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Abstract: Atomically thin two-dimensional (2D) materials present opportunities for selective 

transport of sub-atomic species. The pristine lattice of monolayer graphene and hexagonal boron 

nitride although impermeable to helium atoms, allow for transmission of electrons, and permit 

transport of thermal protons and its isotopes. We discuss advances in selective sub-atomic 

species transport through atomically thin membranes and their potential for transformative 20 

advances in energy storage and conversion, isotope separations, in-situ electron microscopy and 

spectroscopy, and future electronic applications. We outline technological challenges and 

opportunities for these applications and discuss early adoption in imaging and spectroscopy that 

are starting to be commercially available, as well as emerging applications in the nuclear 

industry and future application potential in grid storage, clean/green transportation, 25 

environmental remediation, and others. 

One Sentence Summary: Sub-atomic Species Transport Through Atomically Thin Membranes. 

Main Text: Atomically thin two-dimensional (2D) materials are crystalline solids with 

constituent atoms bonded in a planar 2D sheet and exhibit distinctly different properties 

compared to bulk materials(1). Graphene, a monolayer mesh of carbon atoms arranged in a 30 

hexagonal lattice (~3.4Å thick) was initially isolated as a model 2D-material and can be 

considered as a building block for other carbon materials such as graphite (stack of graphene 

sheets held together via van der Waals forces), carbon nanotubes (seamless cylinders of 

graphene), and buckyballs (seamless spheres of graphene)(1). Interest in the properties of 2D-

materials have since resulted in successful isolation of monolayers from other layered materials 35 

e.g. monolayer hexagonal boron nitride (h-BN, isomorph of graphene with alternating B and N 

atoms), graphene oxide, 2D chalcogenides (~3 atoms thick), 2D oxides, 2D mica (~10Å thick), 

2D metal-organic frameworks, 2D covalent-organic frameworks, and others(2–6), as well as 

combinations in lateral (in-plane bonding of different 2D-materials) or vertical (stacking 

different 2D-materials) heterostructures(2, 5).  40 

Membranes are typically thin physical barriers that allow for transport of certain species while 

hindering others and their ratio is commonly defined as selectivity(7, 8). Monolayer graphene 

and h-BN represent the thinnest possible physical barrier and allow for selective permeation of 
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sub-atomic species (Fig. 1), i.e. the pristine lattice of graphene and h-BN is impermeable to small 

atoms such as helium at room temperature(9), but allows for transport of protons(10) and 

deuterons(11), and shows energy dependent transparency to electrons(12). Graphene exhibits 

excellent thermal conductivity ((4.84 ± 0.44) ×103 to (5.30 ± 0.48) ×103 W/mK)(13) and electron 

mobility (~3,000-230,000 cm2V−1s−1)(1, 14, 15), while h-BN is an insulator (bandgap ~5.9-6 5 

eV)(16) with high thermal conductivity (~751 W/mK at room temperature)(17). The exceptional 

mechanical strength of monolayer graphene (Young’s modulus ∼1TPa, breaking strength ~42 

Nm–1)(18) and h-BN (Young’s modulus ~0.86 TPa, fracture strength of ~70 GPa)(19) when 

suspended over micron scale apertures coupled with the high adhesion energy (graphene 

~0.45 Jm−2)(20) enables the fabrication of functional atomically thin membranes. Monolayer 10 

graphene in particular can withstand ~100 bar of applied pressure(21) and several orders of 

magnitude pressure differential(22). The pressure tolerance however, depends on the area over 

which graphene is suspended(21) and calculations indicate aperture diameters <1μm are ideal for 

extreme pressures (up to ~570 bar)(23). This review will focus on selective transport of 

electrons, protons and deuterons through atomically thin membranes and discuss the most 15 

promising present and future applications. 

 

Impermeability to atoms, gases and molecules  

Graphene and h-BN were initially shown to be impermeable to helium and other gases (Fig. 1C 

inset)(9, 20). Atomically thin balloons formed by sealing micron-sized gas-filled cavities with 20 

mechanically-exfoliated monolayer graphene or h-BN flakes exhibited negligible leakage 

(transport of gas through the 2D lattice) rates indicating their lattice is impermeable to helium 

and larger atoms/molecules at room temperature(9, 24, 25) and monolayer molybdenum-di-

sulfide (MoS2) is impermeable to H2 at ~50 ℃ (1 bar and over 3 days)(26). In contrast, high gas 

leakage rates were observed for even nanoscale defects(24, 25, 27). Theoretical calculations 25 

were in agreement with experimental observations of gas impermeability and predicted large 

energy barriers (EB) for the permeation of atoms through the hexagonal rings (radius ~1.42-

1.45Å) in the pristine lattice of graphene (H atoms EB ~2.86-4.61 eV, He atoms EB ~3.5-18.77 

eV, O atoms EB ~5.5 eV and N atoms EB ~3.2 eV) and h-BN (H atoms EB ~6.38 eV)(9, 28–31).  

The impermeability of graphene and h-BN to even small gas atoms at room temperature offers 30 

routes to create atomically thin barriers or atomically sharp interfaces separating two distinct 

reservoirs of atoms/molecules. However, observations of anomalous H2 permeation through 

monolayer graphene, while maintaining impermeability to the smaller helium atoms as well as 

the absence of molecular deuterium (D2) permeation(26), taken together with the stochastic 

switching behavior of leakage rates observed in some atomically thin balloon experiments(24, 35 

27, 32), raises fundamentally interesting questions on the absolute limits of gas impermeability, 

as well as the transport mechanisms (and associated EB) for selective H2 permeation(26).  

In contrast, the transmission of energetic He ions/alpha particles and other larger ions through 

graphene, h-BN and other 2D-materials depends on the ion energy, size, and incident angle 

wherein collisions with the 2D lattice can also result in the formation of defects with varying 40 

yields(33, 34). Irradiation with energetic ions, protons, as well as alpha, beta, and gamma 

particles, is typically used to assess the reliability of electronic devices incorporating 2D-

materials for space applications(35, 36). Finally, selective transport of atoms, molecules and 

ions, through defects in 2D-materials presents potential for advancing separation processes(7, 8). 
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Transmission of electrons 

Electron transmission through 2D-materials entails combinations of electron-electron and 

electron-phonon interactions in the lattice, via elastic and inelastic collisions with the nuclei of 

the atoms in the lattice(37). Electrons tunnel through the lattice of monolayer graphene(38–40) 

and h-BN (tunnel-barrier height ~3.07 eV, dielectric strength ~7.94 MV/cm)(41, 42), and the in-5 

plane electron conductivity of graphene can be used to modulate tunnelling via changes to the 

potential or charge distribution, the tunnelling electrons encounter during transport in the normal 

direction(39). In this context, emerging electronics applications such as the use of graphene and 

h-BN as tunnel-barriers for spintronic devices,(43) as well as vertical transistors exploiting 

electron tunneling(39, 42, 44) show promise. 10 

 The transmission of energic electrons through graphene varies with their kinetic energy (Fig. 

1A). For low energy electrons (~40–200 eV) simulations predict transmission >80% through 

monolayer graphene,(45) that appear to be in agreement with experimentally measured 

transmission coefficients (ratio of transmitted electron current (I0) to incident electron current(I)) 

of ~0.6-0.74 for electrons with ~2-205 eV kinetic energy(46–48). For electrons with kinetic 15 

energy ~200-1600 eV, the measured transmission coefficients for monolayer graphene increases 

with electron kinetic energy (Fig. 1A)(12, 49). The electron attenuation lengths 

(λEAL = dG/ln(I0/I)cos θ) computed from the measured transmission coefficients I0/I (assuming 

graphene thickness dG ~3.35Å and incident angle (θ = 0), show reasonable agreement with 

values computed using the inelastic mean free path predictive formula (TPP-2M model) for 20 

graphite(50), and deviations at lower energy were ascribed to elastic scattering(12). These 

theoretical and experimental observations suggest the inelastic mean free path of electrons 

provides a reasonable measure of the electron transparency of graphene indicating its potential as 

an electron transparent gas impermeable barrier for electron microscopy and spectroscopy(12, 

51). Electron transmission decreases with increasing number of graphene layers(12) and 25 

therefore bulk graphite is expected to show significantly lower electron transmission. 

Graphene and h-BN show reasonable tolerance to irradiation induced damage from electron 

beams ~60-80keV even for high beam doses under vacuum(37, 52). At electron energies 

>80keV, knock-on damage with ejection of atoms from the lattice is observed for monolayer 

graphene with formation of structural/vacancy defects as well as defect clusters in the lattice 30 

upon prolonged irradiation(52). Graphene synthesized using C13 isotope shows a slightly higher 

threshold >95keV for knock-on damage.(52) For monolayer h-BN, irradiation with electron 

beam ~80keV results in preferential ejection of B atoms and the metastable nitrogen terminated 

zig-zag edges preserve a triangular vacancy defect shape(53, 54). However, the electron 

irradiation tolerance at higher pressures for graphene(55) and h-BN(56) depends on the gas 35 

composition of the environment with the possibility of beam-induced reactive chemical 

degradation/etching(57). 

 

Permeation of protons and deuterons 

The impermeability to helium atoms and electron transparency of the pristine graphene and h-40 

BN lattice raised fundamentally important scientific questions regarding the transport of protons. 

Protons represent an interesting intermediate case(10), and theoretical/experimental 

understanding of transport is still emerging.  
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Initially, permeation of protons through the pristine graphene lattice was assessed to be 

improbable based on calculated energy barriers (EB) ~1.41-2.21 eV and transport was 

hypothesized to only occur in the presence of lattice defects which reduce the barrier height(29). 

However, areal conductivity ~3 mScm−2 for graphene (EB ~0.78± 0.03 eV) and ~100 mScm−2 for 

h-BN (EB ~0.3 ± 0.02 eV) were measured at room temperature during electric-field-driven 5 

transport of thermal protons through micron-scale mechanically-exfoliated flakes sandwiched 

between Nafion, an ionomer that conducts protons in the hydrated state (Fig. 2A,B)(10). Since 

Nafion shows negligible electron conductivity, the current obtained was a measure of proton 

transport through the graphene and h-BN lattice(10). Nafion sandwich devices with monolayer 

MoS2 did not show measurable proton current under similar experimental conditions(10). The 10 

measured increase in proton conductivity with temperature (Arrhenius dependence) indicated 

values >1 Scm−2, required for practical energy relevant applications, could be attained at 

relatively mild temperatures for h-BN (>80 °C) and graphene (>110 °C)(10).   

The large difference in proton conductivity for graphene and h-BN despite only ~1.8% lattice 

mismatch(40), is attributed to the polar nature of bonds in h-BN which results in valence 15 

electrons concentrating around the N atom, leading to larger openings/pores in the electron cloud 

for the h-BN lattice compared to graphene (Fig. 1B inset)(10). The proton conductivity decreases 

with increasing number of layers due to an increase in integrated electron density i.e. bilayer h-

BN (~5 mScm−2) and tri-layer h-BN (~0.1 mScm−2), while bilayer graphene shows negligible 

transport(10). Differences between bilayer graphene and h-BN are attributed to different stacking 20 

order i.e. the AA’ stacking in h-BN aligns the hexagonal rings between different layers 

preserving the central pore, while the AB stacking in graphene positions a carbon atom in one 

layer in the center of the hexagonal ring in the next layer, effectively blocking the pores in the 

electron cloud(10). Bulk graphite and h-BN are hence expected to be impermeable to protons. 

Proton conductivity similar to Nafion sandwich devices were also measured for micron-scale 25 

mechanically-exfoliated graphene (~3 mScm−2) and h-BN (~100 mScm−2) separating liquid 

electrolytes (0.1M HCl, Fig. 2A)(10, 25). The areal conductivity showed a linear dependence on 

the electrolyte concentration i.e. at 1M HCl ~1 Scm−2 for monolayer h-BN, and ~12 mScm−2 for 

monolayer graphene were measured (Fig. 2B), indicating the concentration of protons interfacing 

the 2D lattice could influence transport rates(25). A Nernst analysis of membrane potentials 30 

showed that protons account for nearly all the observed currents with no detectable flow of 

counter ions (Cl-) indicating near perfect proton selectivity(25). Although these studies 

implemented rigorous controls and measured negligible gas leakage rates through the 

membranes compared to noticeable gas fluxes for graphene synthesized via chemical vapor 

deposition (CVD) with intrinsic defects(10, 25), some studies attribute proton transport through 35 

CVD graphene in the liquid-phase to atomic scale defects in the lattice(58, 59). Further research 

is expected to improve fundamental understanding and shed light on the origins of these 

differences.  

The deposition of a discontinuous layer of Pt on the 2D lattice to form Nafion-2D-material-Pt 

devices (where protons permeating the 2D lattice recombine on Pt to evolve H2 gas, Fig. 2A) 40 

further increased proton conductivity of graphene to ~90 mScm−2 (reducing EB by ~0.5 eV) 

while ~3 Scm−2 was measured as a lower bound for h-BN (Nafion resistance limited proton 

current)(10, 60). Although the attraction of transient protons to Pt has been suggested to play a 

role(10, 60), further research may provide mechanistic insights. Illuminating the Nafion-

graphene-Pt devices with visible light (100 mWcm−2) resulted in further increase in proton 45 
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conductivity to ~20 Scm−2 (at ~2.8V) and up to 10× higher proton fluxes than for devices in the 

dark(60). The measured gain of ~104 protons per photon (photo-responsivity ~104 AW-1) and 

response times in the microsecond range can possibly enable photodetector applications(60). 

Similar effects, are also seen for Pd and Ni nanoparticles (albeit not as effective as Pt) that also 

strongly interact and n-dope graphene, and the observed effects are attributed to photovoltages 5 

created from hot electrons generated in graphene (upon illumination of in-plane electric 

fields/built-in junctions formed in areas surrounding the nanoparticle due to n-doping) that 

funnel protons and electrons towards the metal nanoparticle resulting in enhanced rate of 

electron–proton conversion to atomic hydrogen on the nanoparticle(60).   

Theoretical studies have proposed different mechanisms (via hydrogenation/protonation) and 10 

transport pathways (straight perpendicular path through the center of the hexagonal ring, EB 

~1.41 eV or via chemisorption, EB ~2.21 eV) to explain the measured proton conductivity for 

graphene and h-BN (Fig. 2C)(29). While the computational methods vary, most studies 

computed EB >1.4 eV for graphene,(28, 29, 59, 61–65) and EB >0.9 eV for h-BN(31) and the 

inclusion of quantum effects such as tunneling and zero-point energy can further reduce EB by 15 

~0.5 eV(61) bringing the theoretical values (Fig. 2D) closer to the experimentally measured 

values EB ~0.8 eV (graphene) and EB ~0.3 eV (h-BN)(10). Theoretical studies of proton transport 

in the presence of water molecules i.e. proton transfer from H3O
+ on one side to H2O on the other 

(comparable to experimental approaches interfacing 2D crystals with hydrated Nafion or 

aqueous electrolytes) suggest that hydrogenation of graphene reduces EB from >3 eV to <1 20 

eV(62). EB ~1eV for proton transport through multi-protonated graphene was also computed for 

a co-operative mechanism where nearby chemisorbed protons facilitate chemisorption of 

subsequent protons onto a carbon atom in the hexagonal ring, followed by bond-flipping via the 

C-C bond to allow for proton transfer to the other side (Fig. 2C)(64).      

In addition to proton transport, transport of the heavier isotope deuteron was also measured 25 

through pristine monolayer flakes of graphene and h-BN using Nafion-2D-material-Nafion 

devices (Fig. 2A)(11). The rate of transport for deuterons were an order of magnitude lower than 

protons allowing for a separation factor or selectivity ~10 (10H+:1D+) arising due to difference in 

vibrational zero-point energies (~60meV) of transient protons and deuterons bound to the SO3
- 

groups in the Nafion before being incident on the graphene or h-BN lattice(11).   30 

While the measured areal proton conductivity for pristine graphene (~3 mScm−2) and h-BN 

(~100 mScm−2) at ambient temperature are lower than state-of-the-art industry standard ionomers 

such as Nafion (thickness dependent proton conductivity ranging from ~1-20 Scm−2, Fig. 2B)(10, 

66), atomic scale defects in the lattice as well as domain boundaries in CVD graphene have been 

shown to increase proton conductivity to ~29 Scm−2 (after subtracting Nafion resistance) while 35 

maintaining negligible transport of K+ in Nafion-graphene-Nafion devices(66). Despite the 

presence of defects in CVD graphene, a H+/D+ isotope selectivity ~14 (14H+:1D+) was 

maintained(66), indicating that the mere presence of defects alone did not change the dominant 

mode of rate based H+/D+ isotope separation in these devices(66, 67).  

Theoretical calculations for H+ and D+ transport through topological Stone–Wales defects (55-40 

77SW) predict energy barrier <1 eV and H+/D+ selectivity ~ 7 at ambient conditions(68). These 

calculations offer an alternative interpretation with proton transport occurring primarily through 

defects in the 2D lattice rather than permeation through the pristine lattice. Such an interpretation 

would be consistent with proton conductivity along with negligible gas leakage rates measured 

for mechanically-exfoliated graphene and h-BN(10, 25), very high proton conductivity along 45 
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with high H+/D+ selectivity for CVD graphene with grain boundaries(66, 67) containing 

pentagon-heptagon rings(69), as well as the high proton conductivity ~1 Scm−2 for 

nanocrystalline graphene (NG) and monolayer amorphous carbon (MAC, with eight carbon atom 

rings) along with negligible gas leakage rates(4, 70). 

Practical applications will require large-area 2D-materials synthesized via scalable approaches 5 

such as CVD that inevitably introduce intrinsic defects, grain boundaries, wrinkles, and other 

defects (Fig. 3) and the proton transport properties may be quite different than pristine 2D-

material (Fig. 2B)(58, 59, 66, 67, 71–74). Hence, understanding selective proton transport 

behavior of CVD grown 2D-materials is imperative for advancing applications. Notably, 

nanoscale defects introduced in CVD graphene via ion-beam bombardment,(74) plasma 10 

treatments, and incorporating dopants can increase ionic conductance(74, 75) with pH 

dependence confirming protons as the main contributors(74). However, non-selective defects can 

also increase ionic conductivity with loss in proton selectivity.  Finally, the emergence of new 

materials such as 2D mica (~10Å in thickness and ~5Å wide tubular channels) that exhibit 1-2 

orders of magnitude higher proton conductivity (~100 S cm−2 at 500 °C) than graphene or h-BN 15 

have ignited research interest in ultra-thin membranes that could operate under high temperatures 

increasing the efficiency of fuel-cells and as well as under dry/un-hydrated conditions.(4) Other 

2D-materials e.g. Phosphorene (EB ~0.48) and Silicene (EB ~0.12) have been explored 

theoretically(31) for enhanced proton transport but their limited stability under ambient 

conditions presents challenges.  20 

 

Advances in Synthesis and Processing of Atomically Thin Membranes  

Mechanical exfoliation was initially used to isolate monolayers of 2D-materials and suspend 

them over apertures to form atomically thin membranes (Fig. 3)(1, 9, 20). Although it produces 

the highest quality of pristine flakes ideally suited for probing fundamental material and 25 

transport properties, the flake sizes remains limited to a few microns(9, 10, 24–27).  Practical 

membrane applications will require scalability over much larger areas and will need higher levels 

of homogeneity in terms of layer numbers, film coverage and quality(8). While liquid phase 

exfoliation of 2D-materials allows for scalability, fabricating atomically thin membranes from 

randomly oriented collage of flakes of multiple sizes, shapes and thicknesses is inherently 30 

challenging(8, 76). Bottom-up synthesis via CVD (using a catalytic substrate to dissociate a 

precursor vapor followed by self-assembly via nucleation and subsequent growth at elevated 

temperatures) and its variants  allow for continuous monolayer films of graphene(77), h-BN(78), 

nanocrystalline graphene(79), monolayer amorphous carbon(80), and other 2D-materials(81) 

where the scalability is in-principle only limited by the catalyst/substrate surface area and reactor 35 

design(82), e.g. synthesis of ~10×10cm monolayer h-BN(83) and ~100m of monolayer graphene 

via roll-to-roll processes(84) have been demonstrated. However, CVD grown monolayers are 

typically polycrystalline with domain boundaries(69) as well as intrinsic defects within the 

domains that could allow for non-selective leakage (Fig. 3)(85).  

Efforts towards improving the quality of CVD grown 2D-materials were largely driven by 40 

requirements for electronic applications i.e. minimizing electron scattering at grain boundaries to 

achieve performance comparable to mechanically-exfoliated flakes(86). Hence, increasing 

domain sizes within the polycrystalline film has been the primary focus with the ultimate goal of 

producing single crystalline 2D-materials without grain boundaries via three main approaches 
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(Fig. 3). In the first approach, a single crystalline substrate is used to nucleate domains of 2D-

material that align with respect to each other and orient in the most energetically favourable 

crystallographic direction with respect to the substrate(83, 87, 88) or electrostatic interaction 

between domains is used to achieve alignment on a liquid metal(89). Such alignment results in 

seamless merging of the individual domains into a continuous film without domain 5 

boundaries(83, 87–89). In practice, single crystal substrates are expensive to produce and 

ensuring perfect alignment of all domains with respect to each other is non-trivial since a small 

fraction of unaligned domains can result in polycrystalline films(87). In the second approach a 

single nucleus of the 2D-material is grown larger in size without the nucleation of additional 

domains by carefully controlling the supply of precursor(90), but the processing is typically long 10 

i.e. few hours compared to processes that require a few minutes or seconds(91). Thirdly, an 

approach of evolutionary selection in which multiple domains nucleate but careful control of gas 

supply through a nozzle on a moving substate results in one nuclei outgrowing the others(92). 

This method allows for the use of in-expensive polycrystalline catalyst foils to produce single 

crystalline monolayer 2D-materials via kinetic control(92) and is adaptable to roll-to-roll CVD 15 

offering process scalability(82, 84). 

However, single crystalline 2D-materials are still not completely devoid of defects including 

vacancy defects(8, 93), and the quality requirement for membrane applications tend to be 

somewhat different than electronic applications(7, 8, 94). For example, intrinsic defects (e.g. 

Stone Wales 55-77) and grain boundaries can allow for enhanced proton transport(66, 68), but 20 

larger defect sizes could result in leakage of gases, ions and larger molecules compromising 

selectivity(7, 8, 24, 25, 27). Additionally, nanoscale defects show a propensity to cluster along 

wrinkles originating from differences in thermal expansion coefficients between the 2D-material  

and catalyst, and the detrimental effects of leakage (loss in selectivity) through even a very small 

number of nanoscale defects is greatly exacerbated for atomically thin membranes applications 25 

compared to most electronic applications(94). In this context, recent synthesis of nanocrystalline 

graphene(79), and monolayer amorphous carbon(80) show promise but attaining atomic scale 

control and complete absence of larger defects over large areas remains non-trivial, necessitating 

leakage sealing approaches(95, 96), while large-area synthesis of 2D mica remains to be 

demonstrated(4). 30 

In addition to synthesis, the interfacing of the 2D-material by transferring it from the growth 

substrate to an appropriate support is crucial to enable membranes applications (Fig. 3B)(7, 8). 

Transfer procedures developed for 2D-materials device fabrication e.g. sacrificial polymer 

scaffolds(9, 24–27, 83, 87, 88) or the use of an evaporating solvent to adhere 2D-materials to 

TEM grids(97) can aid small area membrane (few microns to centi-meter scale) fabrication while 35 

scalable approaches such as hot-pressing(66), polymer support casting(98) and roll-to-roll 

lamination(99) along with approaches for effective re-use of the catalyst(100) may enable 

scalable, cost-effective synthesis of atomically thin membranes for large area (centi-meter to 

meter scale) applications(7, 8). Leveraging synergistic opportunities such as roll-to-roll processes 

for 2D-material synthesis as well as membrane fabrication may provide rapid advances in this 40 

area(8, 82, 99).  

Commercial production of large-area 2D-materials is slowly maturing. While polycrystalline 

centi-meter scale CVD graphene has been available commercially for almost a decade, 

innovations in processing and economies of scale have allowed for cost of bulk orders of CVD 

graphene on Cu foil to steadily drop from ~ €1,000/cm2 in 2010 to ~ €2/cm2 indicating that 45 
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applications using small areas of graphene can already be cost competitive while delivering 

improved functionality(101, 102). Based on the current trends, a further reduction in price for 

graphene may be expected and translating learnings from developments with graphene can 

perhaps aid compressed timescale for commercial production of other 2D-materials. 

 5 

Applications of selective proton transport through atomically thin membranes 

Selective proton transport through atomically thin membranes along with impermeability to 

atoms, gases and hydrated ions presents opportunities to improve efficiencies across a wide 

spectrum of energy generation and conversion processes in the hydrogen economy as well as 

enabling additional separation processes (Fig. 4).  10 

Fuel-cells and hydrogen pumps: Fuel-cells powered by renewably generated hydrogen or  

methanol/ethanol are expected to play an important role in environmentally sustainable advances 

towards clean/green transportation, distributed and mobile auxiliary power generation (Fig. 

4)(103). Nafion and sulfonated polyether ether ketone (S-PEEK) currently represent the most 

widely used fuel-cell membranes but suffer from cross-over of reactants (leakage of undesired 15 

species through the membrane thereby reducing selectivity), swelling/softening at high relative 

humidity and require hydrated environments for proton conductance(104, 105). Hydration 

requirements also limit the maximum operating temperatures hindering efficiency gains(103–

107).  

Among the many approaches to improve the operability of proton conducting polymers(108), 20 

coating continuous layers of graphene or h-BN has been shown to limit cross-over of 

hydrogen(109) or methanol in fuel cells(110, 111). In hydrogen fuel-cells, the effect was more 

pronounced in accelerated stress tests for ~100 hrs i.e. H2 permeation currents (measured at 

0.4V, 30% relative humidity and 90°C) for 1 or 3 layers (AA’ stacked) h-BN-coated-Nafion 

showed almost no change compared to >100× increase for bare Nafion, indicating long-term 25 

benefits(109). In the case of methanol fuel-cells, decrease in cross-over up to ~68% is observed 

for monolayer graphene coated Nafion compared to bare Nafion, allowing higher concentrations 

of methanol (up to ~10M compared to typical 1-5M) to obtain enhanced power density(111).   

The reduction in cross-over can however come at the expense of low proton conductivity of 2D-

materials that can decrease the overall efficiency of the fuel-cell by increasing the ohmic 30 

losses(109–111). Higher operating temperatures(110, 111) or the incorporation of selective 

defects in the 2D lattice can enhance proton transport(66, 74). However, achieving atomic 

precision in defect sizes over large-area membranes using scalable processes remains non-trivial 

and leakage sealing techniques(7, 8, 96) as well as appropriate support selection(112) could  play 

a crucial role in increasing functionality by minimizing non-selective leakage. h-BN and 35 

graphene membranes supported on porous polymers or even ceramics can allow for membranes 

with high proton selectivity that can operate in anhydrous environments and medium 

temperatures 110–160°C (h-BN is stable up to ~500-700°C in air(113)) aiding increased fuel-cell 

efficiencies as well as their possible use in other kinds of fuel-cells(103, 104, 106, 107). 

Although Li-ion battery (specific energy >250Whkg-1) vehicles currently have a higher market 40 

penetration for passenger vehicles and will continue to in the near future due to established 

electricity infrastructure (despite relatively long charging times), the extra weight required to 

enhance the range of fuel-cell vehicles is negligible compared to drastic weight compounding for 
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battery powered vehicles(106, 107, 114). These differences are exacerbated in the context of 

clean/green cargo and commercial transport both on land via heavy vehicles/trucks/buses and on 

shipping routes(106, 107, 114). Hydrogen fuel-cell powered vehicles have also been under 

development for under-water transport systems and military applications where the longer ranges 

from high energy density of H2 (~120-142MJ/kg) as well as low thermal and acoustic signatures 5 

allow for extended periods of quiet submergence and undetected transport(107). Finally, the use 

of hydrogen fuel-cells for aviation are also under consideration, particularly for unmanned ariel 

vehicles(107). The already high cost of Nafion membranes ($75-250/kg ionomer cost for high-

volume manufacturing)(115) accounts for ~9-17% of the fuel-cell cost(107) and the addition of 

2D-materials is likely to increase costs further. However, advantages in increased efficiency over 10 

the targeted membrane life-cycle of operation i.e. ~40,000 hours (stationary fuel-cells) and 

~5,000 hours (transportation fuel-cells)(116), need to be considered during feasibility analysis. 

Studies are also needed to evaluate long-term durability and chemical stability of 2D-materials 

under real-world fuel-cell operating conditions.   

The lack of hydrogen infrastructure perhaps presents the most severe challenge to the hydrogen 15 

economy(103, 106, 107, 114). Leveraging the potential of agricultural waste in rural areas, waste 

water and industrial waste in urban areas to generate biogas/methane (and H2 via reforming, 

predicted total capacity of USA ~2.8 million tonnes and enough to power ~11 million fuel-cell 

vehicles per year) as well as the use of existing natural gas infrastructure are some viable 

approaches for possible distributed H2 production (Fig. 4A)(117). Separating H2 from reformate 20 

mixtures can allow for carbon capture (which can further be converted into economic value 

organic molecules such as methanol, formic acid, olefins etc) or carbon storage for negative 

carbon emissions technologies, particularly for H2 sourced from biogas generated from waste 

streams(117). Here, compact separators using electrochemical hydrogen pumps can aid 

distributed H2 production(107). Electrochemical hydrogen pumps incorporating proton selective 25 

atomically thin membranes can allow for facile, compact, single-step H2 separation and 

purification (>99.97% purity needed for fuel-cells) alleviating the need for multi-stage 

conventional separation processes(116). In addition to separation from reformate mixtures, such 

proton pumps can also be used to pump against a pressure gradient to allow for a single-step 

purification and pressurization of H2 and facilitate dispensing for fuel-cells. 30 

Redox flow batteries and grid storage: Grid scale energy storage is emerging as a critical 

requirement for future electricity grids powered by periodic and/or intermittent renewable energy 

such as solar and wind (Fig. 4). Redox flow batteries, where ions in electrolyte solutions undergo 

a change in the redox states via the exchange of protons through a cation conducting polymer 

separating two reservoirs, are emerging as promising technology platforms(118). Vanadium 35 

redox flow batteries in particular, offer distinct advantages with scalability in storage capacity 

from stand-alone units ~few kW to 200 MW (under construction)(119), thousands of deep-

discharge cycles (>15,000), >20 years of life-time, are non-flammable and allow for independent 

control of power and energy storage(118, 120, 121). Nafion, S-PEEK and other proton 

conducting polymers are the current industry standard for vanadium flow batteries but do not 40 

offer high selectivity between protons and vanadium ions and thereby suffer from crossover of 

vanadium ions as well as other undesired redox species leading to long-term efficiency 

losses(118, 120, 121). Sandwiching monolayer graphene or h-BN between layers of Nafion or S-

PEEK has been shown to increase proton selectivity(120–122). In particular for CVD graphene 

sandwiched between Nafion, proton transport (0.02 ± 0.005 Ω cm2) four orders of magnitude 45 

faster than vanadium ion transport (223 ± 4 Ω cm2) and near complete elimination of crossover 
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was observed under lab scale test conditions(121). The chemical robustness of graphene or h-BN 

to highly acidic electrolyte environments coupled with selective proton transport presents 

potential for advancing new kinds of proton exchange membranes by using inert polymers e.g. 

Teflon to support the 2D-material, although long-term studies under realistic operating 

conditions are required to evaluate durability and stability.  5 

Isotope separation and nuclear technologies:  Isotopes of hydrogen (hydrogen H, deuterium 

D, and tritium T) are widely used for nuclear, military, medical and research applications(67). 

Conventional H+/D+ separation processes for heavy-water production (D2O, used as a moderator 

for neutrons as well as a coolant in nuclear reactors) are extremely energy intensive requiring 

multi-stage separations due to poor selectivity e.g. Girdler-Sulfide process (H+/D+~1.3) and 10 

monothermal-NH3/H2 process (H+/D+~6)(67, 123, 124). The naturally occurring low 

concentration of D ~0.015% in water coupled with the low selectivity of conventional processes, 

necessitates processing of enormous quantities to produce ~1Kg D2O with an energy 

consumption ∼10 MWh, thereby increasing capital and operating costs(67, 123, 124). 

Here, selective H+ and D+ transport through graphene and h-BN with rate-based separations 15 

factors H+/D+≥10 offers transformational advances(11, 66). Large-area electrochemical proton 

pumps with monolayer CVD graphene show selectivity H+/D+~8 despite the presence of cracks 

and defects as well as ~1-2 orders of magnitude reduction in energy consumption compared to 

current technologies(67). Extrapolating the measured flux ∼0.8 mmol h−1 cm−2 at 0.5V in the 

electrochemical pumps indicates a graphene membrane ~30 m2 would produce ∼40 tons of 20 

heavy-water per year comparable to that of a modern plant(67), and h-BN is expected to offer 

even higher performance. Similar advantages for removal of radioactive tritium (T) from 

contaminated water in commercial and research nuclear reactors are predicted with higher 

selectivity H+/T+ ~37(11, 65–67). Finally, such technologies are expected to be leveraged to 

supply experimental fusion reactors that require T as a fuel(125) as well as separating mixtures 25 

of T-3He to recover 3He for applications in radiation monitors for border security at ports of entry 

to detect illicit transport of radiological or nuclear materials(126). 

Applications for the electron transparency of atomically thin membranes  

The energy dependent electron transparency of graphene along with its atomic-thinness, 

electrical conductivity, excellent mechanical strength and impermeability to gases offers 30 

transformative opportunities for advancing electron microscopy and spectroscopy(49, 57, 97, 

127–129), as well as extending conventional in-situ metrology techniques requiring high-vacuum 

environments to new frontiers (Fig. 5) such as ambient pressures(6, 49), liquid systems(12, 129, 

130), and biology(127, 131). 

 35 

Atomically thin substrates for transmission electron microscopy (TEM)  

Graphene represents the ideal substrate material to support samples for TEM imaging, and offers 

distinct advantages over the typically used ~3-20nm thick holey amorphous carbon films.(57) 

The electron transparency of atomically thin graphene (~0.34nm) at acceleration voltages 

typically used in TEM, minimizes background noise and contributions at high-resolution can be 40 

effectively filtered out using the periodicity of the crystalline lattice(37, 57, 132). The high 

mechanical strength and chemical inertness of graphene (compared to amorphous carbon), along 

with its ability to maintain integrity under ~80keV electron beams (even at high beam dose) and 
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effective charge dissipation, have enabled advancements in imaging individual low-atomic-

number atoms and adsorbates, 1D materials such as CNTs and nanowires, 2D-materials and 

heterostructures, organic compounds/molecules, biological materials and biomolecules, 

nanoparticles and clusters supported on graphene, including their dynamic interactions with 

graphene and between themselves(57, 132, 133). The uniform thickness of monolayer graphene 5 

and opportunities for chemical modification of its surface (for enhanced interaction with  

biological specimens) presents advantages for sample preparation for cryogenic electron 

microscopy of biological samples by enabling the formation of uniform ice thicknesses along 

with minimal signal from graphene used as a sample support(134, 135). The use of graphene for 

TEM grid supports (aided by small areas required ~few mm2(134) and high transfer yields(135)) 10 

was one of the first application to progress successfully into the commercial arena(102) with 

several companies e.g. Ted Pella Inc., ACS materials, etc., offering graphene coated TEM grids 

in their product line. However, electron beam induced knock-on damage >80keV and limited 

chemical/thermal stability compared to silicon nitride (SiNx) present some limitations but these 

may be mitigated to some extent by advances in aberration correctors that allow for high 15 

resolution imaging <80keV(37, 57). 

Electron transparent windows for in-situ electron microscopy and spectroscopy  

The use of graphene as an atomically thin electron transparent barrier (replacing the typically 

used ~15-50nm thick SiNx membranes with high atomic number Z and electron-scattering(130)) 

to isolate the sample environment from the vacuum environment of analyzers/detectors (Fig. 5), 20 

presents transformative opportunities for advancing in-situ electron microscopy and 

spectroscopy(12, 49, 129, 136). The simplest configuration involves covering the sample with a 

layer or two (where defects in the 1st layer are sealed by the 2nd layer) of graphene (Fig. 5A,D,E). 

Since the characteristic mean free path of the generated secondary/photo electrons is typically 

larger than graphene thickness, such an approach allows for probing the top few nanometres of 25 

the sample surface via photoelectron spectroscopy (PES) and microscopy(12, 49, 137) and 

scanning electron microscopy (SEM)(136, 138). Such approaches have enabled PES of wet and 

gaseous samples (Fig. 5D)(12, 136, 137), up to ~1-1.5bar pressure (Fig. 5E)(22), as well as SEM 

imaging of live bacterial cells without labels (Fig. 5A)(138). In the latter, graphene’s 

impermeability protected the cells from the vacuum environment, while the scavenging of 30 

radicals (generated due to radiolysis of water by the e-beam) by graphene along with its 

electrical conductivity allowed for 100-fold increase in electron dose after which the cells still 

appear to maintain structure and function(138). An alternative approach in airSEM(131), seals 

the electron optics in an SEM with graphene and uses the mean free path of electrons in air ~10-

100μm to enable high contrast imaging and improved spatial resolution (at 7 kV acceleration 35 

voltage, simulated electron scattering from bilayer graphene is ~3% compared to ~75% for 10 

nm SiNx membrane) under ambient conditions eliminating the need for a specimen vacuum 

chamber (Fig. 5B)(131). A third configuration isolates the sample (usually a liquid solution or 

biological samples) between two graphene layers and allows for atomic resolution TEM of 

nanoparticles in liquids (and their growth and dynamics)(97, 129) as well as nm resolution 40 

electron energy loss spectroscopy of biomolecules(127). Although early approaches used static 

solutions in hermetically sealed graphene pouches (Fig. 5C) limiting studies to e-beam induced 

or time lapsed studies,(97) systematic advances have resulted in the development of multi-

channel arrays capped with graphene (Fig. 5D) and complete flow cells with graphene windows 

that allow for in-situ and in-operando studies on a range of material including biological 45 

systems(129). Similar advances are also seen for PES and SEM with combinatorial studies being 
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made possible (Fig. 5D)(128). Taken together, graphene windows present potential for 

transformational insights into reaction mechanisms at the solid-liquid interface, heterogeneous 

catalysis under realistic pressures, crystal nucleation/growth/dissolution, material performance in 

batteries, biological processes and others that have previously remained inaccessible(12, 49, 127, 

129, 130, 136–138). Finally, the electrical conductivity of graphene enables its use as a model 5 

electrode, facilitating fundamental understanding of electrochemical processes in-operando (Fig. 

5D)(137). Despite these advantages, issues regarding bubble formation due to radiolysis of water 

by the e-beam (which can alter solution pH and concentrations of electrolytes), mechanical 

integrity of graphene membranes (damage to the graphene from bubble collapse or attack from 

free radicals), perturbations/damage to the interface being probed and any influence from the 10 

graphene surface or residual contaminants on the graphene surface are issues that still need to be 

addressed(12, 129, 130, 136–138).  

 

Outlook 

Electron, proton and deuteron permeation through atomically thin graphene and h-BN presents 15 

potential for break-through advances in several fields. However, fundamental understanding of 

transport mechanisms is still emerging and advances in measurement techniques/resolution are 

furthering insights e.g. anomalous H2 transport through graphene (proposed to occur via H2 

dissociation on catalytic ripples/wrinkles and subsequent flipping of adsorbed atoms to the other 

side of the 2D lattice)(26) has renewed focus on the limits of gas impermeability of graphene.  20 

Small-scale applications, such as graphene coated TEM grids are already available and electron 

transparent windows for imaging and spectroscopy are being increasingly used. Large-area 

energy-related applications will require advances in scalable cost-effective 2D-material synthesis 

and membrane fabrication. Isotope separation for H+/D+ is most likely to see rapid development 

and commercialization due to the potential for substantial reduction in energy consumption 25 

compared to existing technologies and these approaches are also likely to be explored for tritium 

decontamination efforts. Considering processes to commercially produce large-area CVD 

graphene and h-BN are starting to mature and facile membrane fabrication using hot 

pressing/lamination and polymer casting have already been demonstrated, these disruptive 

innovations are likely to be deployed in the nuclear industry in the near future. Incorporation of 30 

2D-materials into proton exchange membranes for flow-batteries,  fuel-cells and proton pumps 

are expected to become viable in the next 5-10 years with scaled-up production offering 

economies of scale and considering energy saving over the application life-cycle. Further 

research is needed to inform/guide technological advances towards each of these applications 

including long-term durability studies under realistic conditions to assess material performance, 35 

device integration approaches and membrane manufacturing processes for practical applications.  
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Figure 1. Transport through the atomically thin lattice of graphene and h-BN.  

A) Electrons tunnel through the lattice of monolayer graphene and h-BN. The transmission of 

energetic electrons, however, depends on their kinetic energy. Solid line up to ~1600eV indicates 

regions where measured values are available in literature. (Re-drawn using data in Ref (12, 49).)  5 

B) Electric-field-driven thermal protons and deuterons transport through the graphene and h-BN 

lattice due to pores in the electron cloud. Inset shows integrated charge density (electrons/Å2) for 

graphene and h-BN. (Adapted with permission from Ref (10).) C) The graphene lattice is 

impermeable to helium atoms and other gases. Inset shows a 3-D rendering of an AFM image of 

the graphene sealing gas molecules under a pressure difference of 1.25 MPa. (Adapted with 10 

permission from Ref(20).) 
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Figure 2. Experimental and theoretical aspects of proton permeation through 2D-materials.  

A) Schematics of experimental device configurations used to measure proton transport.(10, 60) 

Nafion-2D-material-Nafion sandwich devices (left), suspended 2D-material  membranes 

separating liquid electrolytes (middle), Nafion-2D-material-Pt proton pump devices (right). B) 5 

Experimentally measured areal proton conductivity values for graphene, h-BN, other emerging 

materials and the industry standard ionomer Nafion reported in literature. Red symbols represent 

deuteron areal conductivities. Most of the reported conductivity values in the literature are 

measured with 0.1M HCl electrolyte or H2 gas/methanol feed to the devices/fuel-cells except 

Ref.(25), Ref.(75) with 1M HCl and Ref.(122) with 0.5M H2SO4 in vanadium flow batteries. 10 

Values for Nafion are extracted from Ref. (66, 139–141). Different symbols with the same 

reference represent distinct material structure/defects. C) Schematics of mechanisms of proton 

transport through graphene proposed by theoretical studies calculating energy barriers (EB)(29, 

61–65). Proton transport via a straight perpendicular path through the center of the hexagonal 

ring in the lattice (left). Proton transport via chemisorption and subsequent bond-flipping through 15 

the hexagonal ring (middle). Proton transport via a co-operative mechanism involving multi-

protonation (shown here for two protons), where neighboring chemisorbed protons facilitate 

subsequent protons to first chemisorb on carbon atoms in the hexagonal ring, followed by bond-
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flipping via the C-C bond (right). D) Calculated and experimentally measured (red symbols) 

energy barriers (EB) for proton transport through pristine graphene, graphene with defects, and 

pristine h-BN in the literature. Different symbols with the same reference represent distinct 

material structure including extent of hydrogenation, defects and others. Initial calculations 

predicted high EB, but recent studies are exploring transport pathways and mechanisms that 5 

allow for lower EB.   
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Figure 3. Synthesis and processing of large area atomically thin 2D-materials.  

A) Mechanical exfoliation, liquid phase exfoliation and chemical vapor deposition (CVD) 

represent the main synthesis methods for 2D-materials. Although mechanical exfoliation 5 

produces high quality flakes it is not scalable to produce continuous layers. Liquid phase 

exfoliation allows for scalable synthesis, but realizing atomically thin membranes from flakes 

produced is challenging. CVD (and its variants) allows for scalable continuous monolayer 

synthesis including roll-to-roll processes, but the films produced are typically polycrystalline 

with intrinsic defects such as stone-wales defects, mono and multi-vacancy, and grain 10 

boundaries. Efforts to synthesize single crystalline 2D-materials via CVD have focused on i) 

alignment of domains on a single crystalline catalyst/substrate, ii) growing a single nucleus 

larger and iii) evolutionary selection where controlled feeding of the fastest growing domain 

results in it outgrowing others. B) Solvent assisted 2D-material transfer and the use of polymer 

carrier layers are some of the most commonly used approaches for fabrication of small-area (few 15 

microns to centi-meter scale) membranes for applications e.g. TEM grids. Large-area (centi-

meter to meter scale) energy and separation applications e.g. fuel cells isotope separations, 
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respectively, require the development of scalable approaches such as lamination/hot press and 

polymer casting.      
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Figure 4. Applications of proton transport through atomically thin membranes.  

A) Atomically thin membranes present opportunities to improve efficiency across a wide 

spectrum of energy generation and conversion processes. Coating a layer of graphene or h-BN 5 

onto conventional proton conducting polymers (adapted with permission from Ref. (67)) can 

allow for reduced cross-over and increased efficiency of fuel-cells for transportation and 

auxiliary power generation, as well as redox flow batteries for grid storage. Electrochemical 

hydrogen/proton pumps incorporating 2D-materials can allow for compact separators for 

hydrogen purification and pumping, aiding distributed hydrogen production from rural and urban 10 

waste streams. U.S. map showing potential for hydrogen production from biogas generated from 

waste streams adapted from Ref.(117). Atomically thin membranes can allow for hydrogen 

isotope (H+/D+) separation(67) and environmental remediation efforts. B) Schematic showing the 

integration of atomically thin membranes in hydrogen fuel-cells to mitigate cross-over of 

hydrogen as well as reactants in a redox flow battery while allowing for selective H+ transport. In 15 
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hydrogen fuel cells, H2 and O2 are supplied at opposite electrodes. The H2 dissociates to form H+ 

that transport through the membrane and form H2O as a by-product upon combining with 

dissociated O2 and the electrons move via the external circuit. In a redox flow battery, redox ions 

change oxidation state during charge and discharge cycles via the exchange of H+ through a 

membrane and electrons through the external circuit. The use of monolayer graphene and h-BN 5 

sandwiched between Nafion in electrochemical proton pumps can enable new approaches for 

H+/D+ separation with separation factor/selectivity ≥8. 
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Figure 5. Applications for the electron transparency of atomically thin membranes.  

A) Schematic of graphene covering a wet-sample and isolating it from the vacuum environment 

for scanning electron microscopy (SEM). SEM image of L. lactis bacteria using graphene as a 

veil/covering. (Adapted with permission from Ref.(138), scale bar superimposed from the figure 5 

provided in the main text.) B) Schematic of graphene membrane sealing the optics in a SEM 

eliminating the need for a specimen vacuum chamber (airSEM). DF-STEM image of uranium-

stained E. coli bacteria. (Adapted with permission from Ref.(131)). C) Schematic of 

encapsulated samples between two graphene layers. TEM image of Pt nanoparticle in liquid 

solution (acquired at 64.22s during growth in solution, scale bar 2nm). (Adapted with permission 10 

from Ref.(97)). D) Schematic of graphene sealing a gaseous or wet sample for SEM as well as 

photoelectron spectroscopy and microscopy. Inset shows photoemission electron microscopy 

(PEEM) image of graphene capped multi-channel array at the O K-edge energy. X-ray 

absorption spectroscopy (averaged Cu L3-edge spectra and their Voigt fits) collected on graphene 
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capped 0.1M CuSO4 solution showing changes in concentration of the mono and bivalent copper 

ions just below the graphene membrane as a function of its potential. Inset shows a single 

channel (from the multi-channel array used for PEEM) for clarity. (Adapted with permission 

from Ref.(137)). E) X-ray photoelectron spectra of He (He 1s spectra) collected through single 

layer graphene membrane capping a reaction cell filled with He gas at different pressures. 5 

(Adapted with permission from Ref.(22)). 


