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Environmental significance statement
While two-dimensional (2D) materials offer revolutionary potential for air quality 
monitoring and purification, their rapid development often overlooks associated 
environmental footprints and health risks, particularly regarding manufacturing 
emissions and end-of-life disposal. Addressing this dichotomy is crucial to prevent 
replacing one environmental hazard with another and to ensure sustainable real-world 
deployment. This work integrates material performance with life cycle assessment 
(LCA) and toxicological insights to propose a "safety-and-sustainability-by-design" 
framework. By advocating for responsible manufacturing and upcycling strategies, this 
perspective highlights the necessity of balancing technological efficiency with 
ecological safety, ensuring that emerging air quality solutions deliver genuine net 
benefits without introducing unintended environmental liabilities.
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Abstract

Two-dimensional (2D) materials hold promise in revolutionizing air pollution control and 

airborne pathogen detection. However, their real-world application is entering a new phase that calls 

for a deeper understanding of their environmental and health risks. The field is now poised to bridge 

the gap between materials science and risk assessment. In this perspective, we present a vision that 

connects high-performance 2D materials applications with their unintended consequences. We 

discuss the life cycle impacts from manufacturing emissions to end-of-life concerns and the complex 

toxicological profiles of graphene-related materials and other emerging 2D materials families, and 

approaches to a "safety-and-sustainability-by-design" to guide the 2D materials research toward 

responsible, safe, and impactful societal solutions.

* Correspondence:

Dr. Yizhou Zhang, WPI-AIMR, Tohoku University, Japan

Email: zhang.yizhou.e4@tohoku.ac.jp

Dr. Jing Wang, Institute of Environmental Engineering (IfU), ETH Zürich, Zürich, Switzerland. 

Email: jing.wang@ifu.baug.ethz.ch

1. Introduction

Safeguarding air quality requires robust strategies that integrate effective purification and 

mitigation of airborne species with real-time sensing. Material platforms with engineered molecular 

interactions, transport, and optical characteristics are essential for converting trace contaminants into 

responsive signals, and enabling capture, degradation, or neutralization of harmful pollutants. Since 

the exfoliation of single-atomic-layer graphene in 2004, two-dimensional (2D) materials have 

attracted considerable interest for device-level applications in air pollution monitoring and 

purification.1 Advances in materials chemistry have expanded the family to include graphene 
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derivatives e.g., graphene, graphene oxide (GO), reduced GO, as well as transition metal carbides, 

carbonitrides, and nitrides (MXenes), phosphorene, layered double hydroxides (LDHs), and transition 

metal dichalcogenides (TMDs).2-4 Innovative bottom-up and top-down strategies now enable the 

atomic-level control of crystal structures and defects, providing a versatile platform for tailoring 

material functionalities.1, 5, 6 These unique physicochemical properties such as high surface-to-volume 

ratios and tunable surface chemistry have positioned 2D materials as transformative components in 

next-generation technologies.

Despite the success of 2D-material-based air technologies, the growing gap between laboratory-

based innovation and real-world deployment now hinges on scalability, commercial viability, end-

of-life disposal, and potential health hazards. Extensive research on 2D materials has sparked debates 

about their environmental risks and toxicological effects.7 One aspect linking proof-of-concept to 

practical applications requires systematic integration of life cycle assessment (LCA) and 

toxicological studies into materials design.7 Particularly in the context of sustainability, their 

integration into environmental and energy systems offers promising pathways for carbon capture, 

pollutant degradation, and advanced sensing, though their full lifecycle impact remains a critical 

consideration. Importantly, there is a largely underexplored design space for upcycled 2D materials 

and end-of-life materials, whose environmental and health implications must be properly understood 

and managed. During the production, processing, and disposal of graphene-related materials, for 

instance, airborne particulates may be released during manufacturing, to be inhaled and penetrate 

deep into the pulmonary region of the alveoli.7 The fabrication of MXenes typically requires 

chemically specific conditions for etching and surface functionalization.8, 9 Meanwhile, upcycled 2D 

materials possess distinct performance and environmentally relevant advantages, as they inherently 

exhibit reduced lateral dimensions, increased defect density, and richly functionalized surface 

chemistry. While undesired for electronic or optoelectronic applications, deliberately harnessing 

heterogeneity through upcycling waste materials offers a pathway to transform recycled waste-

derived materials into functionally optimized 2D materials platforms for enhanced sensing and 

purification, rather than being treated as environmental liabilities.

The deployment of upcycled 2D materials from waste remains constrained by both technological 

and institutional challenges, including device-level risk aversion and regulatory barriers. To bridge 

the next developmental gap, this perspective presents a viewpoint for integrating sustainability by 

design paradigm for air-related 2D materials applications. We first introduce life-cycle considerations, 

examine the feasibility of using various 2D materials to improve air quality, and establish a link 

between recycling-induced material properties and functional performance. We then discuss the 

toxicological profiles across major engineered 2D materials, to enable a more comprehensive 

connection of the widely varying material metrics and their potential health impacts. By integrating 

materials chemistry, sensing physics, purification mechanisms, and sustainability metrics, we aim to 
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provide a forward-looking framework that promotes scalable, environmentally responsible, and high-

performance air monitoring and remediation technologies based on 2D materials for the coming 

decade.

2. Life-Cycle Insight of 2D Materials Production and Recycling Exemplified by 
GRMs

Figure 1. Schematic of the cradle-to-grave system boundary of GRM manufacturing associated with 

key materials properties. (Graphics representing textural parameters, surface hydrophilicity, and 

electronic properties were adopted with permission from ref.10, 11 Copyright 2015 and 2020 John 

Wiley & Sons, Inc. and from ref.12 Copyright 2018 American Chemical Society)

The rapidly expanding family of 2D materials, led by graphene-related materials (GRMs), 

promises to revolutionize environmental monitoring and air-quality management industries. As this 

field matures, an opportunity emerges to develop a coherent, predictive framework for evaluating and 

guiding environmental sustainability.13 There exists a notable gap between current production 

capacity (9.7 kt/yr) and actual demand (0.9 kt/yr), which presents both risk and opportunity. The risk 

lies in the possibility that energy-intensive and environmental impacts become entrenched before full 

market maturity. On the contrary, this early stage offers an opportunity to steer the field toward 

sustainable synthesis, reuse, and recycling strategies before large-scale implementation.13, 14

We argue that the prevailing focus on materials performance, while necessary, can now evolve to 

incorporate more standardized LCA as a guiding design tool. The literature has documented a wealth 

of data on specific materials and processes on the environmental impacts of individual synthesis 

procedures. The next step is integrating these fragmented insights into a more predictive, application-
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oriented understanding of their environmental impacts. Figure 1 shows the cradle-to-grave system 

boundary of graphene or GRMs when the manufacturing process is considered, and the application 

is limited to air pollution detection and control. No single synthesis pathway is universally optimal, 

so pristine GRMs are specifically tailored for polymer reinforcement, organic transistors, or filtration 

membranes by five dominant processes: (i) chemical reduction of graphite oxide, (ii) ultrasonication 

exfoliation, (iii) thermal exfoliation, (iv) chemical-vapor deposition (CVD), and (v) epitaxial growth. 

This diversity in synthesis allows for tailored material properties, which also complicates 

standardized environmental assessment. From the solvent-heavy chemical reduction of graphite oxide 

to the energy-intensive CVD, each pathway exhibits a unique environmental profile that has often 

been secondary to performance in lab-based studies. LCA helps to capture diversity using system 

boundaries from cradle-to-gate to cradle-to-grave, and determines the necessary 2D materials that are 

worth recycling. It is possible to account for upcycled materials and applications, including bulk 

exfoliation, etching, and device reuse. In particular, two methodological challenges emerge: synthesis 

diversity and the evolution of comparison metrics. 

2.1 A Barrier to Standardized LCA of 2D Materials 

A comprehensive evaluation of the environmental impacts of 2D materials is based on the ISO 

14040 standardized framework. Most LCA studies focus on the system boundary of graphene and 

GRM production, evaluating potential environmental impacts on a gate-to-gate, cradle-to-gate, or 

cradle-to-grave basis in four steps: goal and scope, inventory, impact assessment, and interpretation. 

However, LCA is data-intensive and demands substantial expertise, transparent analysis, and 

methodological consistency.15 Challenges such as multifunctionality, functional-unit choice, and 

system-boundary definition further complicate interpretation. Additionally, the use of different 

impact assessment methodologies, including CML, ReCiPe, TRACI, and ILCD, introduces further 

inconsistencies due to variations in indicators and normalization schemes. Overall, despite the 

promise of GRMs for scalable and potentially low-cost production, environmental impacts associated 

with the synthesis, processing, and disposal of pristine materials are often underemphasized. Several 

approaches have investigated eco-friendly reagents and processes, focusing on “safe and sustainable-

by-design”  (SSbD) methods to minimize harmful chemicals and harsh conditions.14, 16, 17 To 

transition beyond fragmented environmental data, the SSbD paradigm must be integrated into the 

earliest stages of 2D material synthesis. It dictates that hazard reduction (safety) and resource 

efficiency (sustainability) are treated as primary design objectives alongside material performance. 

In the context of 2D materials, this involves choosing non-toxic exfoliants, implementing closed-loop 

solvent recovery, and pre-emptively engineering material surfaces to minimize biological reactivity 

before they reach the application phase.

In one example of SSbD, upcycling waste materials containing graphite precursors represents a 

promising avenue for GRMs production when considering application-relevant sustainability metrics, 
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typically involving thermal transformation and exfoliation of chemically complex feedstocks. 18, 19 

The feasibility of the upcycling approach is supported by several successful implementations where 

waste-derived precursors were transformed into high-performance 2D platforms.20 For instance, flash 

Joule heating has been employed to convert diverse carbon sources ranging from mixed plastic waste 

to rubber tires into high-quality graphene with a significantly lower cumulative energy demand than 

traditional CVD methods.21 In the context of air quality, biomass-derived 2D carbon sheets 

synthesized from agricultural residues have demonstrated CO2 adsorption capacities and VOC 

removal efficiencies comparable to, or even exceeding, those of pristine graphite-derived GO, 

attributed to their inherent heteroatom doping and hierarchical porosity. Furthermore, the upcycling 

of silicon wafer waste and spent lithium-ion battery graphite into 2D nanosheets provides a dual 

benefit: mitigating hazardous waste while creating defect-rich surfaces that serve as ideal anchors for 

single-atom catalysts (SACs) in pollutant degradation. These examples underscore that upcycled 2D 

materials can meet the rigorous functional demands of air monitoring and purification while adhering 

to the SSbD paradigm.22 The carbon sources for GRMs include biological waste (e.g., plant/animal-

derived biomass, food waste, monosaccharides, animal-derived) and non-biological waste (e.g., 

batteries, graphite, coal, oil, plastics).18, 23-34 A critical distinction must be made between recycled and 

upcycled 2D materials within the LCA framework. While recycling typically refers to the recovery 

of materials for reuse in similar or lower-grade applications to reduce waste, upcycling involves the 

chemical or structural transformation of waste-derived feedstocks into 2D platforms with enhanced 

or specialized functionalities. From an LCA perspective, upcycling provides a 'sustainability credit' 

by diverting complex waste such as biomass or plastics and converting them into high-value sensing 

or purification agents, effectively lowering the cumulative energy demand compared to pristine 

synthesis from virgin graphite. With waste-derived sources considered, careful evaluation of product 

quality with respect to heteroatom doping, defects, layer count, lateral size, and defect is necessary.13 

While producing high-quality pristine graphene for electronics from waste remains challenging, 

engineering recycled 2D materials by design is often advantageous for sensing and purification, 

especially when accounting for functionality-dominated sensing, adsorption, and catalytic conversion 

systems.13, 35-37 On the one hand, the inherent heterogeneity of waste feedstocks often leads to batch-

to-batch variations in layer count and surface chemistry. Maintaining industrial-grade quality control 

requires advanced sorting and monitoring technologies that are currently less mature than those for 

virgin materials. On the other hand, decentralized waste collection and the need for energy-intensive 

purification to remove contaminants can partially offset the sustainable credit of upcycling. 

Overcoming these technological and logistical barriers through standardized protocols will be 

essential for transitioning these platforms from laboratory proofs-of-concept to viable commercial air 

purification solutions.

2.2 The Urgent Need for Consistent Functional Units
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We envision a paradigm that expands the source of 2D materials for devices to include precursors 

upcycled from waste-derived feedstocks. Current GRMs major feedstock spans from graphitic and 

non-graphitic sources, as well as fossil-based sources, including biomass-derived precursors. A 

fundamental barrier to selection of feedstocks, synthesis routes, and end-user justification by 

meaningful LCA comparison, however, is the inconsistent choice of functional units. For example, 

inconsistencies arise when defining impacts per 1 kg of graphene produced versus per 1 cm2 of surface 

area for epitaxial growth. In pristine silicon wafer production, electricity use is a dominant contributor 

to the environmental impact of epitaxial graphene, and there exists significant potential for impact 

reduction through low-carbon energy sources or recycling. Sensitivity analysis emphasizes the 

importance of solvent recovery in ultrasonication exfoliation and chemical reduction routes. 

The impact-benefit ratio (IBR) method has been employed to evaluate lifecycle trade-offs, where 

an IBR less than 1 indicates downstream benefits surpass upstream impacts. This approach, often 

evaluated using disability-adjusted life years (DALYs) and ReCiPe endpoint indicators, provides a 

useful guide to GRMs development for net environmental, health, or societal benefits.38-40 Global 

warming potential (GWP) is one of the most widely used LCA indicators for greenhouse gas 

emissions. For example, Cossutta et al. reported a GWP of 0.107 kg CO2 eq. kg-1 graphene for the 

Brodie method and 0.11 kg CO2 eq. kg-1 for the Staudenmaier method.41 Differences in GWP arise 

from the choice of oxidative agents, with potassium permanganate 1.78 kg CO2 eq. kg-1, sodium 

chlorate 4.96 kg CO2 eq. kg-1, and potassium chlorate ~ 7 kg CO2 eq. kg-1.42 Reported GWP results 

further depend on GRM structure and application, ranging from 146 to 586 kg CO2 eq. kg-1 for thin-

film and nanoplatelet production.42 In contrast, methane-derived graphene has been associated with 

significantly higher GWP values of 36,000 kg CO2 eq. kg-1 and 82,800 kg CO2 eq. kg-1, dominated 

by the contributions of natural gas combustion and hydrogen use.43, 44 Therefore, we prospect that a 

direct comparison of these environmental footprints underscores the substantial sustainability gains 

of upcycling. Virgin 2D materials produced via conventional top-down (e.g., chemical exfoliation) 

or bottom-up (e.g., CVD) routes are inherently energy- and chemical-intensive due to high 

temperature requirements and specialized precursors. However, upcycling strategies, such as flash 

Joule heating or thermal conversion of biomass, bypass the environmental costs associated with raw 

material extraction and refined precursor synthesis.21 On the other hand, by utilizing waste-feedstocks 

which are assigned a zero-burden or even a sustainability credit in circular economy models, the 

cumulative energy demand can be reduced significantly compared to original production.

Collectively, GRMs production can be substantially less environmentally impactful when using 

natural or waste-derived feedstocks. However, the lack of consistent functional units and standardized 

protocols continue to impede reliable comparison across materials, processes, and applications. 

Addressing this gap is particularly critical for upcycled 2D materials intended for their applications, 

where surface exposure, defect density, and functional lifetime are often more relevant metrics than 

Page 7 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

7

simple mass. To provide clearer guidance for future LCAs, we propose a transition toward 

performance-normalized functional units, such as the environmental impact per volume of air treated 

(kg CO2 eq. per 1000 m3) or per unit mass of pollutant removed.41 For instance, units based on the 

limit of detection or sensitivity per unit environmental cost would offer a more balanced justification 

for feedstock selection for sensing applications. To sum up, by incorporating functional lifetime and 

regeneration cycles into these metrics, it can more accurately quantify the net environmental gain of 

upcycled 2D materials compared to their pristine counterparts.

3. Advanced 2D Materials Properties for Enhancing Air Quality

A critical distinction in the application-driven design of 2D materials lies in the contrasting 

requirements for structural perfection. While the semiconductor and optoelectronics industries 

prioritize pristine, large-area 2D materials with minimal lattice disruptions to ensure high carrier 

mobility, the requirements for environmental remediation are fundamentally different. Upcycled 2D 

materials, typically derived from waste feedstocks, often exhibit higher defect densities, reduced 

lateral dimensions, and richer surface functionalization compared to their pristine counterparts. 

Although these features are traditionally viewed as liabilities in electronics, they serve as functional 

assets in air quality applications. Specifically, the increased edge exposure and density of structural 

defects provide a vast library of active sites that modulate the binding energy for gaseous pollutants 

and promote interfacial interactions with particulate matter. By shifting the focus from crystalline 

perfection to defect engineering through upcycling, researchers can transform heterogeneous waste-

derived platforms into high-performance, cost-effective agents for sensing, adsorption, and catalytic 

degradation. 

To facilitate a more systematic comparison across different material platforms, we have 

summarized the life-cycle impacts, toxicological profiles, and application potentials of representative 

2D material families in Table 1. This comparative framework reflects the strategic importance of 

balancing material performance with environmental and health safety, highlighting how upcycled 

forms can bridge the gap between sustainability and functional efficacy.

Table 1. Comparative Overview of Representive 2D Material Families for Air Quality Applications.
2D Material Family Synthesis Pathways 

& LCA Insights 

(GWP)

Primary 

Toxicological 

Mechanisms

Potential in Air 

Quality Applications

Advantages of 

Upcycled/Defect-

rich Forms

GRMs (Graphene-

related Materials)

Pristine (CVD): 

36,000-82,800 kg 

CO2 eq./kg. 

Upcycled: 0.1–0.11 

kg CO2 eq./kg.43, 44

Induction of ROS, 

lung inflammation, 

and physical 

membrane 

disruption. 45, 46

PM filtration, 

VOC/toxic gas 

adsorption (NO2, 

NH3), and FET 

biosensing. 47-52

Increased edge 

exposure and 

structural defects 

enhance gas binding 

energy and PM 
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trapping sites.

MXenes Requires chemical 

etching (HF/HCl-

LiF) ; environmental 

burden linked to 

specialized 

precursors.7

Potential anti-

inflammatory 

effects , but limited 

long-term 

(eco)toxicological 

data.53-55

Ultra-sensitive 

gaseous pollutant 

sensing and 

monitoring shielding 

applications.56-58

Surface terminations 

(-OH, -F) and 

vacancies provide 

diverse adsorption 

sites for polar 

molecules.8, 9

LDHs (Layered 

Double Hydroxides)

Generally lower 

energy demand 

routes; specific LCA 

data remains less 

explored.

Generally lower 

acute cytotoxicity ; 

biotransformation 

concerns remain 

under-researched.59

Catalytic platforms 

for pollutant 

degradation and 

filtration additives.60

High ion-exchange 

capacity and 

tailorable interlayer 

spacing facilitate 

selective capture57

TMDs (e.g., MoS2) Exfoliation-heavy; 

LCA varies 

significantly by the 

identity of the 

chalcogen atom.

Chalcogen-

dependent 

cytotoxicity ; 

oxidative stress 

induction.59

Photoluminescence 

sensing and single-

atom catalyst (SAC) 

supports.61

Structural defects 

(e.g., sulfur 

vacancies) create 

unsaturated sites that 

maximize catalytic 

rates3

3.1 Balancing Advanced Air Purification by Monitoring and Control 

The structural and chemical diversity among 2D materials presents an intriguing opportunity to 

tailor devices based on specific air sensing and management demands. Outdoor and indoor air 

environments are exposed to various toxins, including airborne pathogens, fine particles, and harmful 

gases such as O3, COx, NOx, SOx, and other volatile organic compounds (VOCs).62, 63 Their 

concentrations and compositions vary geographically and are human-activity dependent.64, 65 

Conventional filtration units frequently struggle to capture the most penetrating particle sizes (<0.3 

µm) without a significant pressure drop. 2D materials offer a pathway to overcome this limitation 

through tunable surface chemistry, high surface area, and various interfacial interactions. Importantly, 

many of these advantageous characteristics are preserved, or even enhanced, in upcycled and 

reclaimed 2D materials, which inherently possess higher defect densities, edge exposures, and 

chemical functionalities.

By integrating materials like graphene oxide (GO), MXenes, or layered double hydroxides (LDHs) 

as coatings, fillers, or functional additives, researchers have demonstrated enhancements in filtration 

efficiency for fine particulates and bioaerosols.56-58 Similarly, the high surface area and tunable 

chemistry of 2D materials have enabled impressive laboratory performance in adsorbing gaseous 

pollutants like NOx, SOx, and VOCs. Many of these performance metrics are reported in isolation 

from considerations of material sourcing, recyclability, long-term stability, and potential secondary 

contamination. In this section, we discuss the potential merit of upcycled 2D materials to provide a 
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unique opportunity, with potential to combine high performance with sustainability, provided that 

their properties are matched to air sensing and purification functions rather than perfection in 

electronic uses.66, 67

3.1.1 Particulate Matter Filtration

2D materials have emerged as functional additives for air purification due to their straightforward 

integration of high-polarity surface groups within fibrous filtration systems. When blended or coated 

onto porous networks, these materials introduce strong surface interactions with particulate matter 

through enhanced dipole-dipole, induced-dipole, and electrostatic interactions within a three-

dimensional nanoporous filter matrix. Coatings of GO, LDH, and MXene, can remarkably enhance 

air filtration performance and the overall quality factor.47-52 

Blending 2D materials in nanocomposites is particularly attractive for particulate filtration, as 

single-defined crystallinity and lateral dimensions are not required for effective performance. For 

example, an ultrathin composite of GO and polydopamine applied to polypropylene filters refines the 

purification efficiency with minimal deviations in pressure drop.68 Similar benefits have been 

demonstrated using conductive 2D materials, where ion-driven alignment of reduced GO 

nanoplatelets on porous foam amplifies adsorption via electrostatic precipitation as a low-voltage 

ionizer on copper meshes.69 The assembly of charged graphene-based precursors within porous 

aerogels yields a robust, regenerable porous architecture that effectively traps particles.70, 71 Within 

these systems, which leverage defect-rich, partially oxidized graphene, upcycled materials can offer 

unexplored opportunities, rather than pristine materials, by providing increased charge-trapping sites 

and interfacial roughness. Nevertheless, the use of 2D materials as a filter raises concerns about the 

impact associated with secondary pollution on material degradation and the release of nanoscale 

fragments during use or disposal. Addressing these challenges requires recycling-aware filter design 

strategies with proper immobilization and careful macroscopic structuring design.

3.1.2 Gaseous Pollutant Removal: The Challenge of Regeneration and Selectivity

Beyond filtration, 2D materials excel at selectively capturing toxic gases. In the case of GO, the 

carbonyl, hydroxyl, and carboxyl functional groups facilitate optimal gas molecule binding capacities 

through chemical reactions or tailored binding interactions. Notably, these materials have efficient 

adsorption capacities toward gases like NH3,72, 73 NO2,74, 75 SOx,76-78 H2S,79 and formaldehyde.80 The 

high performance in precisely distinguishing gas molecules for adsorption, such as sieving between 

water and toxicant gases, is particularly attractive for chemical vapor discharge.81 2D materials from 

waste-materials precursor offer functional advantages to deliver diverse structures and surface 

functionalization to create a library of adsorption sites for tailored selectivity and binding strength. 

Functional groups and the exposed edges have been shown to bind with and identify different gas 
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molecules.82, 83 Hybrid systems such as LDH-GO composites84, Ti-graphene systems85, and Ca-

decorated graphene have demonstrated the tunability of gas-surface interactions.86 For instance, the 

charge density differences for electron redistribution on MoS2 upon exposure to NO2 and NH3 enable 

electronic gas sensing (Figures 2a-d).87 

A central challenge in gas adsorption remains improved regeneration and long-term reuse. 

Adsorbed gas molecules can often be released through reduced pressure or inert gas substitution by 

flushing, though many materials demonstrate reduced capacity over time. The construction of three-

dimensional macrostructures was proposed for more straightforward and economical regeneration88, 

as they mitigate the need for precise nanoscale control while maximizing accessible surface area. 

Recent studies have also explored the use of GO-based systems for CO2 capture and reduction in flue-

gas environments, especially when combined with electrochemical or photocatalytic functionalities.78, 

89-91 In these applications, upcycled 2D materials may serve dual functions, both as adsorbents and 

active catalytic or charge-transfer components.

Figure 2. (a) 3D schematic of the MoS2 gas sensor for NO2 and NH3. (b) Top views of preferred 

NO2 and NH3 adsorption on MoS2; charge‑density difference plots for NO2 and NH3. (c) NO2 

response vs time (1.5–50 ppm) at RT and 100°C; resistance increases for NO2, with faster recovery 

at 100°C. (d) NO2 vs NH3 sensitivity across concentrations and temperatures; peak NO2 selectivity 

(NO2/NH3) at 20 ppm and 100°C. Reprinted with permission from ref87, Copyright 2015, Nature.
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3.1.3 Catalysis and Degradation: The Frontier of Single-Atom Catalysts

Perhaps the most advanced frontier in air-relevant purification is the use of 2D materials as 

platforms for SACs, designed to degrade pollutants rather than passively capture them. Confined 

single atoms in 2D structures tend to be more coordinatively unsaturated, providing full exposure of 

catalytic sites to reactants for maximized rate of reactions, resulting in new electronic states and 

thereby enhancing the performance as a heterogeneous catalyst. In the past ten years, a broad range 

of graphene-like 2D materials have been synthesized, ranging from hexagonal boron nitride (h-BN) 

and graphitic carbon nitride (g-C3N4) to TMDs, LDHs, 2D metals, 2D zeolites, and 2D metal-organic 

frameworks (MOFs). 2D materials have served as standards for investigating genuine active sites and 

surface reaction mechanisms by combining theoretical calculations with surface science. Furthermore, 

SACs have been developed on various 2D supports, including C, MgO, Al2O3, SiO2, TiO2, FeOx, 

ZnO, CeO2, and MoC, for thermocatalytic, electrocatalytic, and photocatalytic applications. The 

concept of 2D materials confined SACs involves confining targeted electronic structures through 

doping or anchoring atomic clusters on the host structure to modulate the coordination environment.60 

Research needs to reliably scale up the 2D materials SACs from laboratory output with robust 

performance and economic viability, and the selectivity to remove target pollutants. Beyond 

manufacturing pristine 2D materials systems, upcycled and defect-rich 2D materials offer particularly 

favorable environments for single-atom anchoring and present a practical pathway toward scalable 

and selective catalytic platforms. To understand their properties, accurate probing of atomic structure 

and electronic states, facilitated by advanced characterization techniques and theoretical calculations, 

can guide predictions of molecular reaction dynamics.60, 92, 93 

3.2 Can Upcycled 2D Materials Efficiently and Precisely Detect Airborne Pathogens?

The COVID-19 pandemic highlighted the urgent need for technologies capable of rapidly 

detecting and neutralizing airborne pathogens.94 2D materials have emerged as a powerful 

multifunctional platform, offering a dual role as the active element in ultra-sensitive biosensors for 

on-site detection, and as functional materials for the active capture and inactivation of viruses and 

bacteria.95-99 These interactions are further enhanced by topological characteristics, the potential for 

functionalization, achieved through covalent modification of surface chemical handles, direct 

chemical doping, ligand exchange, π-complex formation, selective counterion immobilization, and 

the deposition of nanoparticles.100-103 Different sources of 2D materials can offer surface features 

essential for biosensing, enabling the biofunctionalization for the attachment of biomolecules such as 

DNA, enzymes, and proteins.104-108 While the literature is replete with proof-of-concept 

demonstrations with pristine materials, a comprehensive evaluation of practical viability, safety, 

robustness, biosafety, and long-term performance, particularly for the prospective reclaimed 2D 

materials, is required towards the development of cost-effective public health tools.
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3.2.1 Ultrasensitive Detection with LCA Consideration: The Quest for Real-World Robustness

The exceptional electronic and optical properties of 2D materials are useful in biosensing.99, 109, 

110 For example, by functionalizing graphene sheets with antibodies that target the SARS-CoV-2 

spike protein, the change in electrical properties upon binding can be evaluated as a field-effect 

transistor (FET) biosensor, which measures the current-voltage characteristics of binding with a limit 

of detection of fg L-1 in both culture medium and clinical samples (Figures 3a-b).110 Thionin-

functionalized molybdenum disulfide (MoS2) has been demonstrated to act as an efficient 

electrochemical sensor for both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) 

by cyclic voltammetry.104 The sensing by differential pulse voltammetry is also possible with MoS2, 

with an atto-molar level limit of detection.111 Anchoring gold nanoparticles on tungsten sulfide-

graphene (WS2-Gr) composites amplifies the electrochemical signal in differential pulse voltammetry, 

enabling it to discern between single-base mismatches and three-base mismatches in DNA sequences 

with a limit of detection of 2.3 fM.112, 113 However, this approach faces implementation challenges on 

a large scale because of the high electrochemical standard that requires pristine 2D materials with 

well-controlled surface properties. The early success in the applications of upcycled 2D materials on 

electrochemical sensing is more likely for qualitative detection of trace analytes.

Optical biosensing strategies benefit from the carrier and signal-modulation capabilities of 2D 

materials. Tailored surface binding allows for multiplex, rapid, selective, and sensitive detection of 

biomolecular targets in homogeneous solutions. Taking the advantage of high fluorescence quenching 

efficiency, graphene-based multicolor fluorescent DNA devices selectively hybridize the target DNA 

of the associated dye fluorescence and integrate multiple detection capabilities within a single 

probe.61 This capability also enables enzyme-free, in-situ miRNA imaging and quantification by 

catalyzed hairpin assembly based on GO carrier.114 Synthesis of a hemin-graphene hybrid nanosheet 

functionalized by π-π interactions coupled the merits of both hemin and graphene, and this character 

is combined with different affinities of the composite towards single-nucleotide polymorphisms with 

label-free colorimetric detection.114 Another label-free sensor function by photoluminescence 

detection is prepared by stacking graphene on grown MoS2 into a heterostructure. The graphene 

protects the stable MoS2 structure and provides a handle for hosting DNA molecules with a limit of 

detection down to 1 aM level (Figures 3c-e).115 Upcycled materials may better maintain the optical 

sensing performance while offering improved manufacturability. Nonetheless, achieving real-world 

robustness requires shifting emphasis from pristine material quality toward controlled surface 

chemistry, mechanical robustness, and lifecycle-aware precursor synthesis. 
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Figure 3. (a) COVID-19 FET using graphene with spike antibodies linked by 1-pyrenebutyric acid NHS ester. (b) Real-time FET response and dose–

response to cultured SARS-CoV-2. (c) DNA detection scheme with graphene/MoS2 sensor and optical readout. (d) Photoluminescence maps for target DNA 

and a mismatch. (e) Integrated photoluminescence signal for target DNA at 1–1000 aM. (a) and (b) are reprinted with permission from ref110, Copyright 

2020, American Chemical Society. (c)-(e) are reprinted with permission from ref115, Copyright 2014, John Wiley & Sons, Inc.
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3.2.2 Active Capture and Inactivation by 2D Materials

Beyond molecular sensing, 2D materials also function as robust platforms for the capture, 

inactivation, and removal of airborne pathogens through tailored surface interactions. This approach 

is promising because 2D materials enable efficient bioaerosol collection at high flow rates, while also 

facilitating downstream pathogen identification through RNA or DNA analysis. Importantly, the 

pristine properties with crystalline perfection are less important, but the surface area, flexibility, and 

diverse surface chemistries on upcycled 2D materials provide functionalities to their applications. GO 

has already demonstrated label-free interactions with biological species, enabling the capture and 

denaturation through a combination of electrostatic attraction, hydrogen bonding, and pi-pi 

interactions across multiple length scales.116, 117 For example, grafting sulfate mimetic polyglycerol 

sulfate onto GO enables the adsorption of heparan sulfate-dependent virus with their positively 

charged residues, hence blocking its entry and replication.118 GO nanosheets were also shown to 

directly interact with SARS-CoV-2 spike proteins and interfere with cell receptors to disrupt their 

infectivity,  even in the presence of mutations on the viral spike (Figure 4a).119 These interactions 

also facilitate viral RNA extraction through facile bioreduction (Figures 4b-c).120

The ability of 2D materials in pathogen control is further expanded by their ability to undergo 

stimulus-responsive sterilization.121 Such capability is relevant to direct virus disruption and can be 

augmented with additional functionalities, including laser-induced self-sterilizing graphene. The 

photothermal conversion of waste polyimide film by a CO2 laser cutter enables the direct construction 

of macroscopic architectures, and the tailored periodic Joule heating above 300 °C can efficiently 

destroy adhered microorganisms (Figure 4d).21 A similar strategy employed a graphene-tungsten 

oxide composite that is responsible for visible light irradiation for photoinactivation, leading to 

disruption of viral protein capsid and the release of RNA within the viral envelope.122 While other 

2D materials, such as MoS2 and graphitic carbon nitride, have been reported to exhibit antimicrobial 

activity, further investigation is required to determine their potential for efficiently combining 

microbial capture and disinfection capability.123 In this context, upcycled 2D materials offer a 

compelling opportunity to develop scalable, multifunctional air-treatment systems to enable efficient 

pathogen interception and disinfection.
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Figure 4. (a) GO–6M0J docking analysis: (A) docking pose (binding −9.1 kcal/mol); (B) GO–6M0J interaction map (spike residues listed; ACE2 residues 

listed); (C) hydrogen bonds (donors pink, acceptors green); (D) ASP427 charge interactions; (E) hydrophobic/π-contacts (LYS378). (b) Temperature-

dependent GO–virus interactions with dotted lines for physiochemical contacts; RNA release shown in red. (c) Temperature- and GO-concentration–

dependent EV71 capture and GO/EV71 removal efficiency. (d) Optical image of a flexible LIG filter (4.5 × 4.5 cm2) with a 2 cm scale bar, SEM view of the 

LIG carpet with unlased PI (red dashed line, 500 μm), and IR image of a 380°C heated LIG filter (black outline). (a) is reprinted with permission from ref119, 

Copyright 2021, John Wiley & Sons, Inc.. (b)-(c) are reprinted with permission from ref120, Copyright 2015, John Wiley & Sons, Inc.. (e) is reprinted with 

permission from ref21, Copyright 2019, American Chemical Society.
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4. New Paradigms in 2D Material Toxicology

The rapid proliferation of 2D materials across manufacturing, upcycling, and consumer sectors 

necessitates a robust understanding of their human health risks, particularly via inhalation during 

processing or disposal.59 However, establishing universal toxicological guidelines remains a 

formidable challenge, as subtle variations in material properties often overlooked in standardized 

screenings can lead to disproportionately large discrepancies in biological outcomes. This structural 

and functional complexity, coupled with the dynamic nature of the bio-interface, has led to a serious 

impasse of inconsistent and often contradictory findings. The emerging topic of 2D material health 

concerns the potential adverse interactions of these materials at the nano-bio interface. To determine 

the biological interactions and fate of 2D materials in vivo, their chemical composition is one of the 

most important considerations. We envision that these divergent impacts arise not only from the 

inherent complexity of 2D platforms but also from the limitations of traditional toxicological models. 

Consequently, the field must transition toward evaluating how specific material properties drive 

biological responses within physiologically relevant and dynamic environments.

4.1 The Limitations of Correlating Material Properties to Inconsistent Outcomes

Research so far has diligently characterized the physicochemical factors influencing the biological 

fate of 2D materials. Properties such as chemical composition, lateral size, thickness, and surface 

functionalization are known to govern biodistribution and toxicity.59 Initial studies comparing the 

cytotoxicity of various TMDs have shown that the identity of the chalcogen atom plays a crucial role 

in overall cytotoxicity, likely due to differences in chemical reactivity. Cytotoxicity is often used as 

a metric to assess the biocompatibility of emerging 2D materials, given the relatively limited 

toxicology data available for these materials. The exfoliation of layered materials changes their 

fundamental properties, and biological interactions with layered materials vary with exfoliation 

state.124, 125 Inorganic materials generally degrade less readily than organic substances, raising 

concerns about potential health and environmental impacts during processing and mechanical 

treatments. Mechanical processing, abrasion, or improper disposal of products like graphene-

enhanced filters can release airborne particles, which may be inhaled and reach the alveoli, interacting 

with lung tissue. Besides GRMs, similar behaviors have been observed with other carbon-based 

materials, such as carbon black and carbon nanotubes.126, 127 The flexible, planar structure of 2D 

materials allows morphological reconfiguration, affecting interactions with biological barriers and 

leading to unique biodistribution and metabolism compared to traditional organic carriers, often 

complicating their biological behavior.128

Studies on the degradation and metabolism of graphene and GRMs in mammals indicate that 

biosafety is influenced by multiple factors. Size critically affects cellular uptake, clearance, 

biodistribution, and blood-brain barrier penetration, while surface chemistry governs ion and protein 
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adsorption, impacting circulation time.  In mice, high doses of GO (10 mg/kg) did not cause 

histopathologic damage, and most GO was excreted via the kidneys within a month, becoming 

undetectable after 240 days.128-131 Reduced GO, however, accumulated in organs such as the liver, 

spleen, and kidney, leading to hepatotoxicity and immune responses due to slow clearance.132 In 

addition, toxicity studies on 2D materials have primarily focused on their dispersions in structural 

forms, as these are most common in biological applications like drug delivery and imaging. Increasing 

interest lies in exploring other forms, such as thin films, 3D constructs, and composites. Surface 

functionalization significantly influences their toxicological responses, as it defines their 

biomolecular identity. For example, biomolecular coronas formed by capping GRMs with amino 

acids or blood proteins can alter biodistribution, reduce hemolytic effects, modulate cell targeting, 

and regulate immune responses, therefore decreasing cytotoxicity.133-135 Coatings with antifouling 

agents like polyethylene glycol or dextran also diminish non-specific adsorption.136 Therefore, the 

biological response to individual 2D materials is uncertain, partly due to the lack of standardized 

nomenclature and classification systems,137 as well as limited understanding of how exposure routes 

including inhalation, ingestion, dermal contact, or injection affect outcomes.138 Factors such as lateral 

size, thickness, number of layers, functionalization, and aspect ratio influence bio-distribution and 

toxicity mechanisms. Smaller, thinner 2D materials with larger surface areas tend to adsorb more 

endotoxins, inducing inflammatory cytokines and increasing cytotoxicity. To better understand size-

dependent effects, variables like endotoxin contamination in the process should be carefully 

controlled.139, 140

4.2 Physiologically Relevant in vitro Models

The preclinical safety assessment of 2D materials has been hindered by inconsistent and often 

contradictory findings, creating a serious impasse in accurately determining their risk to human health. 

For instance, while GRMs may show low acute cytotoxicity in simple models of the gut and placenta, 

chronic exposure consistently reveals underlying issues like the induction of reactive oxygen species 

(ROS) and inflammation.45, 46 These divergent findings arise in part from differences among material 

types. While GO is frequently reported to induce lung inflammation in several studies, graphene 

quantum dots and certain MXenes have demonstrated anti-inflammatory potential under different 

conditions or experimental setups.53-55 This heterogeneity underscores not only the complexity of the 

materials, but also limitations in the current models. There is an urgent need for more physiologically 

relevant, standardized, and reproducible platforms that can better predict human responses across a 

range of materials. The challenge of accurately predicting these complex biological responses is 

exacerbated by the limitations of traditional preclinical models. Animal studies, while informative, 

are costly, ethically challenging, and do not always reliably predict human-specific outcomes. 

Similarly, conventional 2D in vitro cell cultures fail to replicate the intricate architecture and dynamic 

environment of human organs like the lung, making it difficult to assess the true impact of inhaled 
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nanomaterials.141-143 To bridge this gap, advanced in vitro platforms like the artificial lung system 

have emerged as a powerful solution, as shown in Figure 5. These microphysiological systems are 

designed to mimic human lung structure and function with high fidelity, providing a more accurate 

and human-relevant platform for toxicological and therapeutic evaluation. A schematic of such a 

system, often referred to as a “Lung-on-a-Chip”. The technological evolution of lung tissue models, 

progressing from traditional 2D cell cultures to more complex 3D constructs (e.g., spheroids, 

hydrogel scaffolds), 3D printing, and culminating in the organ-on-a-chip platform. It also highlights 

the physiologically relevant mechanisms that can be investigated using this model, including gas 

exchange, endothelial/epithelial barrier function, and immune cell interactions. Furthermore, by 

incorporating key features such as a dynamic air-liquid interface (ALI) for realistic aerosol exposure, 

simulated breathing motions through mechanical forces, complex co-cultures of multiple cell types 

including epithelial, endothelial, fibroblast, and immune cells and integrated real-time monitoring 

capabilities, these models are more versatile than simpler systems. Integrating these features enables 

a comprehensive assessment of key toxicity endpoints including oxidative stress, cytokine release, 

and barrier integrity under conditions that closely resemble human respiration. This offers a high-

throughput, ethically sound platform that is more predictive of human responses to 2D materials in 

the lung. For instance, an optimized lung-on-a-chip system that achieves high epithelial barrier 

integrity under ALI and mechanical stretching conditions. The platform demonstrated 72% accuracy 

in predicting acute inhalation toxicity, proving its potential as a standardized, human-relevant 

alternative to animal testing.144 A latest study demonstrates that Ta4C3 MXene nanosheets, 

particularly the 100 to 500 nm size fraction, exhibit strong biocompatibility and multifunctional 

therapeutic potential including ROS scavenging, anti-inflammatory macrophage polarization, and 

antifibrotic effects when evaluated in an advanced immunocompetent 3D ALI lung triculture 

model.145 While the primary focus is on toxicity evaluation, the same advanced features also support 

exploration of therapeutic potential under carefully controlled conditions, hence accelerating 

preclinical validation, enabling larger-scale screening, and informing strategies for personalized 

medicine.139, 146-149

Figure 5. Schematic overview of the lung-on-a-chip as an advanced artificial lung model, 

Page 19 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

19

encompassing its biomimetic design, the evolution of in vitro modeling techniques, recapitulated 

physiological mechanisms, and key biomedical applications.

4.3 Public Perception and the Social Dimension of 2D Material Adoption

Beyond technical and safety milestones, the large scale adoption of 2D material-based air quality 

solutions such as household air purifiers or wearable sensors is heavily influenced by public 

perception. A primary barrier to acceptance is the consumer’s concern regarding nanomaterial 

exposure, where the potential release of nano-sized fragments or nanoparticles during device aging, 

mechanical abrasion, or improper disposal. Based on the toxicological impasses suggests that even if 

laboratory-scale studies indicate low acute toxicity, the long-term biological impact of inhaled 

fragments such as ROS induction or chronic lung inflammation remains a significant public health 

question. To build public trust, it is insufficient to merely report high purification efficiency; 

researchers must prioritize the development of robust macroscopic architectures that ensure 2D 

materials are securely immobilized, thereby minimizing the risk of secondary airborne exposure 

throughout the product's functional lifetime.

Simultaneously, aligning 2D material innovation with the principles of a circular economy offers 

a pathway to enhance societal acceptance through resource efficiency. By integrating the SSbD 

framework, the field can transition from energy-intensive pristine synthesis to the responsible 

upcycling of waste feedstocks. As demonstrated by LCA results, upcycled 2D materials significantly 

reduce the GWP and cumulative energy demand compared to traditional manufacturing routes. This 

paradigm shift not only mitigates the environmental burden associated with raw material extraction 

but also transforms perceived environmental liabilities into high-value functional agents. Ultimately, 

demonstrating both the physical containment of nanomaterials and the sustainable lifecycle of waste-

derived precursors will be critical for the successful market integration of 2D material technologies.

5. Conclusions

The deployment of 2D materials from laboratory results in societal practice is being hampered by 

a fractured understanding of their safety and environmental footprint. Contradictory toxicological 

data and inconsistent LCA stem from inherent limitations in our perspectives, including studying 

these materials in isolation, ignoring the dynamic transformations they undergo in real-world 

biological and environmental systems. Notably, limited (eco)toxicological data are available for 

novel advanced 2D materials such as MXenes and LDHs, underscoring the need to assess their 

potential health and environmental impacts. GRMs and other 2D materials typically undergo 

biotransformation, meaning it is insufficient to characterize the properties of as-produced 2D 

materials merely. Toxicologists should also consider the many transformations (e.g., agglomeration, 

dissolution/degradation, coronation) that may occur in natural environments or within the human 

Page 20 of 27Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

20

body, both extracellularly and intracellularly. 

Overall, the integration of 2D materials in air applications should have a more thoughtful 

consideration not only on their performance, but also on the health and environmental impact. While 

the lifecycle of 2D materials production may impact carbon emissions due to energy and resource 

demands, the synergistic environmental benefits from pollution control or novel energy 

transformations should be re-evaluated. We envision that upcycled 2D materials can provide an 

alternative means for improved performance metrics, with more careful consideration given to the 

cost and environmental burden. Therefore, we propose a strategic SSbD roadmap to transit the 2D 

materials from laboratory research to societal practice. First, the field needs to adopt standardized, 

performance-normalized LCA metrics to accurately quantify the "sustainability credit" and reduced 

cumulative energy demand of upcycled waste-feedstocks. Second, material design should shift from 

pursuing crystalline perfection toward leveraging the functional advantages, upcycled 2D platforms 

such as enhanced edge exposure and surface functionalization specifically tailored for air purification 

and sensing. Third, preclinical safety assessments should evolve from static models toward 

physiologically relevant, dynamic platforms like the lung-on-a-chip to more closely capture human 

bio-interactions and respiratory stress. Finally, ensuring secure material immobilization within robust 

macroscopic architectures is essential to minimize secondary exposure risks and build the public trust 

necessary for market adoption. As a more comprehensive upcycled 2D materials library becomes 

available, and the metrics for toxicology under real environmental or physiological conditions 

become better established, continuing advances in their applications will help transition the 2D 

materials from laboratory to commercial products.

Author contributions

T.L Chen, Y. Kong, and Y. Zhang conceptualized, wrote, and data cruising to the Perspective. Y. 

Zhang and J. Wang supervised, and edited of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgement

T.L. Chen appreciates the financial support from National Science and Technology Council 

(NSTC), Taiwan under the Grant Number 111-2917-I-564 -023, 113-2628-E-110 -003 -MY3 and 

113-2222-E-110 -003 -MY2. Y. Zhang acknowledges the support from JSPS Kakenhi (No. 

24K17729). 

Page 21 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

21

References

1. Y. Kim, J. Lee, M. S. Yeom, J. W. Shin, H. Kim, Y. Cui, J. W. Kysar, J. Hone, Y. Jung, S. 
Jeon and S. M. Han, Nat Commun, 2013, 4, 2114.

2. M. Gao, R. Xiong, X. Chen, T. L. Chen, Z. Zhang, A. Wang, K. Wang, M. Jin, Z. Zhao, C. 
Zhang and J. Wang, Electron, 2025, DOI: 10.1002/elt2.70015.

3. Y. C. Lin, R. Torsi, R. Younas, C. L. Hinkle, A. F. Rigosi, H. M. Hill, K. Zhang, S. Huang, C. 
E. Shuck, C. Chen, Y. H. Lin, D. Maldonado-Lopez, J. L. Mendoza-Cortes, J. Ferrier, S. Kar, 
N. Nayir, S. Rajabpour, A. C. T. van Duin, X. Liu, D. Jariwala, J. Jiang, J. Shi, W. Mortelmans, 
R. Jaramillo, J. M. J. Lopes, R. Engel-Herbert, A. Trofe, T. Ignatova, S. H. Lee, Z. Mao, L. 
Damian, Y. Wang, M. A. Steves, K. L. Knappenberger, Jr., Z. Wang, S. Law, G. Bepete, D. 
Zhou, J. X. Lin, M. S. Scheurer, J. Li, P. Wang, G. Yu, S. Wu, D. Akinwande, J. M. Redwing, 
M. Terrones and J. A. Robinson, ACS Nano, 2023, 17, 9694-9747.

4. Y. Dai, Q. He, Y. Huang, X. Duan and Z. Lin, Chem Rev, 2024, 124, 5795-5845.
5. L. Mei, Z. Gao, R. Yang, Z. Zhang, M. Sun, X. Liang, Y. Zhang, T. Ying, H. Hu, D. Li, Q. 

Zhang, M. D. Gu, L. Gu, J. Zhou, B. Huang, D. Voiry, X. C. Zeng, Y. Chai, J. Li, X. Yu and Z. 
Zeng, Nature Synthesis, 2024, 4, 303-313.

6. R. Yang, Y. Fan, L. Mei, H. S. Shin, D. Voiry, Q. Lu, J. Li and Z. Zeng, Nature Synthesis, 
2023, 2, 101-118.

7. B. Fadeel, C. Bussy, S. Merino, E. Vazquez, E. Flahaut, F. Mouchet, L. Evariste, L. Gauthier, 
A. J. Koivisto, U. Vogel, C. Martin, L. G. Delogu, T. Buerki-Thurnherr, P. Wick, D. Beloin-
Saint-Pierre, R. Hischier, M. Pelin, F. Candotto Carniel, M. Tretiach, F. Cesca, F. Benfenati, 
D. Scaini, L. Ballerini, K. Kostarelos, M. Prato and A. Bianco, ACS Nano, 2018, 12, 10582-
10620.

8. C. E. Shuck, A. Sarycheva, M. Anayee, A. Levitt, Y. Zhu, S. Uzun, V. Balitskiy, V. Zahorodna, 
O. Gogotsi and Y. Gogotsi, in MXenes, Jenny Stanford Publishing, 2023, pp. 539-560.

9. M. Alhabeb, K. Maleski, T. S. Mathis, A. Sarycheva, C. B. Hatter, S. Uzun, A. Levitt and Y. 
Gogotsi, in Mxenes, Jenny Stanford Publishing, 2023, pp. 451-462.

10. K. Jayaramulu, M. Horn, A. Schneemann, H. Saini, A. Bakandritsos, V. Ranc, M. Petr, V. 
Stavila, C. Narayana, B. Scheibe, S. Kment, M. Otyepka, N. Motta, D. Dubal, R. Zboril and 
R. A. Fischer, Adv Mater, 2021, 33, e2004560.

11. K. Jayaramulu, K. K. Datta, C. Rosler, M. Petr, M. Otyepka, R. Zboril and R. A. Fischer, 
Angew Chem Int Ed Engl, 2016, 55, 1178-1182.

12. P. Karthik, R. Vinoth, P. Zhang, W. Choi, E. Balaraman and B. Neppolian, ACS Applied 
Energy Materials, 2018, 1, 1913-1923.

13. J. Munuera, L. Britnell, C. Santoro, R. Cuéllar-Franca and C. Casiraghi, 2D Materials, 2021, 
9, 012002.

14. D. Beloin-Saint-Pierre and R. Hischier, The International Journal of Life Cycle Assessment, 
2021, 26, 327-343.

15. H. Döscher, T. Schmaltz, C. Neef, A. Thielmann and T. Reiss, 2D Materials, 2021, 8, 022005.
16. J. I. Paredes and S. Villar-Rodil, Nanoscale, 2016, 8, 15389-15413.
17. L. Li, D. Zhang, J. Deng, Q. Kang, Z. Liu, J. Fang and Y. Gou, Journal of The Electrochemical 

Society, 2020, 167, 155519.
18. W. A. Algozeeb, P. E. Savas, D. X. Luong, W. Chen, C. Kittrell, M. Bhat, R. Shahsavari and 

J. M. Tour, ACS Nano, 2020, 14, 15595-15604.
19. S. Yoo, C.-C. Chung, S. S. Kelley and S. Park, ACS Sustainable Chemistry & Engineering, 

2018, 6, 9113-9119.
20. D. Bhatt, M. Pathak, N. Thakur, G. Tatrari, T. Rath, Z. Judeh and N. G. Sahoo, Materials 

Advances, 2024, 5, 6255-6269.
21. M. G. Stanford, J. T. Li, Y. Chen, E. A. McHugh, A. Liopo, H. Xiao and J. M. Tour, ACS nano, 

2019, 13, 11912-11920.
22. J. Stafford and E. Kendrick, Ind Eng Chem Res, 2022, 61, 16529-16538.
23. O. Akhavan, K. Bijanzad and A. Mirsepah, RSC Advances, 2014, 4, 20441.
24. Y. Chyan, R. Ye, Y. Li, S. P. Singh, C. J. Arnusch and J. M. Tour, ACS Nano, 2018, 12, 2176-

2183.
25. S. Nasir, M. Z. Hussein, N. A. Yusof and Z. Zainal, Nanomaterials (Basel), 2017, 7.
26. I. Nurdin, H. R. Fitri, P. Widiatmoko, H. Devianto and T. Prakoso, IOP Conference Series: 

Materials Science and Engineering, 2020, 823, 012038.
27. M. Panahi-Kalamuei, O. Amiri and M. Salavati-Niasari, Journal of Materials Research and 

Page 22 of 27Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

22

Technology, 2020, 9, 2679-2690.
28. Z. Wang, H. Ogata, S. Morimoto, M. Fujishige, K. Takeuchi, H. Muramatsu, T. Hayashi, J. 

Ortiz-Medina, M. Z. Mohd Yusop, M. Tanemura, M. Terrones, Y. Hashimoto and M. Endo, 
Journal of Materials Chemistry A, 2015, 3, 14545-14549.

29. X. Wang, Y. Zhang, C. Zhi, X. Wang, D. Tang, Y. Xu, Q. Weng, X. Jiang, M. Mitome, D. 
Golberg and Y. Bando, Nat Commun, 2013, 4, 2905.

30. J. Hou, C. Cao, F. Idrees and X. Ma, ACS Nano, 2015, 9, 2556-2564.
31. A. M. Bernardes, D. C. R. Espinosa and J. A. S. Tenório, Journal of Power Sources, 2004, 

130, 291-298.
32. M. González-Barriuso, A. Yedra, P. Mantilla and C. Manteca-Martínez, Materials Research 

Innovations, 2014, 19, 192-195.
33. R. Ye, C. Xiang, J. Lin, Z. Peng, K. Huang, Z. Yan, N. P. Cook, E. L. Samuel, C. C. Hwang, 

G. Ruan, G. Ceriotti, A. R. Raji, A. A. Marti and J. M. Tour, Nat Commun, 2013, 4, 2943.
34. J. Gong, J. Liu, X. Wen, Z. Jiang, X. Chen, E. Mijowska and T. Tang, Industrial & Engineering 

Chemistry Research, 2014, 53, 4173-4181.
35. J. T. Kim, C. W. Lee, H. J. Jung, H. J. Choi, A. Salman, S. Padmajan Sasikala and S. O. Kim, 

ACS Nano, 2022, DOI: 10.1021/acsnano.2c07937.
36. G. H. Jeong, S. P. Sasikala, T. Yun, G. Y. Lee, W. J. Lee and S. O. Kim, Adv Mater, 2020, 

32, e1907006.
37. T. Yun, G. H. Jeong, S. Padmajan Sasikala and S. O. Kim, APL Materials, 2020, 8, 070903.
38. R. Arvidsson, D. Kushnir, B. A. Sanden and S. Molander, Environ Sci Technol, 2014, 48, 

4529-4536.
39. R. Arvidsson, Advanced Materials Letters, 2017, 8, 187-195.
40. L. M. Gilbertson, A. A. Busnaina, J. A. Isaacs, J. B. Zimmerman and M. J. Eckelman, Environ 

Sci Technol, 2014, 48, 11360-11368.
41. M. Cossutta, J. McKechnie and S. J. Pickering, Green Chemistry, 2017, 19, 5874-5884.
42. L. Serrano-Luján, S. Víctor-Román, C. Toledo, O. Sanahuja-Parejo, A. E. Mansour, J. Abad, 

A. Amassian, A. M. Benito, W. K. Maser and A. Urbina, SN Applied Sciences, 2019, 1.
43. S. Zhang, S.-F. Jiang, B.-C. Huang, X.-C. Shen, W.-J. Chen, T.-P. Zhou, H.-Y. Cheng, B.-H. 

Cheng, C.-Z. Wu, W.-W. Li, H. Jiang and H.-Q. Yu, Nature Sustainability, 2020, 3, 753-760.
44. R. P. Scott and A. C. Cullen, The International Journal of Life Cycle Assessment, 2015, 21, 

29-43.
45. A. G. Oomen, K. G. Steinhäuser, E. A. Bleeker, F. van Broekhuizen, A. Sips, S. Dekkers, S. 

W. Wijnhoven and P. G. Sayre, NanoImpact, 2018, 9, 1-13.
46. C. Carnovale, G. Bryant, R. Shukla and V. Bansal, Progress in Materials Science, 2016, 83, 

152-190.
47. J. Li, D. Zhang, T. Yang, S. Yang, X. Yang and H. Zhu, Journal of Membrane Science, 2018, 

551, 85-92.
48. S. Zhang, J. Sun, D. Hu, C. Xiao, Q. Zhuo, J. Wang, C. Qin and L. Dai, Journal of Materials 

Chemistry A, 2018, 6, 16139-16148.
49. H. Dai, X. Liu, C. Zhang, K. Ma and Y. Zhang, Separation and Purification Technology, 2021, 

276, 119243.
50. M. Chen, J. Jiang, S. Feng, Z.-X. Low, Z. Zhong and W. Xing, Journal of Membrane Science, 

2021, 635, 119463.
51. M. H. Baskoy, O. Cetin, S. Koylan, Y. Khan, G. Tuncel, T. H. Erguder and H. E. Unalan, ACS 

Omega, 2023.
52. X. Gao, Z.-K. Li, J. Xue, Y. Qian, L.-Z. Zhang, J. Caro and H. Wang, Journal of Membrane 

Science, 2019, 586, 162-169.
53. M. C. Duch, G. S. Budinger, Y. T. Liang, S. Soberanes, D. Urich, S. E. Chiarella, L. A. 

Campochiaro, A. Gonzalez, N. S. Chandel and M. C. Hersam, Nano letters, 2011, 11, 5201-
5207.

54. B. Wang, P. Liu, H. Huang, X. Wang, M. Zhang, J. Huang, F. Lu, J. Chen, Y. Liu and Z. Kang, 
Journal of Materials Chemistry B, 2021, 9, 9005-9011.

55. B.-C. Lee, J. Y. Lee, J. Kim, J. M. Yoo, I. Kang, J.-J. Kim, N. Shin, D. J. Kim, S. W. Choi and 
D. Kim, Science advances, 2020, 6, eaaz2630.

56. I. A. Borojeni, G. Gajewski and R. A. Riahi, Fibers, 2022, 10, 15.
57. P.-K. Chang, S.-H. Huang, J.-W. Chen, J. Chun-Te Lin and T.-C. Hsiao, Separation and 

Purification Technology, 2024, DOI: 10.1016/j.seppur.2024.128111, 128111.
58. B. Robert and G. Nallathambi, Colloid and Interface Science Communications, 2020, 37, 

Page 23 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

23

100275.
59. M. Zhu, G. Nie, H. Meng, T. Xia, A. Nel and Y. Zhao, Acc Chem Res, 2013, 46, 622-631.
60. Y. Wang, J. Mao, X. Meng, L. Yu, D. Deng and X. Bao, Chem Rev, 2019, 119, 1806-1854.
61. S. He, B. Song, D. Li, C. Zhu, W. Qi, Y. Wen, L. Wang, S. Song, H. Fang and C. Fan, 

Advanced Functional Materials, 2010, 20, 453-459.
62. S. Zhang, H. Liu, N. Tang, N. Ali, J. Yu and B. Ding, ACS Nano, 2019, 13, 13501-13512.
63. M. Jerrett, Nature, 2015, 525, 330-331.
64. M. Kampa and E. Castanas, Environmental pollution, 2008, 151, 362-367.
65. K. Donaldson, V. Stone, A. Seaton and W. MacNee, Environmental health perspectives, 

2001, 109, 523-527.
66. H. Liu, C. Cao, J. Huang, Z. Chen, G. Chen and Y. Lai, Nanoscale, 2020, 12, 437-453.
67. F. Dixit, K. Zimmermann, M. Alamoudi, L. Abkar, B. Barbeau, M. Mohseni, B. 

Kandasubramanian and K. Smith, Renewable and Sustainable Energy Reviews, 2022, 164, 
112527.

68. P. S. Kasbe, H. Gade, S. Liu, G. G. Chase and W. Xu, ACS Applied Bio Materials, 2021, 4, 
5180-5188.

69. W. Jung, J. S. Lee, S. Han, S. H. Ko, T. Kim and Y. H. Kim, Journal of Materials Chemistry 
A, 2018, 6, 16975-16982.

70. J. Mao, Y. Tang, Y. Wang, J. Huang, X. Dong, Z. Chen and Y. Lai, IScience, 2019, 16, 133-
144.

71. K. Zhao, J. Huang, J. Mao, Z. Bao, Z. Chen and Y. Lai, Chemical Engineering Journal, 2020, 
395, 125086.

72. M. Seredych and T. J. Bandosz, Carbon (New York, NY), 2007, 45, 2130-2132.
73. C. Petit and T. J. Bandosz, The Journal of Physical Chemistry C, 2009, 113, 3800-3809.
74. S. Tang and Z. Cao, The Journal of chemical physics, 2011, 134.
75. E. Mattson, K. Pande, S. Cui, M. Weinert, J. Chen and C. Hirschmugl, Chemical Physics 

Letters, 2015, 622, 86-91.
76. D. J. Babu, F. G. Kühl, S. Yadav, D. Markert, M. Bruns, M. J. Hampe and J. J. Schneider, 

RSC advances, 2016, 6, 36834-36839.
77. M. Seredych and T. J. Bandosz, The Journal of Physical Chemistry C, 2010, 114, 14552-

14560.
78. S. Yun, H. Lee, W.-E. Lee and H. S. Park, Fuel, 2016, 174, 36-42.
79. S. Gadipelli and Z. X. Guo, Progress in Materials Science, 2015, 69, 1-60.
80. J. Liang, Z. Cai, L. Li, L. Guo and J. Geng, Rsc Advances, 2014, 4, 4843-4847.
81. R. Spitz Steinberg, M. Cruz, N. G. Mahfouz, Y. Qiu and R. H. Hurt, ACS nano, 2017, 11, 

5670-5679.
82. B. C. Wood, S. Y. Bhide, D. Dutta, V. S. Kandagal, A. D. Pathak, S. N. Punnathanam, K. 

Ayappa and S. Narasimhan, The Journal of chemical physics, 2012, 137.
83. M. Shan, Q. Xue, N. Jing, C. Ling, T. Zhang, Z. Yan and J. Zheng, Nanoscale, 2012, 4, 5477-

5482.
84. A. Garcia-Gallastegui, D. Iruretagoyena, V. Gouvea, M. Mokhtar, A. M. Asiri, S. N. Basahel, 

S. A. Al-Thabaiti, A. O. Alyoubi, D. Chadwick and M. S. Shaffer, Chemistry of Materials, 2012, 
24, 4531-4539.

85. I. Carrillo, E. Rangel and L. Magaña, Carbon, 2009, 47, 2758-2760.
86. C. Cazorla, S. Shevlin and Z. Guo, The Journal of Physical Chemistry C, 2011, 115, 10990-

10995.
87. B. Cho, M. G. Hahm, M. Choi, J. Yoon, A. R. Kim, Y. J. Lee, S. G. Park, J. D. Kwon, C. S. 

Kim, M. Song, Y. Jeong, K. S. Nam, S. Lee, T. J. Yoo, C. G. Kang, B. H. Lee, H. C. Ko, P. 
M. Ajayan and D. H. Kim, Sci Rep, 2015, 5, 8052.

88. N. Yousefi, X. Lu, M. Elimelech and N. Tufenkji, Nature nanotechnology, 2019, 14, 107-119.
89. G. He, S. Huang, L. F. Villalobos, J. Zhao, M. Mensi, E. Oveisi, M. Rezaei and K. V. Agrawal, 

Energy & Environmental Science, 2019, 12, 3305-3312.
90. S. Chowdhury and R. Balasubramanian, Progress in Materials Science, 2017, 90, 224-275.
91. S. Chowdhury and R. Balasubramanian, Industrial & Engineering Chemistry Research, 2016, 

55, 7906-7916.
92. C. Yan, Y. L. Liu, Q. Zeng, G. G. Wang and J. C. Han, Advanced Functional Materials, 2022, 

33, 2210837.
93. T. L. Wan, J. Liu, X. Tan, T. Liao, Y. Gu, A. Du, S. Smith and L. Kou, Journal of Materials 

Chemistry A, 2022, 10, 22228-22235.

Page 24 of 27Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

24

94. G. Qiu, X. Zhang, A. J. deMello, M. Yao, J. Cao and J. Wang, Chem Soc Rev, 2023, 52, 
8531-8579.

95. D. Tyagi, H. Wang, W. Huang, L. Hu, Y. Tang, Z. Guo, Z. Ouyang and H. Zhang, Nanoscale, 
2020, 12, 3535-3559.

96. S. Su, Q. Sun, X. Gu, Y. Xu, J. Shen, D. Zhu, J. Chao, C. Fan and L. Wang, TrAC Trends in 
Analytical Chemistry, 2019, 119, 115610.

97. A. Uzunoglu, E. Gunes Altuntas, H. Huseyin Ipekci and O. Ozoglu, Microchem J, 2023, 193, 
108970.

98. A. C. Ferrari, F. Bonaccorso, V. Fal'ko, K. S. Novoselov, S. Roche, P. Boggild, S. Borini, F. 
H. Koppens, V. Palermo, N. Pugno, J. A. Garrido, R. Sordan, A. Bianco, L. Ballerini, M. Prato, 
E. Lidorikis, J. Kivioja, C. Marinelli, T. Ryhanen, A. Morpurgo, J. N. Coleman, V. Nicolosi, L. 
Colombo, A. Fert, M. Garcia-Hernandez, A. Bachtold, G. F. Schneider, F. Guinea, C. Dekker, 
M. Barbone, Z. Sun, C. Galiotis, A. N. Grigorenko, G. Konstantatos, A. Kis, M. Katsnelson, 
L. Vandersypen, A. Loiseau, V. Morandi, D. Neumaier, E. Treossi, V. Pellegrini, M. Polini, A. 
Tredicucci, G. M. Williams, B. H. Hong, J. H. Ahn, J. M. Kim, H. Zirath, B. J. van Wees, H. 
van der Zant, L. Occhipinti, A. Di Matteo, I. A. Kinloch, T. Seyller, E. Quesnel, X. Feng, K. 
Teo, N. Rupesinghe, P. Hakonen, S. R. Neil, Q. Tannock, T. Lofwander and J. Kinaret, 
Nanoscale, 2015, 7, 4598-4810.

99. N. Chauhan, T. Maekawa and D. N. S. Kumar, Journal of Materials Research, 2017, 32, 
2860-2882.

100. Y. Liu, X. Dong and P. Chen, Chemical Society Reviews, 2012, 41, 2283-2307.
101. V. Georgakilas, M. Otyepka, A. B. Bourlinos, V. Chandra, N. Kim, K. C. Kemp, P. Hobza, R. 

Zboril and K. S. Kim, Chemical reviews, 2012, 112, 6156-6214.
102. V. Georgakilas, J. N. Tiwari, K. C. Kemp, J. A. Perman, A. B. Bourlinos, K. S. Kim and R. 

Zboril, Chemical reviews, 2016, 116, 5464-5519.
103. C. K. Chua and M. Pumera, Chemical Society Reviews, 2013, 42, 3222-3233.
104. N. Mohanty and V. Berry, Nano letters, 2008, 8, 4469-4476.
105. A. J. Patil, J. L. Vickery, T. B. Scott and S. Mann, Advanced Materials, 2009, 21, 3159-3164.
106. J. Zhang, F. Zhang, H. Yang, X. Huang, H. Liu, J. Zhang and S. Guo, Langmuir, 2010, 26, 

6083-6085.
107. P. Laaksonen, M. Kainlauri, T. Laaksonen, A. Shchepetov, H. Jiang, J. Ahopelto and M. B. 

Linder, Angewandte Chemie International Edition, 2010, 49, 4946-4949.
108. J. Liu, S. Fu, B. Yuan, Y. Li and Z. Deng, Journal of the American Chemical Society, 2010, 

132, 7279-7281.
109. V. Palmieri and M. Papi, Nano Today, 2020, 33, 100883.
110. G. Seo, G. Lee, M. J. Kim, S. H. Baek, M. Choi, K. B. Ku, C. S. Lee, S. Jun, D. Park, H. G. 

Kim, S. J. Kim, J. O. Lee, B. T. Kim, E. C. Park and S. I. Kim, ACS Nano, 2020, 14, 5135-
5142.

111. X. Wang, F. Nan, J. Zhao, T. Yang, T. Ge and K. Jiao, Biosensors and Bioelectronics, 2015, 
64, 386-391.

112. K.-J. Huang, Y.-J. Liu, H.-B. Wang, T. Gan, Y.-M. Liu and L.-L. Wang, Sensors and Actuators 
B: Chemical, 2014, 191, 828-836.

113. T. Wang, R. Zhu, J. Zhuo, Z. Zhu, Y. Shao and M. Li, Analytical chemistry, 2014, 86, 12064-
12069.

114. H. Liu, T. Tian, D. Ji, N. Ren, S. Ge, M. Yan and J. Yu, Biosensors and Bioelectronics, 2016, 
85, 909-914.

115. P. T. Loan, W. Zhang, C. T. Lin, K. H. Wei, L. J. Li and C. H. Chen, Adv Mater, 2014, 26, 
4838-4844.

116. V. Palmieri, M. C. Lauriola, G. Ciasca, C. Conti, M. De Spirito and M. Papi, Nanotechnology, 
2017, 28, 152001.

117. Z. Song, X. Wang, G. Zhu, Q. Nian, H. Zhou, D. Yang, C. Qin and R. Tang, Small, 2015, 11, 
1171-1176.

118. B. Ziem, W. Azab, M. Gholami, J. P. Rabe, N. Osterrieder and R. Haag, Nanoscale, 2017, 9, 
3774-3783.

119. M. A. Unal, F. Bayrakdar, H. Nazir, O. Besbinar, C. Gurcan, N. Lozano, L. M. Arellano, S. 
Yalcin, O. Panatli, D. Celik, D. Alkaya, A. Agan, L. Fusco, S. Suzuk Yildiz, L. G. Delogu, K. 
C. Akcali, K. Kostarelos and A. Yilmazer, Small, 2021, 17, e2101483.

120. Z. Song, X. Wang, G. Zhu, Q. Nian, H. Zhou, D. Yang, C. Qin and R. Tang, Small, 2015, 11, 
1171-1176.

Page 25 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Perspectives

25

121. H. Zhong, Z. Zhu, J. Lin, C. F. Cheung, V. L. Lu, F. Yan, C.-Y. Chan and G. Li, ACS nano, 
2020, 14, 6213-6221.

122. O. Akhavan, M. Choobtashani and E. Ghaderi, The Journal of Physical Chemistry C, 2012, 
116, 9653-9659.

123. S. Roy, A. Mondal, V. Yadav, A. Sarkar, R. Banerjee, P. Sanpui and A. Jaiswal, ACS Appl 
Bio Mater, 2019, 2, 2738-2755.

124. S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta, H. R. Gutierrez, T. F. Heinz, S. S. 
Hong, J. Huang, A. F. Ismach, E. Johnston-Halperin, M. Kuno, V. V. Plashnitsa, R. D. 
Robinson, R. S. Ruoff, S. Salahuddin, J. Shan, L. Shi, M. G. Spencer, M. Terrones, W. Windl 
and J. E. Goldberger, ACS Nano, 2013, 7, 2898-2926.

125. L. Li, J. Kim, C. Jin, G. J. Ye, D. Y. Qiu, F. H. da Jornada, Z. Shi, L. Chen, Z. Zhang, F. Yang, 
K. Watanabe, T. Taniguchi, W. Ren, S. G. Louie, X. H. Chen, Y. Zhang and F. Wang, Nat 
Nanotechnol, 2017, 12, 21-25.

126. H. Barosova, A. G. Maione, D. Septiadi, M. Sharma, L. Haeni, S. Balog, O. O’Connell, G. R. 
Jackson, D. Brown and A. J. Clippinger, Acs Nano, 2020, 14, 3941-3956.

127. H. Barosova, B. B. Karakocak, D. Septiadi, A. Petri-Fink, V. Stone and B. Rothen-
Rutishauser, International journal of molecular sciences, 2020, 21, 5335.

128. D. A. Jasim, S. Murphy, L. Newman, A. Mironov, E. Prestat, J. McCaffrey, C. Ménard-Moyon, 
A. F. Rodrigues, A. Bianco and S. Haigh, ACS nano, 2016, 10, 10753-10767.

129. T. Fan, L. Yan, S. He, Q. Hong, F. Ai, S. He, T. Ji, X. Hu, E. Ha and B. Zhang, Chemical 
Society Reviews, 2022, 51, 7732-7751.

130. L. Newman, D. A. Jasim, E. Prestat, N. Lozano, I. De Lazaro, Y. Nam, B. M. Assas, J. 
Pennock, S. J. Haigh and C. Bussy, Acs Nano, 2020, 14, 10168-10186.

131. D. A. Jasim, C. Ménard-Moyon, D. Bégin, A. Bianco and K. Kostarelos, Chemical science, 
2015, 6, 3952-3964.

132. S. Syama, W. Paul, A. Sabareeswaran and P. V. Mohanan, Biomaterials, 2017, 131, 121-
130.

133. C. Braccia, V. Castagnola, E. Vázquez, V. J. González, F. Loiacono, F. Benfenati and A. 
Armirotti, Carbon, 2021, 185, 591-598.

134. Y. Chong, C. Ge, Z. Yang, J. A. Garate, Z. Gu, J. K. Weber, J. Liu and R. Zhou, ACS nano, 
2015, 9, 5713-5724.

135. V. Palmieri, G. Perini, M. De Spirito and M. Papi, Nanoscale Horizons, 2019, 4, 273-290.
136. C. D. Walkey and W. C. Chan, Chemical Society Reviews, 2012, 41, 2780-2799.
137. A. Bianco, H.-M. Cheng, T. Enoki, Y. Gogotsi, R. H. Hurt, N. Koratkar, T. Kyotani, M. 

Monthioux, C. R. Park and J. M. Tascon, Journal, 2013, 65, 1-6.
138. K. Kostarelos and K. S. Novoselov, Science, 2014, 344, 261-263.
139. Z. Wang, W. Zhu, Y. Qiu, X. Yi, A. von dem Bussche, A. Kane, H. Gao, K. Koski and R. Hurt, 

Chem Soc Rev, 2016, 45, 1750-1780.
140. C. Moore, D. Movia, R. J. Smith, D. Hanlon, F. Lebre, E. C. Lavelle, H. J. Byrne, J. N. 

Coleman, Y. Volkov and J. McIntyre, 2D Materials, 2017, 4, 025065.
141. J. E. Nichols, J. A. Niles, S. P. Vega, L. B. Argueta, A. Eastaway and J. Cortiella, 

Experimental biology and medicine, 2014, 239, 1135-1169.
142. B. Rothen-Rutishauser, F. Blank, C. Mühlfeld and P. Gehr, Expert opinion on drug 

metabolism & toxicology, 2008, 4, 1075-1089.
143. A. J. Clippinger, D. Allen, H. Behrsing, K. A. BéruBé, M. B. Bolger, W. Casey, M. DeLorme, 

M. Gaça, S. C. Gehen and K. Glover, Toxicology in Vitro, 2018, 52, 131-145.
144. G. E. Kim, Y. Han, I. J. Bang, J. E. Lim and H. R. Kim, Lab Chip, 2026, 26, 448-456.
145. Y. Kong, N. J. Machi, F. Jiang, E. J. Barthazy Meier, V. Agarwal, Z. Dong, S. S. Lee and J. 

Wang, ACS Nano, 2026, 20, 11466-11483.
146. L. Schlagenhauf, T. Buerki-Thurnherr, Y.-Y. Kuo, A. Wichser, F. Nüesch, P. Wick and J. 

Wang, Environmental science & technology, 2015, 49, 10616-10623.
147. L. M. Guiney, X. Wang, T. Xia, A. E. Nel and M. C. Hersam, ACS Nano, 2018, 12, 6360-

6377.
148. Kenry and C. T. Lim, ChemNanoMat, 2017, 3, 5-16.
149. M. Fojtů, W. Z. Teo and M. Pumera, Environmental Science: Nano, 2017, 4, 1617-1633.

Page 26 of 27Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e


Data availability statements

No primary research results, software or code have been included and no new data 
were generated or analysed as part of this review.

Page 27 of 27 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6VA00035E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00035e

