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Abstract

Carbon-based supercapacitors have emerged as promising energy storage components for renewable energy
applications due to the unique combination of various physicochemical characteristics in porous carbon materials
(PCMs) that can improve specific capacitance (SC) properties. It is essential to develop a methodical approach
that exploits the synergy of these effects in PCMs to achieve superior capacitance performance. In this study,
machine learning (ML) provided a clear direction for experiments in the screening of key physicochemical features;
SHapley Additive exPlanations analysis on ML indicated that specific surface area and specific doping species had
a significant synergistic impact on SC enhancement. Utilizing these insights, an O, N co-doped hierarchical porous
carbon (ONPC-900) was synthesized using a synergistic pyrolysis strategy through K,CO,-assisted in-situ thermal
exfoliation and nanopore generation. This method leverages the role of carbon nitride (graphite-phase carbon
nitride) as an in-situ layer-stacked template and the oxygen (O)-rich properties of the pre-treated lignite, enabling
controlled synthesis of graphene-like folded and amorphous hybrid structures engineered for the efficient N and O
doping sites and high specific surface area, resulting in an electrode material with enhanced structural adaptability,
rapid charge transfer, and diffusion mass transfer capacity. Density functional theory (DFT) calculations further
confirmed that pyrrole nitrogen (N-5), carboxyl (-COOH) active sites, and the defect structure formed by pores
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synergically enhanced the adsorption of electrolyte ions (K*) and electron transfer, improving the SC performance.
The optimized ONPC-900 electrode exhibited impressive SC properties of 440 F g" (0.5 A g7), outperforming
most coal-based PCMs. This study provides a methodology for designing and synthesizing high SC electrode
materials by optimizing the key characteristic parameters of synergism from complex structure-activity
relationships through the combination of ML screening, experimental synthesis, and density functional theory
validation.

Keywords: Synergy, defect, in-situ exfoliation, doping active site, machine learning, DFT calculations

INTRODUCTION

Supercapacitors offer promising opportunities for energy storage applications due to their impressive power
density, long cycle life, and fast charge/discharge rates". However, high-performance supercapacitors are
largely dependent on the structural composition and physicochemical characteristics of the electrode
materials used. Thus, a critical hurdle in maximizing the potential of supercapacitors is the development
design and optimization selection of high-performance electrode materials. Porous carbon materials
(PCMs) are carbon-based electrode materials frequently used in supercapacitors to boost their capacitive
capabilities owing to their rich pore structure, excellent conductivity, high ion-accessible specific surface
area (SSA), and ease of production'®”. Previous research has introduced various synthetic strategies for
creating porous structures in PCMs, aiming to achieve high SSA and desired pore characteristics'”.
Improving the SSA and optimizing pore structures - including creating sub-nanopore or hierarchical
structured pores with micropores, mesopores, and macropores - were considered effective approaches for
enhancing the actual specific capacitance (SC) of carbon-based supercapacitors due to the constraints of the
adsorption mechanism in electrical double-layer capacitors (EDLCs)"". Nonetheless, due to the diversity of
PCM precursors and the intricate nature of amorphous porous materials, the controlled modulation of
morphological microstructure remains a major challenge. Additionally, the inherent synergies of various
features such as morphological microstructure, SSA, and pore structure are ignored in the optimization and
synthesis of PCMs with high expected performance.

Moreover, the capacitance properties of PCMs can be improved at a higher level by incorporating
heteroatoms and adjusting wettability, reactivity, and pseudo-capacitance"*'?. Lignite, as an O-containing
carbon precursor, has gained attention in research because of its wide range of precursor sources,
cost-effectiveness, and natural O-doping properties"*'*. The presence of O-containing functional groups on
carbon materials significantly enhances capacitance by introducing redox pseudo-capacitance, improving
wettability, and enhancing conductivity"”. Artificial doping is carried out by using dopants containing
nitrogen (N), sulfur (S), boron (B), and other heteroatoms"*'*.. Among these, N-doping into a carbon
matrix is considered the most promising approach for enhancing the pseudo-capacitance performance'".

However, N heteroatoms are bound to C as amorphous elements, resulting in low nitrogen content and
potential issues such as the failure of functional groups and damage to the structural stability. To solve these
problems, the incorporation of graphite-phase carbon nitride (g-C,N,) into PCMs is carefully controlled to
integrate with the carbon skeleton in a specific manner, potentially forming unique structures where carbon
atoms compensate for deficiencies and enhance the energy storage active sites in PCMs"”**". Therefore, it is
of great significance to select nanostructured heteroatom-rich carbon precursors or template agents rich in
heteroatoms to effectively couple the dopant of the hierarchical porous structure and reaction active site,
improving structural features for synergistically enhancing the capacitance characteristics of
supercapacitors. Although experiments have confirmed the combined physicochemical features including
SSA, pore structure, morphology structure, and heteroatom doping of PCMs synergistically improve
capacitance performance, effective strategies to fully explain this complex mechanism effect are still
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lacking®”, especially when it comes to the synergistic mechanism of certain key physicochemical
characteristics on capacitance enhancement. Density functional theory (DFT) was used to investigate how
heteroatoms affect equilibrium properties and contribute to the improved capacitance of PCMs. Kolavada et
al. used DFT calculations to study the interaction between quantum capacitance and electrode materials"”.
Through theoretical calculations of quantum capacitance, researchers can deeply analyze the charge storage
capacity of supercapacitor electrodes and provide precise quantum-level predictions of their behavior by
using DFT simulations. These calculations are helpful for mechanism interpretation, experimental
verification and design optimization of supercapacitors”**. However, the role between the quantum
capacitance and the structure of electrode material does not include the correlation between the EDLC and
the physicochemical characteristics (total capacitance includes EDLC and quantum capacitance). For this
reason, it is still difficult to evaluate some key physicochemical features with quantum capacitance
calculations, especially through the synergistic structure-activity relationship involving double-layer
capacitance (such as SSA) and quantum capacitance (heteroatom doping) with total capacitance. A novel
machine learning (ML) strategy is applied to assist the design of supercapacitor materials with superior
performance by excavating the connection between capacitance and significant features of electrode
materials”). In numerous studies, SHapley Additive explanation (SHAP) with comprehensive
interpretability based on ML provides insights for the screening of key characteristics of electrode materials
that affect capacitance properties. While various ML models were widely used to explain and predict the
performance of materials or devices in electrochemistry, most solely focus on model screening and
application and rarely combine them with experiments®**”. Moreover, both experimentally and
theoretically, the effects of single features have been thoroughly studied, while the impact of multi-feature
factors often falls short in synergistic explanations. The combination of ML, experimental methods and
DFT allows for quicker screening of key physical and chemical characteristics from a variety of features,
and, at the same time, provides experimental and DFT theoretical simulation verification, offering
comprehensive guidance and in-depth explanation of mechanism for the optimization and design of new
materials.

Herein, we propose an ML-guided key feature screening optimization and interpretable analysis,
successfully synthesizing PCMs with superior key features, and a DFT-assisted validation combination
method for optimal design of supercapacitor electrode materials with expected performance. To achieve
this, SHAP in ML was used to reveal the interaction impacts of characteristics on SC and screen key features
that have positive effects on capacitance enhancement. Based on ML interpretability analysis screening of
key physicochemical features, we developed a facile in-situ exfoliation and pore-forming engineered
synergistic pyrolysis strategy for constructing and synthesis the O, N co-doped hierarchical porous carbon
(ONPC) materials. Physicochemical characterization and electrochemical kinetic quantitative analysis were
used to evaluate the significant effects of SSA and N, O co-doped effective active species (such as N-5,
-COOH, etc.) on capacitance enhancement. In addition, the adsorption energy of ONPC adsorbed
electrolyte (K*) was calculated using DFT to infer and verify the interaction mechanism between pore defect
structure and specific doping species. The as-obtained optimal ONPC-900 exhibits a high SSA (802 m* g"),
hierarchical porous structure and effective active species (10.13%). Benefiting from the large SSA of the
double-layer capacitance contribution and the N, O co-doped pseudo-capacitance contribution, the
excellent capacitive performance of ONPC-900 is unveiled and the SC is 440 F g (0.5 A g"). The calculation
results of DFT further confirmed that O and N co-doping promoted the increase of SC and revealed that the
inner defect co-doped by O and N is significantly more effective than edge co-doping in ONPC materials.
Theoretical calculations further confirmed that the synergistic effects of pyrrole nitrogen, carboxyl
functional group species and structural defects of pore formation promote the K" adsorption and electron
transfer, improving the SC performance. This work proposes a straightforward approach that may open a
new avenue for designing and synthesizing PCMs based on multiple synergistic effects, while providing a
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new paradigm of combined ML, experiment, and DFT-assisted interpretation with comprehensive
interpretability.

EXPERIMENTAL

Materials

A typical raw lignite named low-rank coal was collected from the Inner Mongolia Autonomous Region of
China. To eliminate the influence of other minerals in the raw lignite, demineralization was carried out
using hydrofluoric acid (HF, approximately 20 wt%) and hydrochloric acid (HCI, about 1 M) until the ash
content was reduced to less than 1%, resulting in the production of ash-free coal known as pre-treated
lignite. The approximate and ultimate analysis results of both raw lignite and pre-treated lignite are
presented in Supplementary Table 1. The reagents used included potassium carbonate (K,CO,), melamine,
sodium hydroxide (NaOH), N, N-dimethylformamide, potassium hydroxide (KOH, 2 85%) were purchased
from Sinopharm Chemical, polyvinylidene difluoride (PVDF, Shanghai Aladdin Reagent Co., 1td.),
N-methylpyrrolidone (NMP), and acetylene black (Shanghai Aladdin Reagent Co., Itd.), all sourced from
reputable suppliers without further processing. The deionized water for each experiment is homemade from
our laboratory.

Preparation of ONPC materials

ONPC materials were synthesized using the pre-treated lignite and bulk g-C,N, as carbon precursors and
heteroatomic dopants. The bulk g-C,N, was synthesized via a previously reported method involving thermal
condensation of melamine at 550 °C for 2 h, followed by natural cooling. Subsequently, the bulk g-C.N,
was mixed with K,CO, and pre-treated lignite in a 1:1:1 mass ratio, ball milled thoroughly, and pyrolyzed at
different temperatures (700 °C, 800 °C, and 900 °C) under a N, atmosphere for 3 h. After natural cooling
down to room temperature, the reaction product was washed sequentially with an alkali solution and
distilled water and finally vacuum dried at 80 °C for 24 h. More specifically, the obtained samples by
pyrolysis were ground and placed in 1 M sodium hydroxide solution (mass volume ratio of sample and
washing solution: 1 g/10 mL) and washed at 25 °C for 24 h, then centrifuged at 8,000 rpm and purified
several times with distilled water until neutral. The final purified sample was obtained by vacuum drying at
80 °C for 24 h after washing. The resulting PCMs were named ONPC-x (x = 700, 800, and 900). For the sake
of contrast, the NPC-900 was also obtained at 900 °C pyrolysis by the same procedure and conditions from
the pre-treated lignite and g-C,N, as carbon and nitrogen precursors, respectively, without the addition of
K,CO.. In addition, the synthetic procedure of Oxygen-rich porous carbon (OPC)-900 was similar to that of
NPC-900 except for the addition of g-C,N,. The synthesized ONPC materials included ONPC-700,
ONPC-800, ONPC-900, OPC-900, and NPC-900.

Material characterization

The microstructure and morphology of ONPC samples were investigated using a ZEISS Sigma 300 scanning
electron microscope (SEM). Transmission electron microscope (TEM) images and high-resolution TEM
(HRTEM) images were acquired on a JEM-F200 (JEOL) TEM coupled with an energy dispersive
spectrometer (EDS; JED-2300T). Thermogravimetric curve (TG, NETZSCH, STA449F5) measurement was
carried out to study the pyrolysis process of pre-treated lignite, g-C,N,, and the mixture precursor after ball
milling, respectively. The test conditions are: under Ar protection atmosphere, the heating rate of
10 °C min™', and the temperature range of 50-1,000 °C. X-ray diffraction (XRD) patterns were obtained by
Aeris (Malvern Panalytical, United States) with Cu Ko radiation (A = 1.5406 A) to identify the crystal
properties of the sample. The SSA, pore size distribution (PSD), and pore textures of all obtained samples
were analyzed by an ASAP 2020 PLUS HDs8 N, adsorption-desorption isotherm analyzer (Micromeritics,
USA) at 77 K. The SSA was determined via the Brunauer-Emmett-Teller (BET) method. The PSD curves
were derived from the adsorption branch using the nonlocal DFT model. Physicochemical properties and
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structure characteristics of the ONPC materials were analyzed by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) and Raman spectra (1 = 532 nm, Horiba LabRAM HR Evolution). Surface
composition was characterized by Fourier transforms infrared (FTIR) spectroscopy (Thermo Scientific
Nicolet iS20).

Electrochemical measurement and analysis

Electrochemical evaluation was conducted utilizing a standard three or two electrode configurations, with
all measurements analyzed using a CHI760E (Shanghai Chenhua). In the three-electrode cell, the Pt plate
and Hg/HgO served as the counter and reference electrodes, respectively, in a 6 M KOH aqueous electrolyte
solution. Prior to the electrochemical tests, the working electrodes were prepared. The preparation process
involved grinding an active material with a mass fraction of 80% along with carbon black (10%) in an agate
mortar. This mixture was then stirred with N-methyl pyrrolidone as the solvent and polyvinylidene fluoride
(PVDF, 10%) to create a mixed electrode slurry. The prepared mixture was drip-coated evenly onto a
carbon cloth (1 cm x 1 cm) and dried overnight in a vacuum oven at 80 °C. The weight of the active
material after drying was 1.28 mg (1 cm x 1 cm). The samples underwent testing through cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy
(EIS). The electrochemical properties of each PCM were investigated by measuring the CV plots at different
scan rates at -1~0 V. GCD was performed in the current density range of 0.5 to 20 A g"' under the same
voltage window. EIS plots were obtained in a frequency range of 0.01 kHz to 100 kHz with an applied
amplitude of 5 mV, and fitting analysis was conducted using an equivalent circuit diagram. The gravimetric
SC(C, F g') of a three/two-electrode device is formulated as follows:
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where the I (A), 4V (V), 4t (s), and m (g) represent discharge current (A), test potential during discharging
(V), discharge time (s), and the weight of single electrode active material, respectively.

Two electrodes with identical active mass and electrolyte (6M KOH) were incorporated into a symmetric
two-electrode supercapacitor system. The electrochemical properties were measured in the voltage window
of 0~1 V. The cycle stability of the device was evaluated using a Landt G340A precision battery test system.

The energy densities (E, Wh kg") and power densities (P, W kg") were rigorously determined by:
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Machine learning-assisted analysis

Data collection and feature engineering

To elucidate the relationship between SC and porous carbon structural characteristics for designing
high-performance supercapacitor materials, a dataset comprising 69 sample sets from published papers on
O, N co-doped PCMs for supercapacitors was compiled. Various factors influence supercapacitor
performance, but many lack specific data or uniform standards, posing challenges for capacitance
prediction. Utilizing a 6 M KOH electrolyte, a three-electrode test system, and 15 features (structural,
chemical, and operational) of O, N co-doped PCMs, including SSA, micropore surface area (S,,..,, m*g ),
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total pore and micropore volume (V, and V.., cm’ g"), carbon (C), nitrogen (N), and oxygen (O) content,
as well as various functional group ratios (pyridinic nitrogen, N-6; pyrolytic nitrogen, N-5; graphitic
nitrogen, N-Q; OI: carbonyl-O group, C=0; OII: hydroxyl-O/ether-O group, C-OH/C-O-C; OIII: carboxyl-
O group, -COOH) and specific features such as potential window (PW, V) and current density (CD, A g7),
were extracted as predictive features. Subsequently, the dataset was divided into a training set of 62 samples
and a test set of seven samples for model evaluation. Detailed descriptions of feature selection and data set
creation are provided in Supplementary Materials (Section: sample data collection, Supplementary Figures 1
and 2, Supplementary Table 2).

ML model evaluation and interpretation

Research has demonstrated that Random Forest (RF) modeling is more feasible and efficient than other
methods for evaluating feature importance, particularly in high-latitude data. Therefore, the RF model was
adopted as the predictive model in this study and trained according to the data collected in the literature.
The ML algorithms for the RF models were implemented in a Python programming environment, with the
primary ML package being scikit-learn. To begin the analytical process and provide an overview of
correlation analysis based on the dataset, all considered feature variables were evaluated using the Pearson
correlation coefficient (PCC). This coefficient measures linear correlation between feature variables,
primarily to assess collinearity and the relationship between the independent (porous structure) and
dependent or target (capacitive performance) variables. The reliability of ML models was assessed using
various measurement methods, including the PCC, Mean Absolute Error (MAE), Root Mean Square Error
(RMSE), and R-square (R’) between the expected and estimated outputs from the ML model. These
parameters can be calculated as follows:

T, —B E vV

PCC = (5)
\]z;‘:i (xr@z\jz?:i 702
MAE= 23 |y -3 (6)
RMSE = |57, lyi - il2 (7)
R = E; (?z*}’:)z (8)
N e

where n represents the number of samples, y, is the real capacitance, 7 is the mean value of the real
capacitances and ¥, is a predicted value of the ML model. SHAP was generated based on the preferred model
to explain the influence of each feature on SC. This approach, rooted in game theory, aims to explain the
output of any ML model. The SHAP values represent the marginal contributions of the 12 features to the SC
output. Through quantitative analysis using SHAP values, the total impact of multiple features on the
output can be investigated. This method recommends optimized feature parameters for high-performance
O, N co-doped PCMs and explains the complex mechanism effects of key features on enhancing the SC of
O, N co-doped PCMs.

DFT calculations

The heteroatomic doping structure of the electrode material was optimized utilizing DFT calculations with
the Vienna ADb initio Simulation Package (VASP)"*. The calculations employed a plane wave base set with
an energy cutoff of 600 eV, a projected-enhanced wave pseudo-potential, and a generalized gradient
approximation of the exchange-correlation functional parameterized by Perdew, Burke, and Ernzerhof. The
model structure underwent full optimization for ionic and electronic degrees of freedom, with electronic
energy convergence criteria set at 10° eV and force convergence criteria at 10* eV/A for each atom. The
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absorbed electrolyte energy (E,) of the electrolyte ion (K*) on an undoped or doped carbon surface is

defined by:
Ea = Etotal - Esurf - EK (9)

where E,, represents the total energy after electrolyte ion adsorption, E, is the undoped or doped carbon

‘total sur

surface energy, and Ey, is the energy of a single K" in the bulk position.

RESULTS AND DISCUSSION

Considering the advantages of ML, which can reduce experimental and computational costs and accelerate
the discovery and optimization of new materials, we chose the influence of multi-physicochemical
characteristic parameters on the SC performance of supercapacitor electrode materials as the research point.
By gathering existing literature data and building a ML model, combined with comprehensive
interpretability analysis (SHAP analysis), critical and positively correlated features can be extracted or
selected to accelerate the design and synthesis of new materials. ML-assisted analysis using literature
datasets was employed to reveal the multiple roles of various physicochemical features on enhancing the SC
properties of ONPC materials. Deeper insights into the structure-activity relationship of ONPC materials
were obtained by assessing the impacts of different features on each other and on the output variable. A
PCC matrix was utilized to provide an overview of the correlation analysis among variables in the dataset.
Some physicochemical characteristics of ONPC materials exhibited weak correlations with SC (r < 0.3) in
the PCC matrix [Figure 1A], suggesting that the relationship between these specific characteristics and
capacitive performance cannot be adequately explained by a linear function. This also indicates that there
exists an interdependence among different physicochemical attributes for enhancing SC. A subset of 12
features (excluding strongly correlated variables such as S, V.., and V, from the original 15 feature values)
showing high correlation with pore structure features and capacitance were selected for modeling. The
optimized ML model highlighted in Supplementary Figure 3 shows the RF model prediction outcomes (R* =
0.86, RMSE = 17.11, and MAE = 12.78). Additionally, RF has considered the impact of all features
comprehensively, as illustrated by the SHAP waterfall diagram of the model. The importance of 12 features
was ranked through SHAP analysis [Figure 1B], highlighting the marginal contribution of each feature to
the output using SHAP values. Figure 1B revealed that these parameters, such as SSA, N-Q%, N%, C=0%,
-COOH%, C-OH/C-0O-C%, N-5%, and O%, have significant impacts on SC, aligning with findings from
previous literature®>*!, The positive influences of SSA, -COOH%, N-5%, O%, and N-6% in
physicochemical features were also confirmed by SHAP analysis. The ambiguous evaluation of N% in
Figure 1B is due to the complexity of N-doping content, doping form, and types of N-containing functional
groups, leading to uncertainty regarding its overall impact on capacitor performance. The analysis
demonstrated that increasing the O-doping content has a limited impact on improving capacitance, as
shown in Figure 1B where low SHAP values indicate a positive effect. Moderate O-doping could enhance
SC by enhancing conductivity and improving electrode wettability. Moreover, the presence of carboxyl-O
(-COOH) in alkaline electrolyte acts as an effective active site, contributing to additional
pseudo-capacitance, while carbonyl-O has a negative effect due to inappropriate O-doping functional
groups at the skeleton edges of carbon causing steric hindrance™. This can obstruct the porosity
characteristics of the carbon material and reduce capacitive electrochemical performance. Furthermore,
feature clustering analysis was utilized to assess the relative importance of these features [Figure 1C].
Notably, the RF model prioritized structural parameters such as “SSA”, “N-Q”, “N”, and “C=0". Combined
with the analysis of Figure 1B and C, it is revealed that a 57.2% improvement in capacitance was achieved by
increasing SSA, reducing N-Q proportion, elevating N content, and regulating C=0 distribution. This
observation supports our ONPC materials design considerations that the structure engineering of pore and
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Figure 1. ML-assisted Analytics. (A) Heatmap of between features and SC (The colors of squares in the heat map represent the
correlation's strength and direction); (B) SHAP waterfall diagram of feature importance; (C) Marginal contribution of twelve input
features to the output variables based on a RF model. ML: Machine learning; SC: Specific capacitance; SHAP: SHapley Additive
explanation; RF: Random forest.

doping drastically boosted SC peculiarity, promoting excellent performance through the synergistic effects
of the optimization of positive feature factors and the weakening of negative factors interactions. In other
words, enhancing capacitive performance involves a combination of factors such as increasing the SSA,
optimizing N or O content, moderating N-Q, and promoting the formation of carboxyl-O and N-5 active
sites.

Through ML-assisted interpretability analysis to optimize key features and rational design aided by in-situ
catalytic pyrolysis, we successfully synthesized an ONPC material engineered for the efficient N and O
doping sites, high SSA and utilization of graphene-like folding and amorphous hybrid. The process of
synthesizing ONPC materials was depicted in Figure 2A. Essentially, ONPC materials were prepared using
pre-treated lignite as a carbon precursor and oxygen source, g-C,N, as a template, carbon precursors, and
nitrogen source. This synthesis involves a straightforward ball-milling process and high-temperature
pyrolysis, with the addition of K,CO,. The addition of K,CO, serves a dual purpose: facilitating the
high-temperature in-situ exfoliation of bulk g-C,N, to form graphene-like structures while catalyzing the
pyrolysis of oxygen-rich pre-treated lignite to produce pore structures and retain oxygen-rich properties. In
this synthesis, ONPC carbon material, pre-treated lignite and g-C,N, work together to form the carbon
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Figure 2. (A) Schematic illustration of synergistic fabricated ONPC materials; (B-D) SEM images of ONPC-700, ONPC-800, and
ONPC-900, respectively. TEM images of ONPC-900; (D) low resolution; (E-G) high resolution, and (H) element mapping of C, N, and
0. ONPC: O, N co-doped hierarchical porous carbon; SEM: Scanning electron microscope; TEM: Transmission electron microscope.

skeleton of ONPC, which, together with K,CO,, form the core of our collaborative in-situ pyrolysis reaction.
We utilized the K,CO, assisted pyrolysis strategy and verified it experimentally to ensure synergistic
synthesis. Also, control samples (pre-treated lignite, bulk g-C,N,, OPC-900 and NPC-900) were prepared
with some changes (details are given in “Experimental sections”). The OPC-900 material exhibited similar
irregular spheroidal structures [Supplementary Figure 4A], indicating that it retained the morphological
structure of pre-treated lignite. The NPC-900 material [Supplementary Figure 4B] revealed lamellar
structures within irregular lignite-derived carbon structures, indicating that g-C,N, served as a structural
template agent, altering the structure of the synthesized carbon material. Upon the introduction of K,CO,,
all ONPC materials displayed irregular spheroidal morphology enveloped by graphene-like folds
[Figure 2B-D], highlighting the thermal exfoliation effect of K,CO, during high-temperature pyrolysis. The
ONPC-900 displayed a hybrid carbon structure with fewer graphene-like folded layers while still
maintaining the spheroidal amorphous carbon structure inherited from the pre-treated lignite, significantly
enhancing SSA and V, compared to ONPC precursors [Figure 2D-F, Supplementary Figures 4-6, and
Supplementary Table3]. During synthesis, the pre-treated lignite acted as an oxygen-doped carbon
precursor; bulk g-C,N, served as an in-situ template and was subsequently stripped and etched by
K-containing species released by the decomposition of K,CO, [Supplementary Figure 7], optimizing the
morphology of ONPC, increasing the accessibility of N, O co-doping active sites, and facilitating the
transformation of bulk g-C,N, into a graphene-like fold structure. TEM images of ONPC-900 further
confirmed the presence of graphene-like fold nanosheets derived from the template agent g-C,N, on the
surface of amorphous carbon spheroid structure originating from pre-treated lignite [Figure 2E]. Distinct
graphene-like folds attached to the surface of lignite-derived amorphous carbon were observed at high
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magnification [Figure 2F]. These folds are attributed to the catalytic activation of pre-treated lignite and the
high-temperature thermal exfoliation of g-C,N, by K,CO, during pyrolysis. The resultant ONPC-900
presented randomly orientated graphitic carbon uniformly doped with N and O elements [Figure 2G-H],
mirroring the graphene-like folding and amorphous hybrid. These observations underscore the key role of
K,CO, in modulating the synthesis of N, O co-doped porous carbon with a balanced coexistence of
graphitized and amorphous carbon structure, regulating the kinetics equilibrium of heteroatom doped
precursors in the pyrolysis process, and promoting N and O co-doping.

Subsequent analysis of nitrogen adsorption-desorption curves provided insight into the microscopic pore
structure of the ONPC materials. It is important to highlight that the deliberately designed K,CO, played a
significant role in regulating the pore structure and balancing the amorphous and graphitized hybrid
structure of the PCMs, thereby enhancing its energy storage capabilities. The isothermal adsorption/
desorption curves of ONPC materials demonstrated a combination of type I and IV characteristics in
Figure 3A, indicating the existence of micro and mesoporous. The PSD from 0.4 nm to 4 nm [Figure 3B]
further confirmed the hierarchical pore structure of the ONPC materials, with micropores being
predominant and small mesopores coexisting. A comparative analysis of micropore surface area, mesopore
surface area, and micropore volume ratio (V,,/V,) was presented in Figure 3C. The comparison of
OPC-900, NPC-900 and ONPC-900 revealed the equilibrium effect of K,CO, in the process of g-C,N,
stripping and etching pre-treatment lignite. The comparison of ONPC-900 with ONPC-700 and ONPC-800
shows the rapid increase of micro and mesoporous surface area and the proportion of microporosity, which
confirms that temperature changes significantly affect the balance of carbon stripping, nitriding of
potassium carbonate, and etching pre-treatment of lignite. Meanwhile, the lower SSA (14 m* g") and V,
(0.01 cm™g™) of ONPC-700 can be linked to the incomplete thermal exfoliation of g-C,N, by K,CO, at
700 C, resulting in the formation of multilayer graphene-like folds stacked on the surface of the pre-treated
lignite-derived carbon, thereby reducing SSA and pore volume. The distribution ratio of micropores
(<2 nm) in all samples was notably high, while mesopore pore volumes were relatively low, except for the
ONPC-700. These results of SSA and microporosity indicate that a lower pyrolysis temperature is more
favorable to the in-situ thermal exfoliation of K,CO,. Higher temperatures facilitate etching of K,CO, to
create pores. The detailed parameters of pore structure characteristics, including SSA, pore volume, average
pore diameter (D,,.), and the percentage of micropore volume, were presented in Supplementary Table 4.
ONPC-900 materials showed a dominant pore structure with a total SSA of 802 m* g, a total pore volume
(V) of 0.37 cm®g", a micropore volume ratio of 92%, and an average pore size of 1.84 nm, distinguishing it
from other ONPC materials. Notably, micropores can serve as active ion sites for electrolyte adsorption,
while mesopores are crucial for facilitating ion transfer. These findings demonstrate that the introduction of
K,CO, indeed regulates the formation of larger SSA and hierarchical porous structure. It may be inferred
that the high SSA, unique hierarchical pore structure, and template-inherited graphene-like fold structure
observed in ONPC-900 result from the synergistic equilibrium effect of in-situ thermal exfoliation and pore
engineering strategies by K,CO, during the formation process.

The carbonization transition of g-C,N, by in-situ thermal exfoliation coincided with the emergence of
by-product potassium cyanide [Supplementary Figure 8A], characterized by the reduction of triazine units
and changes of vibration modes [Figure 4A]"". All purified ONPC materials [Supplementary Figure 8B]
showed double characteristic peaks that can be derived from the graphitization transition of g-C,N, and the
carbonization amorphous form of pre-treated”™. The K content of the ONPC-900 sample is almost 0.16%,
revealed by inductively coupled plasma emission spectroscopy (ICP-OES), revealing the complete removal
of K-containing by-products, which side confirmed the purity of the ONPC-900 purified sample.
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Figure 3. Pore structural characteristics of ONPC materials. (A) Nitrogen adsorption-desorption curves; (B) Pore-size distribution; (C)
Specific surface area of mesopore and micropore and micropore volume ratio (V./V,). ONPC: O, N co-doped hierarchical porous
carbon.

Additionally, the high-slope curve in the low-angle area of purified ONPC materials in Supplementary
Figure 8B suggested that there are numerous micropores, consistent with the results of Figure 3B. Raman
spectroscopy revealed two prominent peaks around 1,340 cm™ and 1,593 cm™ [Figure 4B], respectively,
corresponding to the D band and the G band, respectively”. The D-band and G-band intensity ratio (I,/L;)
of ONPC-900, standing at 1.18, surpassed those of OPC-900 (1.02) and NPC-900 (1.13), indicating that
more defects and pores formation are caused by N and O co-doping into the ONPC-900 framework. The
I,/I; values were 1.39, 1.42, and 1.18 for ONPC-700, ONPC-800, and ONPC-900, respectively. The
decreased disorder degree or higher graphitization in ONPC-900 compared to ONPC-700 and ONPC-800
is due to the synergistic balancing of in-situ exfoliation for graphene-like fold layer and in-situ etching of
pores-forming with the introduction of K,CO, during the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>