of potassium carbide during potassium

storage, it is a slower diffusion kinetics compared to sodium stor-

age. This study provides a reference for a better understanding of

the mechanism of action of sodium and potassium ions when used

in carbon anodes, in order to be more helpful in the design of car-

bon materials.
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