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ABSTRACT 

The combination of quantum materials into electrochemical systems provides a novel 

procedure in advanced energy storage technology. This study focused on the use of magic-
angle twisted bilayer graphene (MATBG);  a material known for its unconventional 
superconductivity and superfluid stiffness scaling at cryogenic temperatures suitable for 
enhancing battery interfaces under room temperature conditions. By exploiting the 
quantum capacitance of MATBG and incorporating it in an adapted Poisson-Nernst-Planck 
(PNP) theoretical framework, this study achieved substantial and remarkable 
improvements in interfacial energetics and charge-transfer kinetics. Explicitly, the modified 
PNP model showed a 50% reduction in interfacial potential gradients (from 8.2×10³ mol/m⁴ 
to 2.7×10³ mol/m⁴) and a 60% decrease in charge-transfer resistance (Rct), as confirmed by 
Nyquist plot analysis. Experimentally, MATBG-integrated battery cells display a threefold 
increase in exchange current density (j0) compared to normal or conventional cells, along 
with a substantial reduction in voltage hysteresis (0.07 V vs. 0.22 V in control systems) 
during cycling. These improvements are linked to the unique electronic characteristic of 
MATBG, which facilitates efficient redistribution of charges and eradicates kinetic problems 
at the electrode-electrolyte interface. These findings highlight and present the potential of 
MATBG as a high-performance quantum-electrochemical interface, which enables high-rate 
battery operation with improved energy stability and efficiency. This work bridges quantum 
material physics with practical electrochemistry and also opens a novel technique for 
designing next-generation energy storage systems that leverage quantum-engineered 
interfaces. 
 

Keywords: MATBG, Magic-angle graphene, Quantum capacitance, Battery interfaces, 
Superfluid stiffness, Poisson-Nernst-Planck model. 

1. INTRODUCTION 
 

The physics behind the superconductivity of magic-angle twisted bilayer graphene (MATBG) 
has become a topic of deep interest in research involving moiré systems, and this could 
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provide a detailed understanding of the pairing mechanism of other similar and closely 
related materials like high-critical-temperature superconductors. In this case, DC. transport 
and microwave circuit quantum electrodynamics were used directly to measure the 
superfluid stiffness of superconducting MATBG via their kinetic inductance. 
MATBG has emerged as a paradigm for studying strongly correlated quantum phases since 
its discovery in 2018. When two graphene layers are twisted at ~1.1°, the resulting moiré 
superlattice exhibits flat electronic bands near the Fermi level, enabling exotic phenomena 
such as correlated insulators and superconductivity below 1.7 K (Cao et al., 2018). These 
features come from enhanced electron-electron interactions in the flat-band region, where 
there is divergence of effective mass and sharp peaking of the density of states (DOS) 
(Yankowitz et al., 2019). 
Current experiments conducted using microwave quantum circuit procedures have 
quantified the non-conventional superconductivity of MATBG, revealing a superfluid 
stiffness (ρs) that decays as T−1.6 and deviates substantially from conventional BCS theory, 
which exhibits an exponential dependence (Tanaka et al., 2025). This irregular attribute is 
connected to quantum geometric contributions during pairing, as explained by Ginzburg-
Landau models for anisotropic gaps (Wagner et al., 2023). Importantly, MATBG also 
showed quantum capacitance (CQ=e2D(ϵF) that scales with their normal tunable DOS, a 
feature that was recently noticed in quantum capacitors that are operated at room 
temperature (Kumar et al., 2025).  
Parallel advance in battery science present and explained interfacial kinetics as serious 
problem in energy storage platform. Conventional electrodes have issues associated with 
charge-transfer resistances (Rct) that exceeds 100 Ω·cm² arising from slow dissolution and 
inhomogeneous distribution and allocation of charges (Tarascon and Armand, 2001). 
While 2D materials such as graphene oxide are used in eradicating these problems (Koerver 
et al., 2021), none has utilized the quantum-geometric tunability offered by MATBG. 
Theoretical work supposed that materials that have high quantum capacitance can easily 
redistribute interfacial fields and reduce polarization losses by more than fifty percent 
(50%) (Gogotsi and Simon, 2011), but there has been any experimental validation for this 
supposition. See Fig. 1  

 
Figure 1. Magic-angle twisted bilayer graphene (MATBG) 

 
This research filled these gaps in the literature by proposing and presenting MATBG as a 
quantum-electrochemical interface, where its DOS at room temperature and capacitance 
effects, which persist beyond its superconducting phase, could enhance battery performance 
with zero cryogenic limitations. 
The emerging of unconventional superconductivity in MATBG has triggered substantial 
interest in the field of condensed matter physics, especially for its use in correlated systems 
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and quantum material science. While its main and key application is focused on quantum 
coherence as well as low-temperature transport procedures, the crucial electronic platform 
of MATBG, which is also characterized by flat bands, high DOS and quantum geometric 
effects, provides an opportunity for utilization of this system in other disciplines. One such 
case is in energy storage, where issues associated with interface stability, charge movement 
and energy efficiency is common and persistent. This study explored the possibility and 
limitations of translating quantum features and characteristic of MATBG in the field and 
realm of battery technology, especially via a quantum-electrochemical baseline which 
improves interfacial dynamics instead of bulk ionic conductivity.  
(Oliver et al., 2025) delivered a novel measurement of superfluid stiffness of MATBG using 
direct-current transport and microwave-circuit quantum electrodynamics and revealed 
properties not in line with conventional Fermi liquid theory. The results show a significant 
influence of quantum geometry on superconducting characteristics, with temperature 
dependence of superfluid stiffness which diverged from isotropic BCS models. Also, their 
study showed stiffness that is quadratic dependence on current, which is in line with 
Ginzburg–Landau theory. However, while these insights improved knowledge on 
unconventional superconductivity of MATBG, the operating conditions, and focus on 
coherent electronic pair limit direct applicability to energy storage. Notwithstanding, the 
main and key concepts like kinetic inductance, anisotropic-gap behavior and quantum 
capacitance present a theoretical baseline needed to explore MATBG as a smart interface in 
electrochemical systems. The following gives a review of fundamental concepts relevant to 
this study. 
 
2. LITERATURE REVIEW     
 

Magic-angle twisted bilayer graphene (MATBG) exhibits extraordinary electronic properties 
when two graphene layers are rotationally misaligned at θ ≈ 1.1°. This creates a moiré 
superlattice that flattens the electron bands near the Fermi level, enhancing the density of 
states (DOS) and electron correlations (Cao et al., 2018). The low-energy Hamiltonian for 
MATBG is presented in Eq. (1). 
 
𝐻 = −ℎ𝑣𝐹𝑘 ∙ 𝜎 + ∆(𝑟)                             (1) 
 
Where, ℎ represents constant, 𝑣𝐹  represents Fermi-velocity, 𝜎 represents Pauli matrices, 
𝛥(𝑟) is the moiré potential (Koshino et al., 2018). The flat-band regime expressed as 
(∂E/∂k≈0) helps to maintain a strong correlated condition or state, which includes 
superconductivity having critical temperatures as high as 1.7 K (Sharpe et al., 2019). 
The superconductivity of MATBGs deviates from conventional or usual BCS theory and some 
major evidence of this assertion includes: 
Superfluid stiffness (ρs): Scales as ρs∝T−1.6 in contrast with exponential decay of usual BCS 
(Tanaka et al., 2025). 
Ginzburg-Landau behavior: Normalized stiffness complies with the model Δρs/ρs0∝J2 under 
unusual current conditions, which indicates anisotropic gap symmetry (Wagner et al., 
2023). The interaction between superconductivity and band geometry is expressed in the 
quantum metric as shown in Eq. (2) 
 
𝑔𝜇𝑉(𝑘) = 𝑅𝑒⟨𝜕𝜇𝑢𝑘 ∣ (1−∣ 𝑢𝑘⟩⟨𝑢𝑘 ∣) ∣ 𝜕𝑣𝑢𝑘⟩                        (2) 
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Where, ∣ 𝑢𝑘⟩ represent Bloch-states (Tuck et al., 2020). This metric contributes 
substantially to the non-local transport and anomalous superfluid stiffness of MATBG (Du 
et al., 2021). 
Under room temperature, MATBG maintains a gate-tunable quantum capacitance expressed 
as follows in Eq (3) 
 
 𝐶𝑄 = 𝑒2𝐷(𝜖𝐹)                              (3) 

 
Where,  𝐷(𝜖𝐹) represents DOS at the Fermi level (Kumar et al., 2025).  
This characteristic of MATBG gives it the ability to maintain buffering during charging, 
particularly at battery interfaces, and this could minimize potential gradients e. 
Conventional electrodes in batteries are faced with kinetic limitations arising from 
resistance during charge transfer, usually expressed as (Rct) and ion dissolution barriers 
(Tarascon and Armand, 2001). The quantum geometry and high DOS of MATBG can 
modify these processes through: 
1. Redistribution of interfacial fields through CQ (Gogotsi and Simon, 2011). 
2. Reducing 𝑅𝑐𝑡 by 60% via enhancement of the charge screen (Long et al., 2022). 
The essential electronic features of MATBG arise from its formation or creation of moiré 
superlattice. When two layers of graphene material undergo twisting at angle θ ≈ 1.1°, the 
resultant periodic potential forms flat bands close to its Fermi level. The low-energy 
Hamiltonian can be expressed as in Eq. (4) 
 
𝐻 = −ℎ𝑣𝐹(𝑘 − 𝐾) ∙ 𝜎 + 𝑇(𝑟)                           (4) 

 
Where, Fermi-velocity vF is 10⁶m/s, 𝜎 represent Pauli-matrices, 𝐾 represent the Dirac-
point, 𝑇(𝒓) is the interlayer tunnel matrix (Bistritzer and MacDonald, 2011). The 
characteristic length scale of Moiré Brillouin zone (mBZ) is expressed in Eq. (5) as follows 
 

𝐿𝑀 =
𝑎 

2sin(
𝜃

2
)
                               (5) 

 
Where 𝛼 = 0.246 nm is the lattice constant of the graphene (Cao et al., 2018). 𝐿𝒎 is the 
characteristic moiré length scale. 
 
This results in a substantial reduction of the Fermi velocity to v∗F ≈ 0.01vF with improved 
Density of States (DoS) (Yankowitz et al., 2019). 
The flat band in MATBG display strong interaction of electron-electron, expressed in Eq. (6) 
 
𝑈/𝑊 ≫ 1                               (6) 

 
Where, 𝑈 represents the on-site Coulomb energy and 𝑊 is the electronic bandwidth; the 
ratio 𝑈/𝑊 governs correlation strength. In which U the Coulomb energy condition on-site 
(~10-20 meV), which W represent the bandwidth (~1 meV) (Wang and Vafek, 2024). This 
ratio controls the correlating insulation states at integer fillings expressed by the Hubbard 
model as shown in Eq. (7) 
 

𝐻 = −∑ 𝑐𝑖𝜎
† 𝑐𝑗𝜎 + 𝑈∑ 𝑛𝑖↑ + 𝑉∑ 𝑛𝑖𝑛𝑗(𝑖𝑗)𝑖

𝑛

(𝑖.𝑗),𝜎
                             (7) 
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Where, U is obtained from Eq. (6),  † is the hopping energy, and V is the nearest-neighbor 
interaction (Po et al., 2018). At certain fillings (e.g., ν = -2), these interactions lead to Mott 
insulating behavior (Debnath et al., 2025). 
MATBG's superconducting state exhibits several non-BCS features: 
The superfluid stiffness shows power-law temperature dependence as shown in Eq. (8) 

 

𝜌𝑠(𝑇) = 𝜌𝑠𝑜 [1 − (
𝑇

𝑇𝑐
)
1.6

]                            (8) 

 
where, 𝜌𝑠 is the superfluid stiffness, T is temperature, deviating from the exponential 
behavior predicted by BCS theory (Banerjee et al., 2025). 
The critical current follows a quadratic scaling, see Eq. (9) 
 

𝐽𝑐(𝑇) = 𝐽𝑜 [1 − (
𝑇

𝑇𝑐
)

3

2
]                            (9) 

 
Where, 𝐽 is the applied current density and, ∆𝜌𝑠/𝜌𝑠𝑜  represents the normalized change in 

superfluid stiffness. (Wagner et al., 2023). The quantum geometric tensor plays a key role 
in MATBG's transport which is presented in Eq. (10) 
 
𝑇𝜇𝑉(𝑘) = ⟨ 𝜕𝜇𝑢𝑘 ∣∣ 𝜕𝑣𝑢𝑘 ⟩ − ⟨𝜕𝜇𝑢𝑘 ∣ 𝑢𝑘⟩⟨𝑢𝑘 ∣ 𝜕𝑣𝑢𝑘⟩                     (10) 

 
Where, ∣uk⟩∣uk⟩ are Bloch states (Tuck et al., 2020). This gives rise to Eqs. (11 and 12) 
 
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑚𝑒𝑡𝑟𝑖𝑐:  𝑔𝜇𝜈 = 𝑅𝑒[𝑇𝜇𝜈]             (11) 

𝐵𝑒𝑟𝑟𝑦 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒:  𝛺𝜇𝜈 = −2𝐼𝑚[𝑇𝜇𝜈]            (12) 

 
Where, 𝑄𝑖𝑗 denotes the quantum geometric tensor composed of real (metric) and imaginary 

(Berry-curvature) parts. These geometric properties contribute to the observed anomalous 
Hall effect at ν = 3 filling (Du et al., 2021). The quantum capacitance of MATBG is gate-
tunable as presented in Eq. (13) 
 
𝐶𝑄 = 𝑒2𝑑𝜇/𝑑𝑛 = 𝑒

2𝐷(𝜖𝐹)              (13) 

 
Where, D(ϵF) is the DOS at the Fermi level (Kumar et al.,2025). For MATBG near charge 
neutrality, we have Eq. (14) 
 

CQ≈
2𝑒2

𝜋ℎ2𝑣𝐹
∗2 ∣ 𝜇 ∣                  (14) 

 
Where, 𝑣𝐹

∗2 is the renormalized Fermi velocity (Tomarken et al., 2019). This property 
enables efficient charge screening at battery interfaces; h is plank constant, and e is the 
charge potential. The geometric contribution to MATBG's kinetic inductance is presented in 
Eq. (15) 
 

𝐿𝐾
ℎ

𝑒2
1

𝜌𝑠𝑑
               (15) 
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Where, 𝐿𝑘 is the kinetic inductance, 𝑑 is the film thickness, and the term scales inversely with 
superfluid density. 𝑑 is the sample thickness (Hazra et al., 2019). This becomes significant 
in the superconducting state, with measured values ~1 nH/ at 100 mK. Table 1 is a 
comparison of MATBG with other quantum materials references 
 

Table 1. Comparison of Quantum Materials for Energy Applications 
 

Property MATBG  
(θ = 1.1°) 

Monolayer 
Graphene 

MoS₂ Topological 
Insulators 

(Bi₂Se₃) 

High-Tc 
Cuprates 
(YBCO) 

Bandgap 
Tunability 

0–50 meV 0 eV 1.8 eV [2] 0.3 eV 
(surface) 

1–2 eV 

DOS at EF ~50 
states/eV/nm² 

~1 
state/eV/nm² 

3–5 
states/eV/nm² 

10–15 
states/eV/nm² 

5–8 
states/eV/nm² 

Quantum 
Capacitance (CQ) 

e2D(ϵF) 2e2 \mu 𝜋ℏ2𝑣𝐹
2 e2D2D 

Superconductivity 
Tc 

1.7 K N/A N/A N/A 90 K 

Mobility (cm²/V·s) 10,000–
20,000 

200,000 200 1,000–5,000 10–100 

Key Advantage Flat bands + 
correlations 

High mobility Direct 
bandgap 

Topological 
surface states 

High Tc 

 

From Table 1, it is important to note that magic-angle twisted bilayer graphene (MATBG) 
exhibits two groundbreaking electronic features that distinguish it from conventional two-
dimensional materials. First, its moiré flat bands produce an exceptionally high ratio of 
Coulomb interaction energy to bandwidth (U/W≫1), enabling strongly correlated electron 
states such as Mott insulators and unusual superconductivity (Xie and MacDonald, 2020). 
These states cannot be attained in one-layered graphene, in which the ratio U/W≪1 because 
of weak interaction and linear dispersion. Second, the density of state (DoS) of MATBG is 
tunable through electrostatic gating or variation of its twist-angle (θ), unlike conventional 
semiconductors with fixed-bandgap such as MOS₂ (Lee et al., 2025). These tunable 
characteristics of MATBG allow for more detailed and precise electronic phase control, 
which makes MATBG an adaptable platform and material for quantum-tech engineered 
devices. For example, at a carrier density which corresponds to half-filling of the flat band, 
MATBG transform to a correlated insulator, which is a feature leveraged in the proposed 
memory devices (Xie and MacDonald, 2020) 
Also, the quantum capacitance of MATBG’s (CQ=e2D(ϵF)) present substantial benefits and 
advantages in electrochemical applications. Near-charge neutrality, CQ of MATBG can 
surpass that of one-layered graphene because of its ultra-flat bands as well as its improved 
DOS (Cao et al., 2018). This characteristic is critical and crucial for battery interfaces, in 
which high CQ moves charge crowd and reduces losses due to polarization Fig. 3. As 
compared to topological insulators such as Bi₂Se₃ where CQ is controlled and limited by 
surface-state DOS MATBG moiré superlattice can provide five times higher tunability 
through variation of twist angle, also known as doping (Lee et al., 2025). Experimental 
researches confirm that the MATBG-integrated electrode showed 60% lower resistance 
arising from charge-transfer processes (Rct) than traditional materials, which is directly 
linked to its substantial and better charge buffering (Lee et al., 2025). 
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Despite these quantum benefits, MATBG faces some practical concerns in systems built for 
energy storage, such as one, the superconducting phase of MATBG is limited to temperatures 
lower than 2 K (Xie and MacDonald, 2020), which makes it unfit for batteries under 
ambient conditions without hybridization techniques. On the contrary, cuprite 
superconductors such as YBCO can retain their superconductivity features at temperatures 
higher than 90 K (Tuck et al., 2020), albeit with no MATBG’s gate-tunable features. Issues 
concerning their fabrication also complicate their adoption because achieving the magic 
angle of θ=1.1°±0.1°θ=1.1°±0.1° requires advanced methods such as tear-and-stack 
assembly (Bistritzer and MacDonald, 2011), whereas other materials such as MoS₂ can be 
produced at a massive scale using chemical vapor deposition (CVD). Currently, these 
aforementioned limitations limit MATBG to only research or role applications like quantum 
sensors which operate only under cryogenic temperatures (Xie and MacDonald, 2020). 
To handle these challenges, recent researches propose hybrid systems in which MATBG is 
combined with other materials. For instance, combining MATBG and high-Tc cuprates can 
create proximity-effect superconductivity at higher temperatures, which could possibly 
bridge the gap between practical operating conditions and quantum coherence. Also, 
combining MATBG with ionic liquids demonstrated and showed room-temperature 
quantum capacitance effects, which enable electrostatic control over the distribution of 
interfacial charge in batteries (Lee et al., 2025). These hybrids could show the capability of 
MATBG in energy storage and also eradicate the issues associated with temperature and its 
fabrication. Future positions to consider are heterostructures with ferroelectrics needed to 
enhance gate coupling or with transition-metal dichalcogenides (TMDs) to combine 
MATBG’s correlations with TMDs’ optoelectronic properties (Kumar et al., 2025). 
(Tanaka et al., 2024) reviewed the state-of-the-art uses of graphene and graphene 
composites in batteries and energy-storage devices, highlighting conductivity, surface-area 
and scale-up challenges. (Behera et al., 2023) surveyed recent advances in two-
dimensional (2D) materials for energy storage and conversion, emphasizing opportunities 
from MXenes, TMDs and other layered compounds. (Lin et al., 2023) provided a mini-
review summarizing synthesis routes and electrochemical performance of a broad set of 2D 
materials for capacitive and battery electrodes. (Vattikuti, et al., 2024) critically reviewed 
graphene synthesis methods and their implications for reproducible electrode manufacture 
and device integration. (Julien et al., 2021) examined mechanochemical and scalable 
production approaches for graphene anode materials and discussed trade-offs between cost 
and electrochemical performance. (Ghosh et al., 2023) reviewed theoretical and 
experimental aspects of quantum capacitance (CQ) in two-dimensional electrodes and how 
CQ modifies double-layer behavior in supercapacitors. (Lau et al., 2025) summarized how 
CQ can be modulated by doping, functionalization and substrate interactions in graphene 
electrodes offering routes to improve device capacitance. (Akash et al., 2024) surveyed 
first-principles and continuum-model approaches used to calculate quantum capacitance for 
MXenes and other 2D materials, connecting atomistic predictions to measurable EIS 
signatures. (Ghosh et al., 2023) reviewed strategies to disentangle quantum-capacitance 
contributions from ionic/faradaic responses using EIS and operando probes, and 
recommended combined measurement protocols. (Shiyuan et al., 2024) discussed how 
electrolyte selection and pore/electrode architecture influence the observability of CQ in 
real devices and proposed experimental design principles. (Bistritzer and MacDonald, 
2011) surveyed the physics of twisted bilayer and magic-angle graphene (MATBG), 
describing flat-band electronic structure and how enhanced DOS could impact CQ. (Wang et 
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al., 2022) reviewed methods for fabricating small-angle twisted graphene and catalogued 
the temperature and fabrication-sensitivity issues that complicate ambient-temperature 
device use. (Liu et al., 2021) explored potential pathways to integrate twisted-graphene 
heterostructures into electrochemical architectures while noting major scalability barriers. 
(Xia et al., 2024) gave a state-of-the-art review of supercapacitor electrode design that 
explicitly treats quantum effects in low-D electrodes and practical device strategies. (Şen et 
al., 2024) reviewed 2D-material approaches to suppress dendrite formation in metal 
anodes and to engineer stable electrode/electrolyte interfaces. (Long et al., 2024) 
summarized electrochemical interfacial measurements (EIS, SPM, Kelvin probe), best 
practices for separating electronic and ionic phenomena at engineered interfaces. (Lin et al., 
2024) reviewed multi-scale modelling approaches that couple quantum electronic structure 
to continuum transport (modified PNP, Poisson-Boltzmann variants) for electrochemical 
interfaces.  (Naguib et al., 2024) discussed numerical challenges (stiff PDEs, parameter 
identifiability) and recommended model-reduction and sensitivity analysis strategies for 
lab-scale simulations. (Qin et al., 2021) presented a comprehensive review of next-
generation battery technologies and positioned graphene/2D-material strategies within the 
broader technology roadmap. (Uri et al., 2020) critically reviewed claims and pilot reports 
about “graphene batteries” for EVs, stressing the gap between lab demonstrations and 
commercial pouch-cells. (Sharma et al., 2023) surveyed lifecycle, supply-chain and cost 
drivers that affect the adoption of 2D-material enabled electrodes at scale. (Saini et al., 
2024) reviewed MXene families for energy storage, highlighting high electronic 
conductivity, tunable surface chemistry and their quantum-capacitance properties. (Kemp 
et al., 2025) summarized first-principles studies and experimental correlates for quantum 
capacitance in doped and functionalized 2D materials (arsenene, doped graphene variants).  
(Tarascon and Armand, 2001) reviewed how interlayer engineering (stacking order, twist, 
intercalation) influences ion diffusion and electrochemical kinetics in layered electrodes. 
(Şen et al., 2024) compiled review evidence showing that CQ signatures are most visible in 
thin-film/operando cells when ionic resistance is minimized and measurement bandwidth 
is broad. (Long et al., 2024) reviewed best practices for pairing electrode materials with 
electrolytes to reveal or exploit quantum electronic effects without triggering parasitic 
faradaic reactions. (Fang et al., 2007) synthesized literature showing that measuring 
temperature dependence, frequency dispersion, and local potential mapping together 
provides the strongest discrimination of CQ effects. (Saini et al., 2024) reviewed how high-
DOS flat bands in MATBG can in principle increase electronic contribution to electrode 
capacitance but cautioned that ambient-temperature, scalable implementations remain an 
open problem. (Akash et al., 2024) presented reviews that recommend an “interface-only” 
deployment of exotic 2D layers (thin interlayers/coatings rather than bulk electrodes) to 
capture electronic advantages while limiting materials cost and fabrication difficulty. (Singh 
et al., 2022) concluded with review recommendations that experimental validation focus 
on a matrix of electrolyte, thickness, and temperature variables and combine EIS, Kelvin 
probe and local electrochemical mapping to isolate quantum capacitance effects before 
scaling. (Tanaka et al., 2024) delivers a pioneering measurement of superfluid stiffness in 
MATBG using both d.c. transport and microwave circuit quantum electrodynamics, revealing 
properties inconsistent with conventional Fermi liquid theory. The results revealed 
substantial effect and impact of quantum geometry on superconducting features and 
attributes with temperature dependence of superfluid stiffness moving away from normal 
and conventional BCS models. Also, the study confirms quadratic-function dependency of 
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stiffness on current which aligned with Ginzburg–Landau theory. However, while these 
understanding widens knowledge of unconventional superconductivity of MATBG’s, the 
operation conditions and focus on coherent electronic pair, limit or hinders their direct use 
in energy storage. Notwithstanding, the main and key concepts like kinetic inductance, 
anisotropic gap features and quantum capacitance provide theoretical baseline needed to 
explore MATBG as suitable and smart interface in electrochemical systems. While this study 
presents advanced and novel understanding of uncommon superconductivity in MATBG, 
especially through in the sense of its superfluid stiffness and quantum geometric influence, 
it integrally centered on low-temperature quantum coherence and superconducting stages. 
This possess a major hindrance in direct use of this material n battery cell improvement, 
where room-temperature applications, ionic conductivity, and electrochemical stability are 
the baseline and necessary. Superconducting condition of MATBG is sustainable at very low 
temperatures, making it operationally impractical to integrate in commercially viable energy 
storage platform that works at ambient or room conditions. Also, the physics guiding 
electronic superconductivity and ion transportation in batteries are integrally different; the 
former depends on coherent quantum conditions while the latter relies on heat-activated 
ion motion and Faradaic reactions. 
 
3. MATERIALS AND METHOD 
 

To harness the unique electronic properties of MATBG for energy applications, a theoretical 
and experimental framework that bridges superconductivity and electrochemistry is 
required. This study proposes a multi-physics model that integrates the Electrochemical-
Quantum Hybrid Framework. 
 
3.1  Proposed Solution and Bridging Framework 
 

To harness the unique electronic properties of MATBG for energy applications, a theoretical 
and experimental framework that bridges superconductivity and electrochemistry is 
required. This study proposes a multi-physics model that integrates the Electrochemical-
Quantum Hybrid Framework. 
Objective: To use MATBG's quantum capacitance and electronic properties as a dynamic 
charge distribution layer in battery interfaces. 
Model Components are as shown is Eqs. (16, 17 and 18) respectively  
Quantum Capacitance Model is given as Eq. (16) 
 

𝐶𝑄 =
2𝑒

ℎ

𝑑𝑁(𝐸)

𝑑𝐸
               (16) 

 
Where, 𝑁(𝐸) is the DOS near the Fermi level of MATBG. Modified Poisson-Nernst-Planck 
(PNP) equations with a quantum boundary condition are given as Eq. (17) 
 

𝜕𝑐𝑖

𝜕𝑡
= −∇𝐽𝑖

𝐽𝑖 = −𝐷∇𝑐𝑖 − 𝜇𝑐𝑖∇∅

∇2= −
1

𝜖
∑𝑧𝑖𝑐𝑖 −

𝜌𝑄

𝜀

𝜌𝑄 = 𝑒𝐶𝑄𝑉𝑄 }
 
 

 
 

             (17) 
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Surface Energy Coupling: This is used to interface the MATBG layer as an intercalation 
enhancer via tailored surface energies, and its equation is given as Eq. (18) 
 

𝛾𝑀𝐴𝑅𝐵𝐺 = 𝛾𝑜 + 𝛼|𝛻𝜙|
2             (18) 

 

Where  
𝐷(𝜀𝐹) is the MATBG density of states at the Fermi level, 
𝐶𝑄 = 𝑒2𝐷(𝜀𝐹) is the quantum capacitance,  

𝜙 is electric potential,  
𝑐𝑖 is ionic concentration,  
𝑗𝑖 is flux, 
𝑧𝑖 is ionic valence,  
𝐷𝑖  is the diffusion coefficient,  
𝛾MATBG is the surface-energy coupling coefficient, and  
𝜀 is permittivity 
 

The modified Poisson–Nernst–Planck (PNP) equations were solved under steady-state, 
isothermal conditions (298 K) with a one-dimensional planar electrode–electrolyte 
geometry. The electrolyte was modeled as 1 M LiPF₆ in EC: DMC solvent, having a dielectric 
constant𝜀 = 37.5. The diffusion coefficient (D) and ionic mobility (𝜇) were set as2. 0−10 𝑚2/
𝑠 𝑎𝑛𝑑 1.0 × 10−8 𝑚2/𝑉, respectively. The MATBG interfacial layer thickness was assumed to 
be 3 nm, with an effective density of states𝐷(𝜀𝐹) = 5 × 1013𝑠𝑡𝑎𝑡𝑒𝑠. The quantum-
capacitance boundary condition 𝐶𝑄 = 𝑒2𝐷(𝜀𝐹) was applied only at the electrode interface. 

The surface energy coupling coefficient (𝛾𝑀𝐴𝑇𝐵𝐺) was taken as045𝑗/𝑚−2. The system 
boundaries enforced a fixed potential at the current collector and zero-flux at the separator, 
with finite-element discretization of 100 nodes along the x-direction. These conditions were 
selected to emulate typical solid–liquid interfacial behavior in lithium-based cells and to 
benchmark the theoretical predictions against literature data on 2D-material interfaces. 
To address the disconnect between low-temperature superconductivity and room-
temperature electrochemical systems, we propose a hybrid modeling approach that treats 
MATBG as a functional interfacial layer in battery architecture. This involves integrating a 
quantum capacitance model derived from the DOSs at the Fermi level, into a modified 
Poisson-Nernst-Planck (PNP) formulation for ion transport. The framework incorporates a 
surface energy coupling term that allows MATBG to modulate intercalation energetics 
dynamically. A block diagram was constructed to guide the system-level understanding, 
tracing the flow from MATBG’s quantum behavior to observable cell-level metrics. 
Experimental validation is outlined through the proposed use of MATBG in a battery testbed 
as an interfacial modulator, paired with impedance spectroscopy and temperature-varied 
performance testing to extract real-world effects. The block diagram, the flowchart and the 
Algorithm of the designed system are given in Figs. 2 and 3a and b, respectively. 
The quantum–electrochemical hybrid model was simulated under room-temperature (298 
K) and isothermal conditions. The simulated battery cell geometry consisted of a planar 

electrode (area = 1 cm²) with an MATBG layer thickness of 3 nm. Boundary conditions were 
defined as fixed potential (V = 0 V) at the current collector and zero ionic flux at the separator 
interface. The electrolyte composition was 1 M LiPF₆ in EC:DMC, with dielectric constant 𝜀 =
37.5. For validation, simulated impedance spectra and current–voltage curves were 
benchmarked against literature experimental data (Lee et al., 2025; Long et al., 2024), 
ensuring consistency between modeled and reported interfacial behaviors. The following 
figures outline the coupled modeling and validation process. 
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MATBG Layer

Quantum Capacitance Module

Modified PNP Model

Electrode Electrolyte 

interface Model

Battery Cell Performance 

Simulation 

 
Figure 2. Block diagram of the proposed quantum–electrochemical modeling framework 

 
The process integrates MATBG’s quantum-capacitance module with a modified Poisson–
Nernst–Planck solver under isothermal (298 K) and 1 M 𝐿𝑖𝑃𝐹₆ electrolyte conditions. 
Boundary conditions: fixed potential at current collector (0 V), zero-flux at separator. The 
MATBG interfacial layer modulates local field distribution and charge transfer kinetics. 

Start: Define System Parameters

Load MATBG DOS Profile

Compute Quantum Capacitance 
C_Q

Solve Modified PNP Equations

Apply Surface Energy Model

Simulate Battery Interface

Compare Results With/Without 
MATBG

Run Experimental EIS

Measure Temperature-
Dependent Performance

Capture Superfluid Stiffness via 
DC/Microwave

Validate Model Predictions

Update Framework or 
Parameters

End: Optimized MATBG-
Integrated Battery Design

 
Figure 3a. The flowchart for the MATBG-enhanced battery modeling and validation 

framework. 
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Figure 3b. Algorithmic workflow for the MATBG-enhanced battery modeling and 
validation framework. 

 
4. RESULTS AND DISCUSSION 
 

The results presented in this section are primarily derived from simulations and theoretical 
modeling within the modified Poisson–Nernst–Planck (PNP) and quantum-capacitance 
framework described in Section 3. The quantitative metrics, such as the threefold increase 
in exchange current density (𝑗0) and the 60% reduction in charge-transfer resistance(𝑅𝑐𝑡), 
represent simulated enhancements benchmarked against literature-reported values for 
similar 2D-material-based interfaces rather than direct laboratory fabrication. Experimental 
data referenced in the figures and discussions are adapted from validated sources to 
demonstrate the plausibility and consistency of the proposed quantum–electrochemical 
mechanism, rather than constituting in-house experimental measurements. 
The temperature dependence of relative superfluid stiffness in MATBG, contrasting 
experimental data with conventional BCS predictions, is shown in Fig. 4. 

 
Figure 4. The simulated relative superfluid stiffness (𝜌𝑠) as a function of temperature for 

MATBG, compared with conventional BCS superconductors. 

Algorithm: Proposed MATBG-Enhanced Battery Modeling 

1:  Input electrode geometry, temperature profile, dielectric constants 

2:  Load MATBG electronic DOS dataset 

3:  Compute quantum capacitance Cq from DOS(EF) 

4:  if Cq > threshold_value then 

5:      Apply quantum boundary condition in Modified PNP equations 

6:  end if 

7:  Discretize domain using Finite Element Method (FEM) 

8:  Integrate MATBG surface energy function γMATBG into ion transport boundary 

9:  Simulate battery performance metrics: 

10:     Generate charge/discharge curves 

11:     Compute impedance spectra (Nyquist plots) 

12:     Calculate energy density and power density 

13: if simulation_with_MATBG is complete then 

14:     Run identical simulation without MATBG layer 

15: end if 

16: Compare both results: 
17:     Enhancement = ((metric_with - metric_without) / metric_without) × 100% 

18: Output performance enhancement report). 
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Fig. 4 establishes MATBG's anomalous superfluid stiffness (ρs) behaviour, where ρs/T 
exhibits a power-law decay (ρs ∝ T−α, α ≈ 1.6) diverging sharply from exponential BCS decay. 
This temperature dependence confirms unconventional superconductivity dominated by 
quantum geometry rather than phonon-mediated pairing. The normalised superfluid 
stiffness was examined as a function of bias current to validate its quadratic scaling. The 
result obtained is presented in Fig. 5. 

 
Figure 5. The simulated normalized superfluid stiffness versus applied bias current under    

298 K isothermal conditions. 
 

Fig. 5 corroborates non-classical behaviour through the quadratic scaling of normalised 
superfluid stiffness with bias current (Δρs/ρs0 ∝ J2), consistent with Ginzburg-Landau theory 
for anisotropic gaps. To evaluate MATBG's role in modulating field homogeneity, the electric 
potential distribution across the electrode-electrolyte interface was mapped. The result is 
presented in Fig. 6. 

 
Figure 6. The simulated electric potential distribution across the electrode–electrolyte 

interface for MATBG-modified and classical systems under 1 M LiPF₆ electrolyte at 298 K. 
 

The Figs. 6 to 10 have been standardized with complete axis labels (including units), 
numerical uncertainty estimates, and comparative legends for clarity. Nyquist data were 
additionally analyzed with an equivalent-circuit model to extract 𝑅𝑐𝑡 see Fig 6. 
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Figure 6. A schematic diagram of an equivalent electrical circuit 

Transitioning to electrochemical implications, Fig. 6 shows how MATBG's quantum 
capacitance reshapes interfacial potential profiles. The potential gradient dV/dx decreases 
by ∼50% within 5 nm of the MATBG interface compared to classical electrodes, directly 
attributable to enhanced charge buffering via𝐶𝑄 = 𝑒2𝐷(𝜀𝐹). This modulation underpins the 

60% reduction in charge-transfer resistance 𝑅𝑐𝑡 shown in Fig. 7. 
 

 
Figure 7. Nyquist plots comparing classical and quantum-capacitance (MATBG-integrated) 

systems simulated at 298 K with 1 M LiPF₆ in EC: DMC electrolyte. 
 

Fig. 7 compares Nyquist plots of classical versus quantum capacitance systems, quantifying 
interfacial resistance reductions. The compressed semicircle in Nyquist plots signifies 
accelerated dissolved kinetics. The absence of low-frequency diffusion tails further confirms 
suppressed concentration polarization. The current-voltage characteristics reveal enhanced 
kinetics in MATBG-modified cells as shown in Fig. 8. 
 
4.1 Mechanistic Coupling Between Interfacial Fields and Charge Transfer 

At a reactive electrode, the electronic quantum capacitance 𝐶𝑄 = 𝑒
2𝐷(𝜀𝐹)(with 𝐷(𝜀𝐹)) the 

density of states at the Fermi level) appears in series with the ionic double-layer capacitance 
𝐶𝑑𝑙 . The effective interfacial capacitance is therefore given in Eq. (19)   

𝐶𝑒𝑓𝑓 = (𝐶𝑑𝑙
−1 + 𝐶𝑄

−1)−1              (19) 

For a given interfacial charge, a larger 𝐶𝑄 suppresses the potential drop stored on the 

electronic side, redistributing the applied overpotential η𝑎𝑝𝑝𝑙 across the series pair. The 

fraction that actually polarizes the reaction plane (inner Helmholtz plane) is given in Eq. (20) 

η𝑖𝑛𝑡 = η𝑎𝑝𝑝𝑙
𝐶𝑑𝑙

𝐶𝑑𝑙+𝐶𝑄
              (20) 
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so that increasing 𝐶𝑄 reduces the local overpotential 𝜂𝑖𝑛𝑡  felt by the activated complex at 

fixed η𝑎𝑝𝑝𝑙. Because elementary electron-transfer rates depend exponentially on the driving 

force, this voltage-partitioning directly impacts kinetics. 
In a Butler–Volmer picture, the exchange current density is Eq. (21) 

𝑗0 = 𝐹𝑘0
∗𝑐𝑜𝑥
𝛼 𝑐𝑟𝑒𝑑

1−𝛼,               (21) 

with F Faraday’s constant, 𝐶𝑜𝑥/𝑟𝑒𝑑 the near-surface activities, and 𝛼  the charge-transfer 

coefficient. The effective rate constant 𝑘0
∗ reflects both electronic coupling and the local field 

at the interface. For systems where electronic structure limits coupling, a nonadiabatic 
Marcus–Hush–Chidsey expression makes the dependence explicit: 

𝑘0
∗𝛼 

2𝜋

ℎ
 |𝑉|2𝐷(𝜀𝐹)

1

√4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 [−

(∆𝐺0+𝜆−𝑒η𝑖𝑛𝑡)
2

√4𝜋𝜆𝑘𝐵𝑇
],                                  (22) 

Where  

∣ 𝑉 ∣ is the electronic coupling matrix element,  
𝜆 the solvent/inner-sphere reorganization energy  
𝛥𝐺0 the standard reaction free energy  
𝑒 the elementary charge  
𝑘𝐵 Boltzmann’s constant, and  
𝑇 temperature.  
Eq. (22) shows two orthogonal levers provided by MATBG: 

1. DOS lever (electronic): The flat-band DOS of MATBG increases 𝐷(𝜀𝐹), linearly boosting 
𝑘0
∗ (prefactor) and hence 𝑗0. 

2. Field/partition lever (electrostatic): A large 𝐶𝑄 shrinks η𝑖𝑛𝑡viaη𝑖𝑛𝑡=η𝑎𝑝𝑝𝑙𝐶𝑑𝑙/(𝐶𝑑𝑙 +

𝐶𝑄) . Because the exponential term depends on (…− 𝑒η𝑖𝑛𝑡)
2 , reducing η𝑖𝑛𝑡 lowers the 

effective activation barrier, further increasing 𝑘0
∗𝑎𝑛𝑑 𝑗0. 

Consistently, the small-signal charge-transfer resistance is  

𝑅𝑐𝑡 =
𝑅𝑇

𝛼𝐹𝑗0
,               (23) 

In Eq. (23), any increase in 𝑗0 (via higher 𝐷(𝜀𝐹)  and/or reduced η𝑖𝑛𝑡  decreases 𝑅𝑐𝑡. In 
impedance terms, the series 𝐶𝑄 − 𝐶𝑑𝑙  stack also raises 𝐶𝑒𝑓𝑓, which damps interfacial 

polarization and compresses the Nyquist semicircle. 
Finally, 𝐶𝑄 impacts specific ion adsorption and interfacial polarization by altering the 

electrostatic potential profile across the compact layer. A larger 𝐶𝑄 screens image-charge 

interactions more effectively, modifying the adsorption free energy as shown in Eq. (24) 

∆𝐺𝑎𝑑𝑠 = ∆𝐺𝑎𝑑𝑠
0 − 𝜇𝑒𝑙              (24) 

where 𝜇𝑒𝑙 is the electrostatic contribution set by the local field and image-charge 
stabilization. The MATBG-induced smoothing of the field (via higher 𝐶𝑒𝑓𝑓 reduces adverse 

charge crowding, flattening concentration and potential gradients and thereby suppressing 
low-frequency polarization. 
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Quantitative plausibility: Typical liquid-electrolyte 𝐶𝑑𝑙  values are 10 − 40 𝜇𝐹𝑐𝑚−210. 
Reported 𝐶𝑄 in flat-band regimes can reach 50 − 200 𝜇𝐹𝑐𝑚−2. With 𝐶𝑑𝑙 = 20 𝜇𝐹𝑐𝑚−2and 

𝐶𝑄 = 80 𝜇𝐹𝑐𝑚−2. This is illustrated with Eq. (25) 

η𝑖𝑛𝑡

η𝑎𝑝𝑝𝑙
=

20

20+80
= 0.20,               (25) 

i.e., only 20% of the applied overpotential polarizes the reaction plane. Combined with the 
pre-factor gain via 𝐷(𝜀𝐹)This partitioning readily gives the 60% decrease in 𝑅𝑐𝑡 and multi-
fold rise in 𝒋𝟎 observed in our simulations. 

Where:  
𝐶𝑄 is quantum capacitance  

𝐶𝑑𝑙  double-layer capacitance;  
𝐶𝑒𝑓𝑓 effective series capacitance;  

η𝑎𝑝𝑝𝑙 applied overpotential;  

η𝑖𝑛𝑡 local interfacial overpotential; 
𝑗0 exchange current density;  
𝑘0
∗ effective heterogeneous rate constant;  
𝐷(𝜀𝐹) density of states at the Fermi level;  
𝜆 reorganization energy;  
∆𝐺0 standard reaction free energy. 

 
The observed reduction of the semicircle diameter is consistent with the 𝐶𝑄-driven increase 

in 𝑗0 via (i) a DOS-enhanced electronic coupling pre-factor and (ii) a reduced effective 
overpotential at the reaction plane due to voltage partitioning across 𝐶𝑄 and 𝐶𝑑𝑙  

 
Figure 8. Simulated current–voltage (I–V) characteristics for MATBG-enhanced and 

control battery interfaces at 298 K. 
 

Fig. 8 quantifies kinetic enhancements through current-voltage curves, where MATBG-
integrated cells achieve 3× higher exchange current density (j0) while maintaining Ohmic 
behavior up to 5 mA/cm². The MATBG's ability to flatten spatial distributions was 
demonstrated through ion concentration gradients near the electrode surface, and the result 
obtained is presented in Fig. 9. 
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Figure 9. Simulated ion concentration profiles near the electrode interface at 298 K 

 
This aligns with the homogenized Li⁺ distributions in Fig. 9, where the concentration 
gradient dc/dx at the interface reduces from 8.2 × 10³ mol/m⁴ (control) to 2.7 × 10³ mol/m⁴ 
(MATBG). Such flattening directly explains the 75% improvement in rate capability.  
Finally, voltage evolution was tracked during cycling to showcase improved hysteresis and 
stability. The result obtained is presented in Fig. 10.   

 
Figure 10. Simulated voltage–time cycling profile for MATBG-integrated and conventional 

battery cells under galvanostatic cycling (1 C rate) 
 

Fig. 10 reveals operational stability through voltage-time profiles during galvanostatic 
cycling. The MATBG system exhibits negligible voltage fade (<0.01 V/cycle) and hysteresis 
reduction to 0.07 V versus 0.22 V in controls, attributable to quantum-mediated suppression 
of side reactions.  
It is important to emphasize that the superconducting phase of MATBG manifests only at 
cryogenic temperatures (below approximately 2 K). In the present study, MATBG is not 
utilized for its superconducting property but for its flat-band-induced high density of states 
and quantum capacitance effects, which remain active at room temperature. The model 
therefore, represents an electronic-interface enhancement mechanism rather than 
superconducting energy transport. Nevertheless, the long-term chemical and mechanical 
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stability of MATBG under ambient electrochemical conditions remains an open challenge. 
Future experimental studies will focus on hybrid systems such as MATBG coupled with high-
𝑇𝑐 ferroelectric substrates in order to extend the quantum–electrochemical impact to 
practical device environments. 
 
4.2 Practical Limitations and Prospects 

While combination or addition of MATBG in battery architectures presents novel and 
groundbreaking advantage in quantum–electrochemical systems, numerous practical 
hindrances need to be resolved before this idea and concept can move toward practical 
implementation. 

(1) Fabrication accuracy and scalability: To achieve the required angle of magic twist to 
1. 1° ± 0. 1° currently requires transfer procedures that are costly and low-yield. Production 
of centimeter-scale, twist-control films with consistent electronic features is currently a 
serious problem which limit reproducibility and competitiveness of this technology 
compared to conventional materials. Scalable synthesis techniques like chemical vapour 
deposition (CVD) with growth alignment, or self-rotation assembly by van der Waals forces 
are in their early stage of development. 

(2) Environmental and electrochemical stability: Flat-band electronic condition of 
MATBG is very sensitive to absorbing materials, humidity, and oxidation at room conditions. 
Exposing it to an environment with a liquid electrolyte could induce doping or delamination 
at its working interface. Encapsulating the material with polymeric or oxide overlayers, or 
constructing solid-state electrolytes, would be crucial to preserve and sustain their 
electronic integrity in long-term cyclic operations. 

(3) Cost and material availability: High-pure graphene and accurate rotation alignment 
increase the cost of their fabrication significantly. Also, even with the use of automated 
stacking procedures, the per-unit-area cost of the material is still one to two times more 
costly than conventional conductive carbons or M-Xenes. Industrial use of the material will 
require a hybrid system that reduces MATBG area or integrates it with a low-cost carbon 
substance to reduce cost without giving up suitable functionality. 

(4) Hybridization and material design: Promising techniques entail combining MATBG 
with ionic-liquids, high-𝑇𝑐-superconductors, or carbon-based composites. For instance, ionic-
liquid gating could sustain larger quantum capacitance under normal temperature by tuning 
carrier density electrostatic manner. Embedding MATBG material in conductive carbon 
material or foams could integrate the redistribution of quantum-level charge with a 
mechanically robust material and scalable fabrication. This kind of hybrid bridge possibly 
the gap existing between the cryogenic features of MATBG material and the room conditions 
required for electrochemical performance. 

In general, while MATBG introduces a new quantum level of control to energy storage 
platforms, its translation from lab prototype to commercial material would depend on 
possible breakthroughs in control of material twist-angle, stability of material under room 
conditions and working environment and composite engineering. Continued development 
of scalable hybrids would determine the long-term viability of these materials in practical 
battery utilizations. These considerations suggest that quantum-engineered material must 
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be combined with scalable manufacturing and a detailed encapsulation technique in order 
to attain its full potential. 

5. CONCLUSIONS  
 

This study showed that integrating MATBG as an interfacial layer in the battery system could 
substantially change or alter charge distribution, profile of interfacial potential and reaction 
kinetics through their quantum capacitance and surface energy inflexion. While MATBG’s 
superconducting condition is limited to cryogenic temperatures, this proposed framework 

takes advantage of its quantum capacitance and DOS tunability, which persist under room or 

normal conditions, to improve interfacial charge redistribution. Its flat-band electronic structure 
and high DOS present a practical electrochemical advantage at room or normal temperature 
when utilized in a hybrid quantum–electrochemical platform. The proposed model, 
validated by simulation–experiment correlation, showed notable improvements in charge-
transfer resistance, ion concentration uniformity, and cycling stability, translating to 
enhanced rate capability and reduced hysteresis. These findings bridge condensed matter 
physics and electrochemical engineering, and open the path for quantum-material-enabled 
batteries, though further work is needed to optimize scalability, ambient-condition stability, 
and cost-effective synthesis for industrial applications. While this research presents 
advanced knowledge on unconventional superconductivity in MATBG, especially through 
the perspective of superfluid stiffness and quantum geometric impacts, it is centered on low-
temperature quantum coherence and superconducting stage, which possess major 
limitations for direct usage in battery cell enhancement, in which operations at room or 
normal temperature, ionic conductivity, and electrochemical stability are needed and 
crucial. The superconducting conditions of MATBG are sustained at very low temperatures, 
making it non-practicable for integration in a commercial energy storage platform operating 
under ambient or normal conditions. Also, the physics that governs electronic 
superconductivity and ion transportation in batteries are not the same; while the former 
depend on quantum conditions, the latter rely on heat-activated ionic movement and 
Faradaic reactions. 

NOMENCLATURE       

 

Symbol Description Symbol Description 
T Temperature U  Coulomb energy 

Q Charge Ω Ohms 
C Capacitor QC Quantum Capacitance 
R Resistance N(E) Density of state 
D Density J Jacobi 

Rct Charge-transfer resistances σ Pauli matrices 
θ Magic angle Δ(r)  moiré potential 

Tc Critical Temperature  )Fϵ(D   Fermi level 

Fv Fermi velocity W Bandwidth 
𝐶𝑄 quantum capacitance 𝐶𝑒𝑓𝑓 Effective series capacitance 

𝐶𝑑𝑙 Double-layer capacitance η𝑎𝑝𝑝𝑙 Applied overpotential 

η𝑖𝑛𝑡 Local interfacial overpotential 𝑗0 Exchange current density 
𝑘0
∗ Effective heterogeneous rate constant 𝐷(𝜀𝐹) Density of states at the Fermi level 
𝜆 Reorganization energy ∆𝐺0 Standard reaction free energy 



Journal of Engineering, 2026, 32(1) 
 

K. U. Udeze  

 

20 

Declaration of Competing Interest  

The author declares that he has no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
 

REFERENCES    
 

Akash, G.S., Tanzeel, H., and Paramjyo, 2024. A mini review on two-dimensional (2D) materials for 
energy storage applications. E3S Conference, 10. https://doi.org/10.1051/e3sconf/202450903004 

Banerjee, A., Hao, Z., Kreidel, M., Ledwith, P., Phinney, I., Park, J.M., Zimmerman, A.M., Wesson, M.E., 
Watanabe, K., Taniguchi, T., Westervelt, R.M., Yacoby, A., Jarillo-Herrero, P., Volkov, P.A., Vishwanath, 
A., Fong, K.C., and Kim, P., 2025. Superfluid stiffness of twisted multilayer graphene superconductors. 
Journal of Nature, pp. 93–98. https://doi.org/10.1038/s41586-024-08444-3  

Bistritzer, R., and MacDonald, A.H., 2011. Moiré bands in twisted double-layer graphene. Proceedings 
of the National Academy of Sciences of the United States of America, 108(30), pp. 12233–12237. 
https://doi.org/10.1073/pnas.1108174108  

Cao, Y., Fatemi, V., Demir, A., Fang, S., Tomarken, S.L., Luo, J.Y., Sanchez-Yamagishi, J.D., Watanabe, K., 
Taniguchi, T., Kaxiras, E., Ashoori, R.C., and Jarillo-Herrero, P., 2018. Correlated insulator behaviour 
at half-filling in magic-angle graphene superlattices. Journal of Nature, 556, pp. 80–84. 
https://doi.org/10.1038/nature26154  

Debnath, S., Dey, S., and Giri, P.K., 2025. Exploring moiré superlattices and memristive switching in 
non-van der Waals twisted bilayer Bi₂O₂Se. ACS Applied Materials & Interfaces, 17(5), pp. 8219–8230. 
https://doi.org/10.1021/acsami.4c14029  

Du, Z.Z., Wang, H.Z., Lu, H.Z., and Xie, X.C., 2021. Quantum theory of the nonlinear Hall effect. Physical 
Review Letters, 126(3), 036602. https://doi.org/10.1103/PhysRevLett.126.036602  

Fang, T., Konar, A., Xing, H., and Jena, D., 2007. Carrier statistics and quantum capacitance of 
graphene. Applied Physics Letters, 91, 092109. https://doi.org/10.1063/1.2776887  

Ghosh, S., Behera, S.K., Mishra, A., Casari, C.S., and Ostrikov, K.K., 2023. Quantum capacitance of two-
dimensional-material-based supercapacitor electrodes. Energy & Fuels, 37, pp. 17836–17862. 
https://doi.org/10.1021/acs.energyfuels.3c02714  

Gogotsi, Y., and Simon, P., 2011. True performance metrics in electrochemical energy storage. Journal 
of Science, 334(6058), pp. 917–918. https://doi.org/10.1126/science.1213003  

Hazra, D., Verma, G., and Randeria, M., 2019. Bounds on the superfluid stiffness for dirty 
superconductors. Physical Review X, 9, 031049. https://doi.org/10.1103/PhysRevX.9.031049  

Julien, C.M., Mauger, A., Zaghib, K., and Groult, H., 2021. Advances in applications of graphene-based 
nanocomposites for energy devices. Journal of Crystals, 11(1), 47. 
https://doi.org/10.3390/cryst11010047  

Koerver, R., Kloß, E., Schmidt, P.M., Leichtweiß, J., Clemens, A., Walter, T., Anselmann, J.J., Teplukhin, 
Y., Zeier, W.G., and Janek, J., 2017. Interphase formation and degradation of charge transfer kinetics 
between a lithium metal anode and highly Li-ion-conductive Li₁₀GeP₂S₁₂. Journal of Materials 
Chemistry A, 5, pp. 22750–22760. https://doi.org/10.1039/C7TA04532D  

https://doi.org/10.1051/e3sconf/202450903004
https://doi.org/10.1038/s41586-024-08444-3
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1038/nature26154
https://doi.org/10.1021/acsami.4c14029
https://doi.org/10.1103/PhysRevLett.126.036602
https://doi.org/10.1063/1.2776887
https://doi.org/10.1021/acs.energyfuels.3c02714
https://doi.org/10.1126/science.1213003
https://doi.org/10.1103/PhysRevX.9.031049
https://doi.org/10.3390/cryst11010047
https://doi.org/10.1039/C7TA04532D


Journal of Engineering, 2026, 32(1) 
 

K. U. Udeze  

 

21 

Koshino, M., Yuan, F.Q., Koretsune, T., Ochi, M., Kuroki, K., and Fu, L., 2018. Maximally localized 
Wannier orbitals and the extended Hubbard model for twisted bilayer graphene. Physical Review X, 
8(3), P.  031087. https://doi.org/10.1103/PhysRevX.8.031087  

Kumar, R.K., Li, H., Zhu, Z., Zhang, Y., Zhou, T., Sun, X., Watanabe, K., Taniguchi, T., Law, K.T., and Wang, 
F., 2025. Terahertz photocurrent probe of quantum geometry and interactions in MATBG. Journal of 
Nature Materials, 24, pp. 1034–1041. https://doi.org/10.1038/s41563-025-02260-1  

Lau, C.N., Bockrath, M.W., Mak, K.F., and Zhang, F., 2022. Reproducibility in the fabrication and 
physics of moiré materials. Journal of Nature, 602, pp. 41–50. https://doi.org/10.1038/s41586-021-
04063-y  

Lee, S., Wang, Y., Birkbeck, J., Mullan, C., Goodwin, Z., Rhodes, D., Hone, J., Dean, C.R., Efetov, D.K., and 
Fal’ko, V.I., 2025. Quasiparticle and superfluid dynamics in magic-angle graphene. Journal of Nature 
Communications, 16, pp. 345–351. https://doi.org/10.1038/s41467-025-61472-1  

Lin, J., Yuan, Y., Wang, M., Yang, X., and Yang, G., 2023. Theoretical studies on the quantum capacitance 
of two-dimensional electrode materials for supercapacitors. Journal of Nanomaterials, 13(13), 1932. 
https://doi.org/10.3390/nano13131932  

Liu, T., Zhang, Y., Jiang, L., Zeng, W., Huang, H., and Wang, J., 2021. Fast charging of lithium-ion 
batteries: A review. Journal of Transportation, 10, pp. 100–121. 
https://doi.org/10.1016/j.etran.2021.100121  

Long, Y., Tao, Y., Lv, W., and Yang, Q.H., 2024. Making 2D materials sparkle in energy storage via 
assembly. Accounts of Chemical Research, 57, pp. 2689–2699. 
https://doi.org/10.1021/acs.accounts.4c00456  

Lu, X., Kreidel, M., Jie, X., Wang, W., Hatridge, M., Klironomos, A.D., Stepanov, P., Efetov, D.K., Basov, 
D.N., and Yao, Y., 2024. Measuring kinetic inductance and superfluid stiffness of 2D van der Waals 
superconductors. Physical Review Research, 6, 043245. 
https://doi.org/10.1103/PhysRevResearch.6.043245  

Naguib, M., Halim, J., Lu, J., Cook, K.M., Hultman, L., Gogotsi, Y., and Barsoum, M.W., 2024. MXene: A 
new revolution in the world of 2D materials. Electrochemical Society Interface, 33, pp. 41–48. 
https://doi.org/10.1149/2.F03241IF  

Oliver, W.D., Tanaka, M., Wang, J.I.J., Dinh, T.H., Rodan-Legrain, D., Zaman, S., and Hays, M., 2025. 
Superfluid stiffness of magic-angle twisted bilayer graphene. Journal of Nature, pp. 99–105. 
https://doi.org/10.1038/s41586-024-08494-7 

Po, H.C., Zou, L., Vishwanath, A., and Senthil, T., 2018. Origin of Mott insulating behavior and 
superconductivity in twisted bilayer graphene. Physical Review X, 8, 031089. 
https://doi.org/10.1103/PhysRevX.8.031089  

Qin, M.L., Wu, S.Y., Guo, T.H., Wu, M.Q., Zhu, Q.S., and Kuang, M.Q., 2024. Quantum capacitance, 
structural optical and electronic properties of Zr₂CT₂ (T = F, P, Cl, Se, Br, O, S, OH) MXenes: A DFT 
study. Surface Interfaces, 104073. https://doi.org/10.1016/j.surfin.2024.104073  

Saini, R., Naaz, F., Bashal, A.H., Pandit, A.H., and Farooq, U., 2024. Recent advances in nitrogen-doped 
graphene-based heterostructures and composites: Mechanism and active sites for electrochemical 
ORR and HER. Journal of Green Chemistry, 26(1), pp. 57–102. https://doi.org/10.1039/D3GC03012A  

Şen, M., Özcan, M., and Eker, Y.R., 2024. A review on the lithium-ion battery problems used in electric 
vehicles. Next Sustainability, 2, 100036. https://doi.org/10.1016/j.nsus.2024.100036  

https://doi.org/10.1103/PhysRevX.8.031087
https://doi.org/10.1038/s41563-025-02260-1
https://doi.org/10.1038/s41586-021-04063-y
https://doi.org/10.1038/s41586-021-04063-y
https://doi.org/10.1038/s41467-025-61472-1
https://doi.org/10.3390/nano13131932
https://doi.org/10.1016/j.etran.2021.100121
https://doi.org/10.1021/acs.accounts.4c00456
https://doi.org/10.1103/PhysRevResearch.6.043245
https://doi.org/10.1149/2.F03241IF
https://doi.org/10.1038/s41586-024-08494-7
https://doi.org/10.1103/PhysRevX.8.031089
https://doi.org/10.1016/j.surfin.2024.104073
https://doi.org/10.1039/D3GC03012A
https://doi.org/10.1016/j.nsus.2024.100036


Journal of Engineering, 2026, 32(1) 
 

K. U. Udeze  

 

22 

Sharma, A., Mehta, V., Gupta, R.K., and Patel, S., 2023. Review on new-generation battery technologies: 
Trends and future prospects. Journal of Energies, 16(24), P. 5120. 
https://doi.org/10.3390/en16245120  

Sharpe, E.J., Fox, A.W., Barnard, J., Finney, K., Watanabe, T., Taniguchi, M., Kastner, A., and Goldhaber-
Gordon, D., 2019. Emergent ferromagnetism near three-quarters filling in twisted bilayer graphene. 
Journal of Science, 365(6453), pp. 605–608. https://doi.org/10.1126/science.aaw3780  

Shiyuan, G., Jin-Jian, Z., Yao, L., and Marco, B., 2024. First-principles electron–phonon interactions 
and electronic transport in large-angle twisted bilayer graphene. Physical Review Materials, 8(2), 
024004. https://doi.org/10.1103/PhysRevMaterials.8.L051001 

Singh, P., Kumar, R., and Sharma, N., 2022. Quantum capacitance perspectives and measurement 
strategies. Journal of Electrochemical Energy Conversion and Storage, 19(4), 041014. 
https://doi.org/10.1115/1.4054201  

Tanaka, M., Wang, J., Dinh, T.H., Rodan-Legrain, D., Zaman, S., Hays, M., Kannan, B., Almanakly, A., Kim, 
D.K., Niedzielski, B.M., Serniak, K., Schwartz, M.E., Watanabe, K., Taniguchi, T., Grover, J.A., Orlando, 
T.P., Gustavsson, S., Jarillo-Herrero, P., and Oliver, W.D., 2025. Kinetic inductance, quantum geometry, 
and superconductivity in magic-angle twisted bilayer graphene. Journal of Nature, pp. 99–105. 
https://doi.org/10.1038/s41586-025-08588-4  

Tarascon, J.M., and Armand, M., 2001. Issues and challenges facing rechargeable lithium batteries. 
Journal of Nature, 414, pp. 359–367. https://doi.org/10.1038/35104644  

Tomarken, S.L., Cao, Y., Demir, A., Watanabe, K., Taniguchi, T., Jarillo-Herrero, P., and Ashoori, R.C., 
2019. Electronic compressibility of magic-angle graphene superlattices. Physical Review Letters, 
123(4), 046601. https://doi.org/10.1103/PhysRevLett.123.046601  

Tuck, P., Laumann, C.R., Balents, L., Fu, L., Vishwanath, A., and Fisher, M.P.A., 2020. Quantum 
geometry and stability of moiré flat-band ferromagnetism. Physical Review B, 102, 165118. 
https://doi.org/10.1103/PhysRevB.102.165118  

Uri, A., Grover, S., Cao, Y., Crosse, J.A., Bagani, K., Rodan-Legrain, D., Myasoedov, Y., Watanabe, K., 
Taniguchi, T., Stern, A., Berg, E., Jarillo-Herrero, P., and Zeldov, E., 2020. Mapping twist-angle disorder 
and Landau levels in MATBG. Journal of Nature, 581, pp. 47–52. https://doi.org/10.1038/s41586-
020-2102-7  

Vattikuti, S.V.P., Chandrasekhar, B., Reddy, C.V., Reddy, P.A.K., Prasad, V.S., Rao, K.H., 2024. Recent 
advances and strategies in MXene-based electrodes for supercapacitors. Nanomaterials, 14, 62. 
https://doi.org/10.3390/nano14010062  

Wagner, G., Hirschfeld, P.J., and Vafek, O., 2023. Euler-obstructed nematic nodal superconductivity in 
twisted bilayer graphene. Physical Review B, 107, L201106. 
https://doi.org/10.1103/PhysRevB.107.L201106  

Wang, X., and Vafek, O., 2022. Theory of correlated Chern insulators in twisted bilayer graphene. 
Physical Review X, 14(2), 021042. https://doi.org/10.1103/PhysRevX.14.021042  

Wang, Z., Li, C., Xu, D., Wang, J., Wang, S., and Wang, X., 2021. Flexible and multifunctional phase 
change composites featuring high-efficiency electromagnetic interference shielding and thermal 
management for electronic devices. Chemical Engineering Journal, 430, 132928. 
https://doi.org/10.1016/j.cej.2021.132928  

https://doi.org/10.3390/en16245120
https://doi.org/10.1126/science.aaw3780
https://doi.org/10.1103/PhysRevMaterials.8.L051001
https://doi.org/10.1115/1.4054201
https://doi.org/10.1038/s41586-025-08588-4
https://doi.org/10.1038/35104644
https://doi.org/10.1103/PhysRevLett.123.046601
https://doi.org/10.1103/PhysRevB.102.165118
https://doi.org/10.1038/s41586-020-2102-7
https://doi.org/10.1038/s41586-020-2102-7
https://doi.org/10.3390/nano14010062
https://doi.org/10.1103/PhysRevB.107.L201106
https://doi.org/10.1103/PhysRevX.14.021042
https://doi.org/10.1016/j.cej.2021.132928


Journal of Engineering, 2026, 32(1) 
 

K. U. Udeze  

 

23 

Xia, J., Chen, F., Li, J., and Tao, N., 2009. Measurement of the quantum capacitance of graphene. Nature 
Nanotechnology, 4, 505–509. https://doi.org/10.1038/nnano.2009.177  

Xie, M., and MacDonald, A.H., 2020. Nature of the correlated insulator states in twisted bilayer 
graphene. Physical Review Letters, 124(9), 097601. 
https://doi.org/10.1103/PhysRevLett.124.097601  

Yankowitz, M., Chen, S., Polshyn, H., Zhang, Y., Watanabe, K., Taniguchi, T., Graf, D., Young, A.F., and 
Dean, C.R., 2019. Tuning superconductivity in twisted bilayer graphene. Science, 363(6431), pp. 
1059–1064. https://doi.org/10.1126/science.aav1910  

Yu, G.L., Jalil, R., Belle, B.D., Schedin, F., Mishchenko, A., Ribeiro, C.S., Novoselov, K.S., Guinea, F., Geim, 
A.K., and Castro Neto, A.H., 2013. Interaction phenomena in graphene seen through quantum 
capacitance. Proceedings of the National Academy of Sciences of the United States of America, 110, pp. 
3282–3286. https://doi.org/10.1073/pnas.1218475110  

Zhang, C., Wang, A., Zhang, J., Guan, X., Tang, W., Luo, J., and Wang, X., 2018. 2D materials for 
lithium/sodium metal anodes. Advanced Energy Materials, 8(34), 1802833. 
https://doi.org/10.1002/aenm.201802833  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1103/PhysRevLett.124.097601
https://doi.org/10.1126/science.aav1910
https://doi.org/10.1073/pnas.1218475110
https://doi.org/10.1002/aenm.201802833


Journal of Engineering, 2026, 32(1) 
 

K. U. Udeze  

 

24 

كموميا  باستخدام الغرافين ثنائي الطبقة الملتوي بزاوية  -عزيز الواجهات البطارية كهروميا  ت
 ساحرة

 
 كينيث أوغو أوديزي 

 
 قسم الهندسة الكهربائية والإلكترونية، البوليتكنك الفيدرالي أوكو، ولاية أنامبرا، نيجيريا.

 
 الخلاصة

 

يمثل دمج المواد الكمومية في الأنظمة الكهروكيميائية مسااااراا رائداا لتروير يانياخ ين يل الراقة. يساااتك ااار سة  الدراساااة يربي   
(، وسو ماد  معروفة بظاسر  الموصاااالية الفائاة اير التاليدية التي يتمي   MATBGالغرافيل ثنائي الرباة الملتوي ب اوية سااااا)ر   

( عند درجاخ الحرار  المبرد ، بهدف يحسااااااايل واجهاخ البرارياخ في جروف درجة Superfluid Stiffnessبصاااااااقبة فائاة  
–)رار  الغرفة. ومل خقل اسااااااااتغقل السااااااااعة الكمومية لهة  الماد  ودمجها عاااااااامل نمووا نظري معدل مل معادلاخ بواسااااااااو  

ل ااااحنة. فاد أجهر النمووا المعدل اننفاعاااااا  (، يم يحاي  يحساااايناخ كبير  في دينامي ياخ الواجهة ونال اPNPبقنك  –نرنساااا 
٪ في  60(، واننفاعااااااا بنسااااابة  mol/m⁴ 10³×2.7إلى   mol/m⁴ 10³×8.2٪ في يدرجاخ الجهد البيني  مل 50بنسااااابة  

(، كما يمّ يأكيد  مل خقل يحليل منرط ناي ويس . يجريبياا، أجهرخ خقيا البرارياخ المحتوية على  Rctمااومة نال ال حنة  
MATBG   زياد  بمادار ثقثة أعاااااعاف في كثافة التيار التبادليj₀  ماارنة بالنقيا التاليدية، بالإعاااااافة إلى اننفاو ملحو )

فول  في الأنظمة التاليدية( أثناء دوراخ ال ااحل والتفري . يزع ه سة  التحساايناخ    0.22فول  ماابل  0.07في الهسااتر  الفولتية  
، والتي يساهل إعاد  يوزي  ال احنة ب فاء  ويالل مل الاختناقاخ الحركية عند MATBGد  لماد  إلى النصاائ  الإلكترونية الفري

كواجهاة كمومياة كهروكيمياائياة عاالياة الأداء، قاادر  على دعم    MATBGالإلكتروليا . يككاد ساة  النتاائج إم اانااخ  –واجهاة الارا 
ي اااااااااغيل البرارياخ بمعدلاخ  اااااااااحل عالية وكفاء  را ية واساااااااااتارار أكبر. لا ياتصااااااااار سةا العمل على الربط بيل في ياء المواد  

راقة مل الجيل التالي يعتمد  الكمومية والكيمياء الكهروكيميائية التربيقية، بل يفتح أيضااااااااااااا ةفاقاا جديد  لتصاااااااااااميم أنظمة ين يل 
 ياا.على واجهاخ مزهندسة كموم

 
–، السااعة الكمومية، واجهاخ البرارية، الصااقبة الفائاة، نمووا بواسااو  MATBG: الغرافيل ب اوية سااحرية، الكلمات المفتاحية
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