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Abstract
The dissolution of intermediate lithium polysulfide within the electrolyte presents a significant challenge in lithium-sulfur 
batteries (Li–S). While an increasing number of recent studies on Li–S are focused on using activated carbon (AC) cathodes 
due to their strong affinity to lithium polysulfide, there still has been limited investigation into the quantitative adsorption 
of lithium polysulfide across various ratios of urea doping with AC. This study thus aims to quantitatively study the poly-
sulfide adsorption capabilities of biomass-based carbon material activated by KOH and doped with urea. The correlation 
between N-doped surface morphology and lithium polysulfide in the AC was thoroughly investigated. The results indicate 
that increasing the urea ratio improves AC’s porosity and enhances the lithium polysulfide adsorption. AC prepared with the 
highest biomass: urea ratio of 1:3 in this study exhibits the most remarkable adsorption uptake capacity of 12.94 mmol/g. 
This excellent adsorption performance is attributed to the synergistic effect of well-developed porosity (BET surface area 
of 1902.99  cm2/g and a pore volume of 0.92  cm3/g) and high nitrogen functionalization on the carbon surface, contributing 
to the formation of physical and chemical bonds between polarized lithium polysulfide and the carbon matrix that enhances 
the adsorption process.
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1 Introduction

Lithium-sulfur (Li–S) batteries are promising candidates for 
the next-generation portable or stationary power sources, 
owing to their high theoretical energy density of up to 2600 
Wh  kg−1 [1, 2]. Considerable efforts have been undertaken 
to address the challenge of sulfur’s volumetric expansion (up 
to 80%) during lithiation to form lithium sulfide, as well as 
to enhance the inherently low conductivity of sulfur. Despite 
these efforts, the fast capacity degradation of Li–S batteries 

remains a significant problem. This is because highly soluble 
lithium polysulfide (LiP) intermediates  (Li2Sx, 4 < x < 8) are 
generated and dissolved in liquid electrolytes during electro-
chemical reduction reactions (Fig. 1) [3]. These polysulfide 
ions then cyclically travel between the sulfur cathode and 
metallic lithium anode. In addition, the inefficient trapping 
of dissolved LiP by the weak physical adsorption of the 
cathode, coupled with the pronounced diffusion of LiP into 
electrolyte solvents [such as 1, 2-dimethoxyethane (DME) 
and 1,3-dioxolane (DOL)], promotes parasitic reactions and 
exacerbates the shuttle effect within Li–S batteries. Figure 1 
provides a summary of LiP migration and its consequential 
shuttle effect. Further information regarding the migration 
of LiP and its resulting shuttle effect can be found elsewhere 
[4].

Various approaches have been employed to tackle the 
problems outlined above. These include incorporating 
functional interlayers between the cathode and separator 
[5], modifying the separator [6], and developing a novel 
electrolyte [7]. Among these endeavors, using a nitrogen-
functionalized activated carbon (AC) as a cathode provides 
the most facile ways to anchor LiP. AC has high electronic 
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conductivity, which allows it to effectively mitigate the 
electrical insulation of sulfur and its discharge products [8]. 
Furthermore, the substantial pore volume of AC can accom-
modate the volume change of sulfur cathodes throughout 
the cycling process [9, 10]. In addition, through the incor-
poration of nitrogen, the poor affinity between non-polar 
carbon and polar LiP can be improved. Nitrogen, which has 
a relatively high electronegativity (EN = 3.04), provides free 
electrons, resulting in increased charge densities on adjacent 
carbon atoms, thereby polarizing the surface of the carbon 
atom [11, 12]. Furthermore, recent studies have indicated 
that hierarchical porous carbon with a substantial specific 
surface area can effectively confine the migration and unde-
sirable shuttle reactions of LiP within micropore structures. 
Simultaneously, it facilitates the movement of lithium ions 
through the mesopores and provides adequate surface area 
for electrochemical reactions [13].

Despite representing a significant advancement, there 
remains a lack of comprehension regarding the influence of 
the nitrogen doping level and hierarchical structures on the 
inhibition of LiP. To the best of our knowledge, only a lim-
ited number of studies have quantitatively evaluated the LiP 
adsorption capacity on the surface of nitrogen-doped AC (as 
opposed to the typical electrochemical analysis). Therefore, 
further investigations are imperative to explore LiP uptake 
and comprehend the mechanisms underlying LiP adsorption. 
Driven by these considerations, this study aims to quanti-
tatively study the LiP adsorption capabilities of different 
ACs from palm kernel shells (PKS) prepared by potassium 
hydroxide (KOH) activation and varying nitrogen doping 
ratios. PKS possesses a robust mechanical structure and a 

considerably high nitrogen content, which are good features 
of AC. The findings revealed that the deliberately designed 
AC structure exhibits a highly polarized surface chemistry, 
with a substantial surface area and an abundance of hierar-
chical pores. These distinctive properties prove effective in 
suppressing LiP and show great potential for the N-doped 
PKS-derived AC as a promising cathode material in Li–S 
battery applications.

2  Materials and methods

2.1  Preparation of nitrogen‑doped activated 
carbon

Nitrogen-doped activated carbon (PSC-Ux, x = 1,2,3) was 
prepared by carbonization-activation step using PKS as a 
starting biomass material and urea as the nitrogen source. 
PKS was acquired from the Sime Darby Research and 
Development Center (R&D) in Carey Island, Malaysia. The 
PKS was first rinsed with distilled water and dried overnight 
in an oven at 110 °C. The dried PKS was then crushed and 
sieved to obtain particle sizes of 0.15 to 0.2 mm. The PKS 
was mixed with 1 M KOH (Analytical grade, ChemAr) and 
urea (1:1:1), agitated for three hours with a magnetic stirrer, 
and desiccated at 110 °C to remove water. Subsequently, the 
mixture was placed in an electric tube furnace (OTF-1200, 
MTI Corporation, USA) and annealed under  N2 (99% pure, 
Linde Malaysia Sdn. Bhd.) flows at 800 °C for 2 h at a rate of 
10 °C/min. The activated carbon (AC) obtained was washed 
under stirring with 1 M HCl solution (85 wt%), followed 

Fig. 1  Migration of lithium 
polysulfide and shuttle effect
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by hot distilled water until the pH reached 7, and dried at 
110 °C for 24 h. The resultant AC was designated as PSC-
U1. PSC-U2 and PSC-U3 were produced using the same 
synthesis method as PSC-U1, but with different mass ratios 
of PKS to urea, specifically 1:2 and 1:3, respectively. For 
comparison purposes, a version of AC (PSC) was prepared 
without the inclusion of urea.

2.2  Characterization and surface functionalities 
analysis of activated carbon

The specific area and pore volume were measured accord-
ing to the Brunauer–Emmett–Teller (BET) method at 77 K, 
using a Quantachrome Autosorb Automated Gas Adsorp-
tion system. The external structure and elemental mate-
rial were observed using a scanning electron microscopy 
(SEM-EDX); (Zeiss/Auriga FIB). The functional groups of 
all samples were analyzed using a Fourier transform infra-
red (FTIR) spectroscopy (Perkin Elmer Spectrum One FTIR 
spectrometer). The crystalline materials were characterized 
by X-ray diffraction (XRD) using a Bruker D8 Advance 
(Bruker Corporation, Germany). X-ray photoelectron spec-
troscopy (XPS); (Kratos/Shimadzu) was used to analyze the 
elemental composition. The Raman spectrum was measured 
using a Raman analyzer (LabRAM HR Evolution) with a 
532 nm blue laser. Elemental analyses were performed using 
a CHNS Elemental Analyzer 2400 Series II PerkinElmer 
instrument.

2.3  Preparation of lithium polysulfide

High-order lithium polysulfides,  Li2S6 was prepared by 
chemically reacting sublimed sulfur and  Li2S in a 5:1 molar 
ratio in a DOL/DME solution (1:1 by volume). The solution 
was constantly stirred at 600 rpm and 70 °C in an Argon-
filled glove box overnight to produce a brownish–red  Li2S6 
solution (0.2 M). The LiP was then diluted several times to 
obtain a calibration curve. A concentration of 15.0 mM was 
used for the polysulfide adsorption test. A blank containing 
no LiP was used as a control, and a calibration curve of 

absorbance versus concentration was constructed using a 
UV–Vis spectrophotometer (Cary 60, Agilent Technologies).

2.4  Adsorption of lithium polysulfide,  Li2S6

10 mg of each AC was placed in 10 mL of LiP solution 
and allowed to rest for 60 min in an argon-filled glove box. 
Subsequently, the samples were centrifuged at 200 rpm for 
10 min before undergoing UV–Vis spectrophotometer analy-
sis to measure their adsorption capacity. To ensure the reli-
ability of the data, three sets of repetitions were conducted. 
The adsorption capacity was determined by Eq. (1):

where,  qt is LiP uptake, (mmol/g),  Co is the LiP initial 
concentration (mg/L),  Ct is the LiP concentration at time 
t (mg/L), m is the mass of AC (g) and V is the volume of 
solution.

It should be noted that extreme caution is necessary 
throughout LiP adsorption. This is because LiP is suscepti-
ble to disproportionation and may reduce into  Li2S4 or  Li2S8, 
which can potentially impact the outcome of quantitative and 
qualitative results [14]. Furthermore, LiP is unstable in the 
ambient environment; and can lead to color fading, thereby 
nullifying the validity of the analysis. Thus, the samples 
must be prepared and conducted with proper sealing in an 
argon environment and using amber glass to mitigate the 
disproportion of  Li2S6.

3  Results and discussion

3.1  Proximate and ultimate analyses

Table 1 presents the results of the proximate analysis, reveal-
ing that raw PKS has a proportion of volatile matter, fixed 
carbon, ash, and moisture of 68.94, 18.75, 4.92 and 7.39 
per cent (wet basis), respectively. Subsequent to undergoing 
pyrolysis with KOH treatment, all samples, irrespective of 

(1)qt =

(

C
0
− Ct

)

V

m

Table 1  Proximate and ultimate 
compositions of the samples

 n.d. Not detected
*Calculated by difference (O = 100%–C–H–N–S)

Proximate analysis (% wt. wet basis) Ultimate analysis (% wt. dry basis)

Sample Moisture Volatile matter Fixed carbon Ash C N H S O*

Raw 7.39 68.94 18.75 4.93 47.90 1.00 7.20 n.d. 43.90
PSC 10.42 23.18 62.79 3.61 51.13 0.01 1.63 n.d. 47.23
PSC-U1 12.59 13.18 67.84 6.39 57.11 1.63 0.64 n.d. 40.62
PSC-U2 9.54 7.11 76.98 6.37 64.58 2.01 0.89 n.d. 32.52
PSC-U3 8.51 7.43 78.52 5.54 68.70 3.26 0.87 n.d. 27.17
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the urea doping level, showed a decrease in volatile content 
due to the degradation of hemicellulose, cellulose, and lignin 
components, which continuously release oxygen, hydrogen, 
and carbon during structural rearrangement [15, 16]. Nota-
bly, the amount of fixed carbon, corresponding to the pure 
carbon of all ACs, increases significantly. In addition, the 
ash’s inorganic constituents (mineral elements) appeared to 
be stable and less susceptible to decomposition under high 
activation temperature, resulting in a minor increase in the 
resultant PSC-Ux (x = 1,2,3).

The results of the ultimate analysis of raw PKS, PSC, and 
PSC-Ux are also presented in Table 1. The data indicate the 
successful introduction of nitrogen onto the surface of AC 
through the activation reaction with urea. Among the sam-
ples, PSC-U3 exhibited the highest nitrogen content, while 
PSC had the lowest due to the poor stability of the inherent 
nitrogen-containing functional groups, which were released 
at high temperatures [17]. The hydrogen and oxygen con-
tents of PKS decreased due to the dehydration and decarbox-
ylation by KOH and were eliminated as volatile compounds 
in the form of liquid condensate or vapor [18]. Additionally, 
the hydrogen content could have been further diminished by 
aromatization and the cleavage of heavy-molecular-weight 
hydrocarbons at high temperatures [19]. Notably, the sulfur 
content in both raw PKS and ACs was deemed negligible 
and fell below the detection limit.

3.2  Examination of AC surface modification 
from various analysis

The capacity of AC to confine LiP within its pore structure 
correlates well with the surface development, surface area, 
pore volume, and types of pores. Moreover, given that LiP 
in DME/DOL is regarded as a polar species, the AC surface 
is nitrogen-doped with nitrogen to induce surface polariza-
tion, consequently fostering more robust chemical interac-
tions with LiP. This section discusses the modification of the 
surface morphology and surface chemistry of the PSC and 
PSC-Ux through SEM-EDX, XRD, Raman,  N2 adsorption, 
BET surface area, and XPS analyses.

3.2.1  SEM‑EDX analysis

The SEM-EDX analysis results for the PSC and PSC-Ux are 
shown in Fig. 2. All the samples exhibited a porous network 
structure with various cavities. The formation of rough sur-
faces can be attributed to the degradation of lignocellulosic 
precursors at elevated temperatures, causing the evaporation 
of volatile compounds and the generation of newly formed 
pores [20]. Furthermore, KOH impregnation facilitated 
the formation of pores through the intercalation of metal-
lic potassium into the carbon lattice, which extended the 
carbon layers [4, 21]. The effect of variations in the urea 

doping ratio on the morphology shown in Fig. 2b–d indi-
cates that the pore structure of the modified activated carbon 
was formed with interconnected pore clusters. The addition 
of heteroatom doping led to a more varied texture with an 
irregular surface morphology. Meanwhile, the morphology 
of the PSC (Fig. 2a) showed an abundance of microporous 
structures. The presence of cavities is essential for providing 
van der Waals forces to LiP through physical adsorption. 
The EDX analysis was used to quantify the elemental com-
position of the activated carbon. The results presented in 
Fig. 2 show that an increase in urea has a favorable impact 
on the nitrogen content in the AC. These results are consist-
ent with the proximate analysis.

3.2.2  X‑ray diffraction and Raman spectroscopy

Figure 3a demonstrates the presence of broad peaks at 
25° and 42°, indicating the decomposition of the organic 
material of amorphous ACs. The peak intensity is denoted 
by the atomic position of the crystal structure. PSC exhib-
its significant intensity due to the heightened periodicity in 
any other direction or preferable crystal orientation [22]. 
Notably, the intensity of the diffraction peaks decreases with 
PSC-Ux, suggesting that the inclusion of urea leads to the 
collapse of layered graphitic planes and further exacerbates 
the degree of amorphousness [23, 24]. Raman shift of PSC 
and PSX-Ux are shown in Fig. 3b. The two prominent peaks 
centered at 1340  cm−1 and 1580  cm−1 are attributed to the 
D-band and G-bands, respectively. The G-band corresponds 
to the first-order stretching vibration of unsaturated carbon, 
whereas the D-band is related to the disruption of symmetry 
in  sp2-hybridized carbons, leading to structural defects [25]. 
The D-band to G-band (ID/IG) ratio represents the carbon 
material’s graphitization degree [26]. In general, the addition 
of monoatomic or heteroatomic doping into the synthesis 
of PSC-Ux increases the disorder of carbon structures. This 
is evidenced by the highest ID/IG ratio (1.0) for PSC-U3, 
indicating the least degree of crystallization.

3.2.3  N2 adsorption

Porous structures with a high surface area and pore vol-
ume have the potential to adsorb a substantial amount of 
LiP. The variations in porosity properties between PSC 
and PSC-Ux were assessed through  N2 adsorption/desorp-
tion isotherm analysis. As illustrated in Fig. 4a, all carbon 
materials displayed type I/IV isotherms, according to the 
IUPAC classification, with hysteresis loops at the mid-
dle of relative pressure (P/Po), implying that micropores 
and mesopores (hierarchical) structures co-exist in these 
samples [27, 28]. The synergetic effect of chemical acti-
vation of KOH and high activation temperature primarily 
causes the hierarchical porous structure. This is due to 
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(a)

(b)

(c)

(d)

Fig. 2  SEM imagery and EDX analysis of PSC, PSC-U1, PSC-U2 and PSC U3
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the production of  CO2 from the decomposition of  K2CO3 
(Eq. 2) at 800 °C, which contributes to further porosity 
development via carbon gasification [29, 30]. Simultane-
ously,  K2CO3 and  K2O are also reduced into metallic K 
(Eqs. 3, 4) that can intercalate into the carbon lattices and 
expand irreversibly upon activation [31]. This led to the 
creation of micropores and mesopores structures for the 
LiP entrapment.

(2)2K
2
CO

3
→ K

2
O + CO

2

(3)K
2
CO

3
+ 2C → 2K + 3CO

(4)K
2
O + C → 2K + CO

Data in Table 2 indicate that the BET surface area and 
pore volume of PSC-Ux were higher than the PSC. A com-
parison of porosity development across varying levels of 
urea doping suggests that PSC-U3 has the highest BET sur-
face area of 1902.99  cm2/g and pore volume of 0.92  cm3/g. 
Urea plays a significant role in enhancing the specific sur-
face area and porosity of N-doped AC by exerting an addi-
tional impact on altering the porous structure. Upon incor-
poration into the AC matrix, urea introduces defects and 
nitrogen functional groups onto the surface. These defects 
create active sites that are capable of interacting with LiP 
molecules. During the activation process, urea infiltrates into 
the PKS fiber and interacts with other functional groups, 
such as –OH and –COOH from cellulose and lignin, form-
ing –N–H or –N–C bonds, causing significant expansion of 
the fiber [32–34]. These interactions facilitate pore opening 

Fig. 3  a X-ray diffraction pattern and b Raman spectra of PSC, PSC-
U1, PSC-U2 and PSC-U3

(a)

(b)

Fig. 4  a Nitrogen adsorption–desorption isotherms and b pore size 
distribution of PSC, PSC-U1, PSC-U2 and PSC-U3
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and create active sites for LiP adsorption. Moreover, nitro-
gen atoms (0.092 nm) are slightly larger than carbon atoms 
(0.0914 nm), and their inclusion can result in an expanded 
interlayer spacing, creating more space, and further increas-
ing the available surface area [35, 36]. XRD and Raman 
analyses provide further evidence that high concentration of 
urea disrupts the surface of AC, leading to the development 
of a graphite-like surface that facilitates the formation of a 
porous structure. The pore size distribution (Fig. 4b) further 
proves the hierarchical porosity of PSC and PSC-Ux, with a 
wide pore distribution from mesopores to micropores rang-
ing from 1 to 3 nm. The proportion of mesoporous struc-
tures becomes more prevalent with increasing urea doping. 
A similar explanation in terms of modification on the carbon 
surface by heteroatom doping applies to this observation.

3.2.4  XPS analysis

X-ray photoelectron spectroscopy (XPS) was employed to 
examine the chemical composition, bonding characteristics, 
and elemental states of the samples. The wide-survey XPS 
spectrum (Fig. 5a) displays three distinctive peaks centered 
at 284, 399, and 531 eV, corresponding respectively to C 1s, 
N 1s, and O 1s [37]. PSC-Ux consists mainly of carbon and 
oxygen, with a minor presence of nitrogen atoms. In con-
trast, PSC is solely composed of carbon and oxygen atoms. 
This underscores the successful incorporation of nitrogen 
into the surfaces of PSC-Ux materials. The nitrogen content 
in PSC-U1 (0.58%), PSC-U2 (0.86%), and PSC-U3 (1.07%) 
increases proportionally with the urea content. The thermal 
decomposition of urea and KOH results in the generation of 
 NH3 (Eq. 5). Subsequently,  NH3 interacts with carbon atoms 
at the edges and peripheries of aromatic rings or defect sites 
associated with unpaired electrons. The carbon atoms pos-
sess high potential energy and react with  NH3 into hetero-
cyclic nitrogen structures to produce pyrrolic, pyridinic, and 
graphitic nitrogen on the surface of AC [38, 39]. The pres-
ence of pyridinic-N (398.4 eV), pyrrolic-N (399.5 eV), and 
graphitic-N (401.1 eV) is confirmed by high-resolution N 
1s spectra, as shown in Fig. 5b–d. Pyridinic-N and pyrrolic-
N serve as electron-rich donors capable of forming robust 

chemical interactions with polar LiP  (Li+) [40]. As indicated 
in Table 3, pyridinic-N and pyrrolic-N predominate in PSC-
U2 and PSC-U3, which are advantageous for capturing LiP.

3.3  Polysulfide adsorption

For the quantification of LiP adsorption capacity, a linear 
calibration curve was established, encompassing concentra-
tions ranging from 0.8 mmol/L to 15 mmol/L (Figure S1). 
This concentration range is in line with the recommenda-
tions by Happauf et al. [41] for a battery system. Subse-
quently, the LiP adsorption assessment was conducted on 
PSC and PSC-Ux samples. In this procedure, 0.1 g of each 
sample was introduced into 10 ml of LiP solution, and the 
mixture was allowed to settle for 60 min within the glove 
box. Figure 6a shows that the PSC-U3 recorded the high-
est LiP adsorption capacity of 12.94 mmol/g, surpassing 
PSC-U2, PSC-U1, and PSC, with respective capacities of 
9.48, 4.51, and 0.73 mmol/g. The superior LiP adsorption in 
PSC-U3 can be attributed to its well-developed porosity and 
the nearly equivalent distribution of micro- and mesoporous 
structures when compared to the other samples. This distinc-
tion is clearly evident in Table 2, where the BET surface 
area and total pore volume are approximately 30% greater 
than those of other ACs. Moreover, the substantial nitrogen 
content within PSC-U3 significantly contributes to enhanced 
LiP adsorption. This is facilitated by the immobilization of 
LiP through strong coordination interactions and chemical 
bonding with nitrogen moieties [42].

The polarity of the adsorbent plays a pivotal role in 
influencing the LiP adsorption. As discussed earlier, LiP 
in solution possesses a distinct polar adsorptive nature. 
Hence, relying solely on a physical adsorption mechanism 
proves to be relatively inefficient. Notably, even though 
PSC-U1 and PSC-U2 exhibit comparable surface areas and 
pore volumes (Table 2), the adsorption behavior of LiP on 
these surfaces differs greatly. Remarkably, the adsorption 

(5)2KOH + CO
(

NH
2

)

2
→ 2NH

3
+ K

2
CO

3

Table 2  Pore structural 
characteristics of activated 
carbon with varying levels of 
urea doping

*AA = after adsorption

Sample BET surface 
area  (m2/g)

Total pore 
volume 
 (cm3/g)

Micropore 
volume 
 (cm3/g)

Mesopore 
volume 
 (cm3/g)

Micropore 
volume (%)

Mesopore 
volume (%)

PSC 1327.53 0.59 0.41 0.18 69.49 30.51
PSC-U1 1469.23 0.66 0.49 0.17 74.24 25.76
PSC-U2 1488.31 0.68 0.48 0.2 70.59 29.41
PSC-U3 1902.99 0.92 0.51 0.41 55.43 44.57
PSC-U3-AA* 645.18 0.28 0.12 0.16 42.83 57.14
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of LiP on PSC-U2 was approximately twice that observed 
on PSC-U1. This substantial enhancement in LiP adsorp-
tion capacity can be attributed to the greater degree of 
nitrogen functionalization in PSC-U2. The presence 
and composition of pyridinic-N and pyrrolic-N groups 
significantly contribute to a robust chemical adsorption 
capability within PSC-U2. These results strongly validate 
that, during operation, the confinement of LiP within the 

framework is primarily facilitated by robust chemical 
bonds rather than mere physical attraction.

Continuous UV–Vis absorbance was recorded within 
the range of 200 to 500 nm for all ACs after adsorption. 
In general, higher LiP concentrations absorb higher wave-
lengths and have a stronger absorbance uptake [43]. The 
performance of PSC and PSC-Ux in the LiP adsorption test 
is depicted in Fig. 6b. PSC demonstrates a notably high 
UV absorbance, indicative of a higher final concentration 
of adsorbed LiP. This suggests that PSC has a relatively 
low adsorption capacity. Conversely, as the urea doping 
increases, the UV–Vis absorption decreases, implying that 
the nitrogen functional group plays a crucial role in the bind-
ing of LiP during the adsorption process. Notably, PSC-U3 
exhibits the lowest UV–Vis absorbance capacity, further 
affirming its strong capability in adsorbing LiP.

(a) (b)

(c) (d)

Fig. 5  a Wide XPS spectra for all samples and high-resolution N 1s spectrum of b PSC-U1, c PSC-U2, and d PSC-U3

Table 3  Distribution of nitrogen functional groups in PSC-U1, PSC-
U2, PSC-U3

Sample N (%) Pyridinic (%) Pyrrolic (%) Graphitic (%)

PSC-U1 0.58 44.66 13.99 41.35
PSC-U2 0.83 17.93 79.06 3.01
PSC-U3 1.07 32.28 43.97 23.75
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3.4  Proposed LiP adsorption mechanism

The mechanism underlying the adsorption of LiP onto the 
surface of ACs is primarily influenced by surface morphol-
ogy and surface chemistry, involving various interactions 
such as physisorption and chemisorption. Surface morphol-
ogy refers to the physical structure modification of AC that 
generates suitable proportions of micro, meso, or hierarchi-
cal porous structures. Surface chemistry, on the other hand, 
involves the incorporation of doping elements onto the sur-
face, thereby instigating diverse chemical interactions such 
as nitrogen bonding, Lewis’s acid-based interaction, and π–π 
conjugation. These interactions synergistically enhance the 
chemical reaction between LiP and the ACs [44, 45].

PSC-U3 showcases a highly advantageous porous struc-
ture imbued with noticeable structural imperfections, lead-
ing to a substantial increase in surface area and a larger pore 
volume. These defective surfaces offer ample active sites for 

the entrapment of LiP molecules within the carbon matrix. 
Table 2 provides clear evidence of a significant decrease in 
specific surface area and pore volume of PSC-U3-AA by 
67% and 70%, respectively, demonstrating the remarkable 
adsorption capacity of LiP after 60 min. The mechanism of 
LiP adsorption onto PSC-U3 involves several stages. Ini-
tially, LiP molecules diffuse from the bulk solution to a film 
layer of PSC-U3 particles via molecular diffusion, followed 
by diffusion from the film layer to the particle surface (film 
diffusion). Eventually, the LiP molecules migrate inside the 
PSC-U3 through pore diffusion [46]. Additionally, PSC-
U3 exhibits hierarchical porous structures, finely balanced 
between micropores (55.43%) and mesopores (44.57%), 
providing an ideal spatial arrangement for LiP adsorption. 
This is of significance, as the pore width must be larger 
than the size of LiP molecules, approximately 0.8 nm, for 
efficient adsorption to take place [47, 48]. The appropriate 
distribution of pore sizes plays an important role in creating 

Fig. 6  a  Li2S6 polysulfide adsorption test, b continuous UV–Vis spectrum of  Li2S6 adsorption and c visual comparison of final concentration of 
all samples
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a strong Van der Waals force between LiP molecules and 
the adsorbent material. When LiP molecules pass through 
a suitable pore size, their energy gradually decreases. Upon 
entrainment, the interactions between the LiP molecules and 
the pore walls are governed by the Lennard-Jones potential 
[49]. Eventually, the LiP molecules get tightly packed within 
the carbon’s framework.

As indicated by the XPS analysis, the presence of highly 
doped nitrogen (pyridinic-N and pyrrolic-N with lone pair 
electrons) in the PSC-U3 facilitates chemisorption by the 
interaction of the Lewis acid-based terminal Li atoms in 

LiP [43]. These nitrogen-functionalized surfaces form a π-π 
conjugated structure, which can accept additional π elec-
trons, thus further enhancing the dipole-dipole interaction 
to form a strong Li–N bond through chemical interactions 
and imparting a polar surface, enabling them to chemically 
confine LiP on the carbon surface [50] This is supported 
by the prominent intensity peaks of FTIR (Fig. 7) observed 
in PSC-U3-AA at 3412  cm−1, 1572  cm−1, 1097  cm−1, and 
1012  cm−1, which indicate the involvement of the func-
tional groups of PSC-U3 in LiP adsorption. The peaks at 
3412  cm−1 suggest an interaction between LiP and the N–H 
stretching of the amine group. Additionally, the peak at 
1572  cm−1 is attributed to a chemical bond between  Li+ and 
the nitrogen functional groups (primarily pyrrolic-N) [51], 
while the peaks at 1097 to 1012  cm−1 indicate the π-π attrac-
tion due to the presence of π-electrons in both the adsorbate 
(LiP) and the adsorbent (PSC-U3) [52]. However, in the case 
of graphitic-N, there are no additional lone pair electrons 
available to anchor LiP. Instead, graphitic-N functions as a 
mono-functional site by utilizing all of its π electrons to form 
a π-conjugated system [53]. This arrangement helps enhance 
the charge density within the doping regions. The synergistic 
impact of these interactions significantly contributes to the 
substantial adsorption capacity. A schematic illustration of 
the proposed mechanism and adsorption process is provided 
in Fig. 8.
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Fig. 7  FTIR spectra of PSC-U3 (before adsorption) and PSC-U3-AA 
(after adsorption)

Fig. 8  Proposed mechanism of physical and chemical adsorptions of LiP on AC
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4  Conclusions

A comprehensive investigation was undertaken to quanti-
tatively assess the adsorption of lithium polysulfides using 
activated carbon with varying degree of urea doping. Nitro-
gen-doped activated carbon (PSC-Ux) was successfully syn-
thesized by subjecting palm kernel shell to KOH activation 
at elevated temperatures. The porosity analysis revealed that 
PSC-U3 exhibited the highest surface area of 1902.99  m2/g 
and a large total pore volume of 0.92  cm3/g, with a nearly 
equal distribution of microporous and mesoporous struc-
tures. The incorporation of nitrogen doping (pyridinic-N, 
and pyrrolic-N) on the surface of activated carbon enhanced 
the chemical binding capacity. This can be observed in PSC-
U3, which had the highest nitrogen content of 3.26 wt%, 
demonstrating superior lithium polysulfide adsorption of 
12.94 mmol/g. The adsorption mechanism involved physi-
cal adsorption through van der Waals forces and chemical 
adsorption via Lewis’s acid-based and π–π interactions. 
These findings offer invaluable insights for the develop-
ment of excellent activated carbon cathodes for Li–S bat-
tery application.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10934- 024- 01556-1.
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