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BACKGROUND: The integration of graphene

in photovoltaic modules, fuel cells, batteries,

supercapacitors, and devices for hydrogen

generation offers opportunities to tackle chal-

lenges driven by the increasing global ener-

gy demand. Graphene’s two-dimensional (2D)

nature leads to a theoretical surface-to-mass

ratio of ~2600 m
2
/g, which combined with

its high electrical conductivity and flexibility,

gives it the potential to store electric charge,

ions, or hydrogen. Other 2D crystals, such as

transition metal chalcogenides (TMDs) and

transitionmetal oxides, are also promising and

are now gaining increasing attention for en-

ergy applications. The advantage of using such

2D crystals is linked to the possibility of cre-

ating and designing layered artificial struc-

tures with “on-demand” properties by means

of spin-on processes, or layer-by-layer assem-

bly. This approach exploits the availability of

materials with metallic, semiconducting, and

insulating properties.

ADVANCES: The success of graphene and

related materials (GRMs) for energy appli-

cations crucially depends on the develop-

ment and optimization of production methods.

High-volume liquid-phase exfoliation is being

developed for a wide variety of layered

materials. This technique is being optimized

to control the flake size and to increase the

edge-to-surface ratio, which is crucial for op-

timizing electrode performance in fuel cells

and batteries. Micro- or nanocrystal or flake

edge control can also be achieved through

chemical synthesis. This is an ideal route

for functionalization, in order to improve

storage capacity. Large-area growth via

chemical vapor deposition (CVD) has been

demonstrated, produc-

ing material with high

structural and electron-

ic quality for the prep-

aration of transparent

conducting electrodes

for displays and touch-

screens, and is being evaluated for photo-

voltaic applications. CVD growth of other

multicomponent layered materials is less

mature and needs further development.

Although many transfer techniques have

been developed successfully, further im-

provement of high-volume manufacturing

and transfer processes for multilayered het-

erostructures is needed. In this context,

layer-by-layer assembly may enable the re-

alization of devices with on-demand prop-

erties for targeted applications, such as

photovoltaic devices in which photon ab-

sorption in TMDs is combined with charge

transport in graphene.

OUTLOOK: Substantial progress has been

made on the preparation of GRMs at the

laboratory level. However, cost-effective pro-

duction of GRMs on an industrial scale is

needed to create the future energy value

chain. Applications that could benefit the

most from GRMs include flexible electron-

ics, batteries with efficient anodes and

cathodes, supercapacitors with high energy

density, and solar cells. The realization of

GRMs with specific transport and insulat-

ing properties on demand is an important

goal. Additional energy applications of GRMs

comprise water splitting and hydrogen pro-

duction. As an example, the edges of MoS2
single layers can oxidize fuels—such as hy-

drogen, methanol, and ethanol—in fuel cells,

and GRM membranes can be used in fuel

cells to improve proton exchange. Function-

alized graphene can be exploited for water

splitting and hydrogen production. Flexible

and wearable devices and membranes incor-

porating GRMs can also generate electricity

from motion, as well as from water and gas

flows.▪
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GRMs for energy applications. The ability to produce GRMs with desired specific properties

paves the way to their integration in a variety of energy devices. Solution processing and

chemical vapor deposition are the ideal means to produce thin films that can be used as

electrodes in energy devices (such as solar panels, batteries, fuel cells, or in hydrogen storage).

Chemical synthesis is an attractive route to produce “active” elements in solar cells or

thermoelectric devices.
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Graphene and related two-dimensional crystals and hybrid systems showcase several key

properties that can address emerging energy needs, in particular for the ever growing

market of portable and wearable energy conversion and storage devices. Graphene’s

flexibility, large surface area, and chemical stability, combined with its excellent electrical

and thermal conductivity, make it promising as a catalyst in fuel and dye-sensitized solar

cells. Chemically functionalized graphene can also improve storage and diffusion of ionic

species and electric charge in batteries and supercapacitors. Two-dimensional crystals

provide optoelectronic and photocatalytic properties complementing those of graphene,

enabling the realization of ultrathin-film photovoltaic devices or systems for hydrogen

production. Here, we review the use of graphene and related materials for energy

conversion and storage, outlining the roadmap for future applications.

T
hedevelopmentofreliableandenvironmentally

friendly approaches for energy conversion and

storage is one of the key challenges that our

society is facing. Wearable energy conversion

and storage devices require flexible, light-

weight, conductivematerials with a large surface-

to-mass ratio [specific surface area (SSA)(m
2
/g)]

to allow storing and releasing of “particles” (such

as lithium ions, hydrogen atoms or molecules, or

electric charges).

A sheet of graphene has a theoretical SSA =

2630 m
2
/g (1). This is much larger than that re-

ported to date for carbon black [typically smaller

than900m
2
/g (2)] or for carbonnanotubes (CNTs),

from ≈100 to 1000 m
2
/g (1), and is similar to

activated carbon (carbon processed with oxygen

to make it porous) (3). The large SSA of graphene

—when combined with its high electrical con-

ductivity (4), high mechanical strength (5), ease

of functionalization (6), and potential for mass

production (7)—makes it an ideal platform for

energy applications, such as a transparent con-

ductive electrode for solar cells or as flexible high-

capacity electrode in lithium-ion batteries and

supercapacitors.Moreover, the combination of chem-

ical functionalization and curvature control opens

new opportunities for hydrogen storage (8, 9).

Other two-dimensional (2D) crystals, such as

the transitionmetal dichalcogenides (TMDs) (for

example, WS2, MoS2, and WSe2), display insulat-

ing, semiconducting (with band gaps in the

visible region of the spectrum), and metallic

behavior and can enable novel device architec-

tures also in combination with graphene (10). As

for the case of graphene, these materials can be

integrated on flexible surfaces and can be mass-

produced. Another class of 2D crystals is the

MXenes (11, 12), derived by exfoliating the so-

called MAX phases: layered, hexagonal carbides

and nitrides that can accommodate various ions

and molecules between their layers by intercala-

tion (11, 12). MXene sheets are promising for en-

ergy applications, such as lithium-ion batteries (11),

supercapacitors (12), and hydrogen storage (13).

Some 2D crystals are also promising for fuel

cells and in water-splitting applications because

of the large photocatalytic properties of their

edges (14). The creation of hybridswith graphene

and other nanomaterials, such as CNTs, can find

applications in energy storage devices, such as

supercapacitors (15), but also in photovoltaics.

For simplicity, we will refer to graphene, other

2D crystals, and hybrid systems as graphene and

related materials (GRMs) (16).

The challenge is to develop GRMs with prop-

erties tailored to create new devices that can

be assembled for large-scale energy conversion

(photovoltaics, thermoelectric, or fuel cells), and

storage (supercapacitors, batteries, or hydrogen

storage). This will require the production of high-

quality material in high volumes by means of

liquid-phase exfoliation (LPE)—for example, via

ultrasonication (7, 17) or shearmixing (18). Large-

area GRMs grown by means of chemical vapor

deposition can also play a role because they can

have better morphological and optical/electric

properties than those of LPEmaterials. Chemical

synthesis (19) is also a possible route to tailor the

shape of graphene flakes with atomic precision,

but the scale-up remains challenging (7). A re-

view of GRMs production is provided in (7).

Energy conversion in solar cells,

thermoelectric devices, and fuel cells

In a photovoltaic (PV) device or solar cell, the in-

coming radiation creates electron-hole pairs in

the active material. These are then separated

and transported to electrodes [for example, Fig. 1A

refers to a dye-sensitized solar cell (DSSC)] (20).

Because graphene does not have a band gap and

absorbs 2.3% of the incoming radiation almost

independent of wavelength (21), it can capture a

much broader spectrum than can semiconduc-

tors used today [for comparison, a silicon layer

with the same thickness as graphene would ab-

sorb ~0.03% of the incident radiation at a wave-

length of 500 nm (22)]. Graphene can perform

different functions in inorganic and organic solar

cells, such as transparent conductive electrodes

(23, 24) and counter-electrodes (25–27). Other

layered materials (LMs) with a band gap in the

visible region of the electromagnetic spectrum

[(such asMoS2 (Fig. 1B)] and chemically function-

alized graphene can be used as photosensitizers,

which transform absorbed photons into electrons

(20). Graphene quantum dots (28) or graphene

nanoribbons (GNRs) also enable a higher optical

absorption close to their band gap (28).

In a thermoelectric device, a potential differ-

ence between electron and hole-doped crystals is

created by a temperature gradient, as shown in

Fig. 1C. GNRs or graphene with engineered de-

fects can potentially improve the conversion ef-

ficiency (the ratio between the energy provided

to the external load and the thermal energy ab-

sorbed) with respect to conventional thermoelec-

tric materials based on PbTe or Bi2Te3 and their

alloys (29), in addition to decreasing the environ-

mental impact and cost.

Last, fuel cell devices in which electrical energy

is generated by the conversion of chemical energy

via redox reactions at the anode and cathode (Fig.

1D) (30, 31), can also take advantage of GRMs as

catalysts, so as to replace more expensive noble

metals, such as platinum (30), with the added val-

ue of enabling more flexible and lighter devices.

Solar cells

The key figures of merit of solar cells are (32) the

internal photocurrent efficiency, or the fraction of

absorbed photons converted into electrical cur-

rent; the external quantum efficiency, or the frac-

tion of incident photons converted into electrical

current; and the energy conversion efficiency h =

Pmax/Pinc, where Pinc is the incident power and

Pmax = VOC × ISC × FF, where VOC is themaximum

open-circuit voltage, ISC is the maximum short-

circuit current, and FF is the fill factor, defined as

(Vmax × Imax)/(VOC × ISC), with Vmax and Imax the

maximum voltage and current, respectively (32).
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Silicon is the most widely used absorber to

date (20) and currently dominates the PV device

market. State-of-the-art silicon-PVdevices based on

p-n junctions, often referred to as first-generation

solar cells (20), have an efficiency of up to~25%

(32). The development of second-generation PVs,

based on thin-film technologies, has been driven

by the need to increase efficiency (32). However,

to date the efficiency of second-generation PVs is

below that of silicon (32). Third-generation PVs

rely on the exploitation of emerging organic PV

cells (33), DSSCs (Fig. 1A) (34), and quantumdots

solar cells (QDSCs) (35), which may be less ex-

pensive, more versatile, and perhaps more en-

vironmentally friendly (34). However, they have

lower efficiency [~12 and~13% for organic PV cells

(36) and DSSCs (27), respectively], low stability,

and lower strength as compared with those of

first- and second-generationPV cells. An important

recent development is the meso-super-structured

solar cell (37), based on an organic halide perov-

skite LMs (such as CH3NH3PbX3, where X is chlo-

rine, bromine iodine, or their combination) as

photosensitizer (37, 38), and an organic hole-

transport material (38). An efficiency of 15.6% in

a meso-super-structured (perovskite) solar cell

for an un-optimized device was reported in (38),

whereas an efficiency of 20.1% has been recently

developed at KRICT (Korean Research Institute

of Chemical Technology) (39). However, these LMs

may not satisfy sustainability requirements be-

cause of their lead content.

Driven by the need for new “environmentally

friendly”materials, that can further improve effi-

ciency and/or reduce cost of photovoltaic devi-

ces, GRMs are being developed as transparent

conductors (TCs) (23, 24, 40), photosensitizers

(10, 28), channels for charge transport (41, 42),

and catalysts (25, 43). The use of GRMs for TCs to

replace indium tin oxide (ITO), and catalysts to

replace platinum, can improve the performance/

cost ratio. For example, the use of graphene nano-

platelets as electro-catalysts for the polypyridine

complexes of Co(III)/(II) in DSSCs allowed the

achievement of the new record of efficiency of

13% (27) (Fig. 1A). The replacement of platinum,

which is routinely used as an electro-catalyst in

DSSCs, with GRMs may result in almost four

orders of magnitude cost reduction. (The costs

are based on Sigma-Aldrich values available at

www.sigmaaldrich.com.)

Transparent conductive window

Transparent conducting films can act both as

windows to the photosensitizer and as an ohmic

contact (32). The key requirements for transpar-

ent conductive windows in PV systems are low

sheet resistance [Rs<10 ohms per square (44)] and

high transmittance (Tr) [>90% (44)]. Rs has

units of ohms, as resistance does, but it is his-

torically quoted in “ohms per square,” which is

defined asR=Rs× L/W, where L/W is defined as

the number of squares of side W that can be

superimposed on the resistor without overlap-

ping (21). The search for previously unidentified

and less expensive conductive materials with

good chemical stability, high Tr, and high electric

conductivity is crucial for cost reduction. Today,

the conductive support [such as ITO, or fluorine-

doped tin oxide (FTO)] is one of the most expen-

sive component of a DSSC (45). Beyond cost, the

need for flexibility limits the use of current TC

substrates. ITO and FTO are usually deposited at

temperatures higher than the thermal stability of

the polymeric substrates; additionally, their brit-

tleness makes it difficult to use them when flex-

ibility is a requirement (21).

Although the combinedRs and Tr targets have

not been achieved yet, graphene-based TC win-

dows were implemented in a variety of solar cell

systems: inorganic (46), organic (23), DSSCs (40),

and hybrid organic/inorganic (24). Given the con-

tinued progress in both quality [such as growth

of graphene single crystals >1 cm (47)] and

scalability [such as development of roll-to-roll

(48) production lines], graphene-based TCs are

an appealing alternative to ITO and FTO (21).

Rs ~ 30 ohms per square and Tr ~ 90% were

achieved via doping (49). TCs based on graphene

doped with bis(trifluoromethanesulfonyl)-amide

[((CF3SO2)2NH)] resulted in graphene/n-silicon

Schottky junction solar cells with a h = 8.6% (50),

whereas TCs based ongraphenedopedwithnitric

acid used in an organic/silicon cell yielded h ~

10.34% (24). Hybrid structures, such as graphene/

metal grids (51), have also been considered.

Graphene/metal grids were reported with Rs =

20 ohms per square and Tr = 90% (51). Trans-

parent conductive windows based on other LMs

(such as Bi2Se3) have been fabricated on mica

withRs= 330 ohms per square andTr = 70% (52),

which is still well below state-of-the-art graphene-

based TCs (49, 51). More work, however, is needed

for a conclusive assessment on their applicability

as TCs.

Photosensitizers

The key requirements of a photosensitizer depend

on the type of solar cell. In general, an efficient

sensitizer should have the ability to absorb light

over a wide energy range (32–34), high carrier

mobility (32), and thermal and photochemical

stability (33, 34). There are other more specific

requirements for the various types of solar

cells regarding, for example, the charge sepa-

ration between donor/acceptor materials in

organic PVs (33) and the efficiency of electronic

injection from the photosensitizer into the TiO2

in DSSCs (34).

Transition metal coordination compounds

such as ruthenium complexes (53) and syn-

thetic organic dyes (54) are used as sensitizers

in DSSCs. However, the preparation routes for
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Fig. 1. Energy conversion devices. (A) Schematic of a dye-sensitized solar cell (DSSC) with graphene

used in several components, as detailed in the text. (B) Heterostructure (graphene/MoS2/graphene)

photovoltaic device. (C) Schematic illustration of power generation in a thermoelectric device based on LM

Bi2Te3 or GNRs. A temperature gradient, DT, causes charge carriers in the material to diffuse, resulting in

current flow through the external circuit. (D) Proton exchangemembrane fuel cells (31). Fuel (for example,

H2) channeled from one side of the cell is split by the catalyst (a GRM electrode) into H+ ions and e–.

Electrons generate a current in the external circuit and then combine with H+ and the oxidant (O2) at the

cathode, forming water and heat.
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metal complexes aremulti-step, involving long and

expensive chromatographic purification, whereas

organic dyes have a narrow spectral absorption

and low electric conductivity. GRMs, on the other

hand, have superior optoelectronic properties (21),

which can be tuned by means of chemical syn-

thesis (19, 28) or post-production functionaliza-

tion (55).

Chemically functionalized graphene (with or-

ganicmolecules, conjugated polymers, rare-earth

components, and inorganic semiconductors) (55),

chemically synthesized GNRs (56), and quantum

dots (28) have been used as photosensitizers

(28, 55). However, although graphene quantum

dots havemolar extinction coefficient [absorbance

of light per unit path length (in centimeters) and

per unit of concentration (moles per liter)] of

~1 × 10
5
M

−1
cm

−1
(28), which is about one order

of magnitude larger than inorganic dyes (such as

ruthenium complexes) (28), the energy conver-

sion efficiency is still too low as a consequence of

low current density (200 mA/cm2
) (28). This is due

to low chemical affinity between the graphene

quantum dots and the TiO2 surface, resulting in

poor charge injection (28). Calculations based on

equivalent electric circuits for organic PVs (56)

indicate that h ~ 12%, which is comparable with

the state-of-the-art organic PVs (36), could be

achieved with GNR photosensitizers (56).

TMDs are also potential photosensitizers (Fig.

1B) because of their large optical absorption [up

to 10% or more of the incident light in a thick-

ness of less than 1 nm (57), when in resonance],

band gaps in the visible region, and chemical

stability. For example, graphene/WS2 vertical hy-

brid structures were studied for PV applications,

with WS2 acting as a photosensitizer (10). The

van Hove singularities in the electronic density

of states of WS2 allowed large photon absorption

and electron-hole creation with an external quan-

tum efficiency (the ratio of the number of charge

carriers collected by the solar cell to the num-

ber of photons) of ~33%. An alternative route is to

combine metal nanoparticles with graphene, a

method that can increase its light-harvesting

capacity by more than one order of magnitude

(58), making this hybrid structure a candidate

photosensitizer.

Channel for charge transport

Charge-collection and transport are other im-

portant issues in PV devices. The transport of

photo-generated electrons across the TiO2 nano-

particle network (34) in DSSCs competes with

charge recombination (34), a major bottleneck for

increasing efficiency. In order to suppress charge

recombination and increase photo-generated car-

riers, 1D materials such as CNTs can be used, but

the cost and 1D nature (limiting the point contact

between TiO2 nanoparticles and CNTs) call for a

better alternative. Graphene, with its high elec-

tron mobility (4), could be integrated with TiO2

films to enhance the electron transfer proper-

ties of the photoanode.

Reduced graphene oxide [RGO (7), or rG-O

(59)], was incorporated into nanostructured TiO2

(41) and ZnO (42) photo-anodes in DSSCs in or-

der to enhance the charge transport rate by pre-

venting charge carrier recombination. RGO allows

the use of thicker photo-anodes (42) [higher dye

loading and consequently higher light harvesting

(34)], thus improving efficiency with respect to

conventional DSSCs (41). An energy conversion

efficiency h = 5.86% was reported in (42) for a

DSSC composed of a 9-mm-thick ZnO photo-

anode with 1.2 weight % RGO loading, which is

higher than DSSCs with “conventional” photo-

anodes of the same thickness (41).

The electron collection layer is also impor-

tant in perovskite solar cells (37), in which high-

temperature sinteredn-typeTiO2 electron-selective

contacts are used (38), but this increases the

cost and hinders the use of plastic substrates (38).

Replacing the sintered TiO2 should make perov-

skite solar cells a more versatile technology for

inorganic PVs. Few-layers graphene (FLG) flakes,

prepared via solution processing and incorpo-

rated in TiO2 nanoparticles, were used as elec-

tron collection layer in perovskite-based solar

cells (60), achieving h ~ 15.6% owing to the su-

perior charge-collection of the FLG-TiO2 compo-

site, with respect to bare TiO2 (h = 10%) (60). This

h matches perovskite solar cells (38) and is the

highest among graphene-based solar cells reported

to date (Fig. 2).

Charge transport and collection also have a

fundamental role in organic PVs (OPV). For ex-

ample, in a poly-3-hexyl thiophene (P3HT)/phenyl-

C61-butyric acid methyl ester (PCBM) solar cell,

both the donor (P3HT) and acceptor (PCBM)

materials are in direct electrical contact with the

cathode (back electrode) and anode (ITO) elec-

trodes, leading to carrier recombination (61). To

reduce such a negative effect, electron blocking

and hole transport layers are usually deposited

on top of ITO (61). Currently, the most popular

hole transport layers are wide–band gap p-typema-

terials, such as NiO, MoO3, V2O5, and poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate)

(PEDOT:PSS) (33, 61). However, inorganic hole

transport layers are deposited by vacuum techni-

ques, incompatible with the roll-to-roll processes

used in OPV, whereas PEDOT:PSS is usually de-

posited from highly acidic (pH = 1) aqueous

dispersions (61). These corrode the ITO and can

also introduce water into the active layer (pro-

cessed in organic solvents), thus degrading de-

vice performance (61).

GRMs have been used as hole transport layers

in OPV (61–63). OPV devices based on GO as

the hole transport layer have shown h = 3.5%,

which is comparable with devices fabricated

with PEDOT:PSS (h = 3.6%) (61), whereas OPV

exploiting RGO as hole transport layers were

reported with h = 3.98%, which is superior to

PEDOT:PSS (h = 3.6%) (62). Graphene quantum

dots can also be efficient hole transport layers for

OPVs, with h = 6.82% (63), showing longer life-

time and more reproducible performance with

respect to PEDOT:PSS–based cells (63).

Counter-electrode

The role of the counter-electrode in a DSSC is

twofold: It (i) back-transfers electrons arriving

from the external circuit to the redox system and

(ii) catalyzes the reduction of the chargemediator

(34). The key requirements for counter-electrodes

are high exchange current density (the rate of

electron transfer betweenelectrolyte andelectrode),

low charge-transfer resistance (the electrode-

electrolyte interface resistance), and high SSA

(59). Currently, DSSC counter-electrodes are

made of platinum layers, which are expensive,

deposited onto conductive electrodes, ITO or FTO

(34). Moreover, platinum tends to degrade over

SCIENCE sciencemag.org 2 JANUARY 2015 • VOL 347 ISSUE 6217 1246501-3

Fig. 2. Solar energy

conversion efficiency

of GRM-based photo-

voltaic devices.

Colors define different

classes of GRM-based

photovoltaic devices:

purple, graphene/

silicon (46, 50, 68);

orange, organic

photovoltaics (OPVs)

(23, 24, 56); dark blue,

DSSCs (25, 41–43);

light blue, CdTe (67);

dark red, QDSCs

(35); light red, meso-

super-structured solar

cells (MSSCs) (60).

Symbols are linked to

different functions of

the GRMs for each photovoltaic device: hexagons (23, 24), transparent conductor; triangles (25–27),

counter-electrode; rhombuses (41, 42), charge transport. Orange closed areas cluster different GRM

functions in OPVs. The data on the right axis refer to state-of-the-art PV efficiency (32), with the dashed

lines representing the performance timeline of devices based on non-GRM materials [data taken from

(32)].The asterisk close to the crossed circle refers to a theoretical work for graphene nanoribbons as a

photosensitizer in OPVs (56).
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time when in contact with the tri-Iodide/Iodide

(I3
–
/I
–
) liquid electrolyte, reducing the efficiency.

Thus, the replacement of such elements with

lower cost and/or more reliable materials (lead-

ing to high-efficiency devices) is needed. Graphene

can satisfy all the counter-electrode requirements

because of its high SSA (59), which is essential

to help the I3
–
reduction, high electric conduc-

tivity (4), low charge-transfer resistance (25),

and lower cost than platinum.

Graphene oxide (43) and hybrid structures of

RGO-CNTs (64) have been used as counter elec-

trodes in DSSCs, with results close to the state of

the art with platinum (Fig. 2). Graphene nano-

platelets (sheets of functionalized graphene with

an overall thickness ranging from~2 to ~15 nm) are

now emerging as the best performing counter-

electrodes in DSSCs, with (27) reporting the

highest h to date of 13%.

The need to develop a platinum-free counter-

electrode has seen a rising interest also in inor-

ganic LMs such as transition metal oxide (TMO)

and metal carbides, nitrides, and sulfides (65).

Thin flakes of MoS2 and WS2 counter-electrodes

were used in (65), with the I3
–
/I
–
redox couple,

achieving h = 7.59 and 7.73%, respectively, which

is close to that of platinum counter-electrodes.

In particular, platinum was outperformed as a

counter-electrode by MoS2 (4.97%) and WS2
(5.24%) in DSSCs using an organic disulfide/

thiolate (T2/T
–
) redox couple (65). Hybrid systems,

such as graphene-MoS2, were also used as counter-

electrodes in DSSCs, achieving h = 5.81% (66).

Thus, although to date h is lower than the best

reported for platinum (12.3%) and graphene

nanoplatelets (13%) (27), with further optimiza-

tion 2D crystals (65) and hybrids (66) could play

a key role as counter-electrodes in DSSCs.

Outlook

GRMs exploited as counter-electrodes in DSSCs

(65, 66) or in CdTe (67) solar cells show encour-

aging results. The efficiency of PV devices based

on GRMs is progressing at a pace superior to

those based on conventional materials (32). The

highest h = 13% to date for DSSCs was recently

achieved by using graphene nanoplatelets as a

counter-electrode. Graphene/silicon hybrid solar

cells, although first reported in 2010 (46), al-

ready have h = 14.5% (68), whereas graphene-

based perovskite solar cells have h = 15.6% (60)

for low-temperature (<150
○

C) processing, match-

ing that reported for high-temperature (>500
○

C)

cells (38), thus with an advantage in processing

and cost reduction. In Fig. 2, we compare h of

GRM and conventional non-GRM–based PV de-

vices. The results to date could enable integration

in existing devices with higher h and the devel-

opment of new-concept devices, such as graphene/

silicon solar cells.

Thermoelectric devices

About half of the energy generated worldwide

is lost as waste heat (69, 70). Thermoelectrics,

solid-state devices (Fig. 1C) that generate electricity

from a temperature gradient, are ideal to recover

waste thermal energy (69, 70). Thermoelectric

devices can also convert heat produced by concen-

trated or unconcentrated sunlight, into electricity

(69, 70). This is important because infrared ra-

diationwith photon energies below the band gap

of the photosensitizers is not absorbed in con-

ventional PV cells and generates only waste heat

(69, 70).

In a typical thermoelectric device, a junction

is formed between two different n- and p-doped

conducting materials (Fig. 1C). A heat source at

the junction causes carriers to flow away from

it, resulting in a “thermo-electric” generator (ex-

ploiting the Seebeck effect, resulting in a voltage

induced by a temperature gradient). In a thermo-

electric device, many of these junctions are con-

nected electrically in series and thermally in

parallel. They can also work inversely, using elec-

tricity to generate or remove heat. When a cur-

rent is passed in the appropriate direction through

a junction, both types of charge carriers move

from the junction and transport heat away, thus

cooling the junction (Peltier effect). Thermoelec-

tric devices are appealing, but their low effi-

ciencies limit their widespread use.

The effectiveness of a thermoelectric device is

assessed in twoways: by its Carnot efficiency (the

fraction of absorbed heat that is converted into

work) and by a material-dependent figure of

merit, known as zT; zT = TS
2s/k (69), where S is

the Seebeck coefficient, T is the temperature, s is

the electric conductivity, k is the thermal conduc-

tivity, and z = S
2s/k (69). Thus, thermoelectric

materials require high S and s and low k (69).

In order to optimize zT, phonons must experi-

ence a high scattering rate, thus lowering thermal

conductivity [like in a glass (69, 70)], whereas

electrons must experience very little scattering,

maintaining high electric conductivity (as in a

crystal) (70).

The majority of explored materials in thermo-

electric devices have zT ~ 1 (69). LMs such as

Bi2Te3, PbTe, and their alloys (29) and, in par-

ticular, the (Bi1–xSbx)2(Se1–yTey)3 alloy family have

been in commercial use for several decades be-

cause of their room-temperature zT ~ 1 and

Carnot conversion efficiencies ~5 to 6% (69).

State-of-the-art thermoelectric materials design

relies on engineering of the scattering mecha-

nisms for phonons (70) and charge carriers (70).

Currently, superlattices of Bi2Te3/Sb2Te3 (71) and

quantum dots fabricated by means of atomic

layer deposition designed to disrupt the pho-

non mean free path, while still allowing good

electronmobilities, have the highest zT ~ 2.4 to

2.9 at 300 to 400 K (71) and 3.5 at 575 K, re-

spectively (72).

Graphene has both high electric (4) and ther-

mal (73) conductivity, a combination not ideal

for thermoelectric devices. However, it is possible

to tailor the thermal transport properties of

graphene by nano-structuring techniques, such

as defect (74) and isotope (75) engineering or

edge roughness (74), or by introducing periodic

nano-holes (76). The combination of geometrical

structuring, GNRs with predefined geometries

(19), and isotopic enrichment with
13
C (75) can

reduce thermal conductivity by up to two or-

ders ofmagnitudewith respect to pristine graphene

(77). It has been estimated that zT up to 3.25 can

be achieved by exploiting GNRs that have a

chevron-like geometry (77). However, scaling

up of GNRs via chemical synthesis (19) still

poses a challenge. Nevertheless, the modula-

tion of geometric factors determining electric

and thermal conductivity might be achieved via

LPE. This technique also allows the blending of

LMswith CNTs in order to increase the electrical

conductivity while not reducing the Seebeck

coefficient.

Advances in nanostructuring (74–76) to create

hybrid structures on demand, with high electrical

conductivity and low thermal conductivity, could

accelerate the development of high-performance

GRMs for thermoelectric devices.
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Fig. 3. Schematic of GRMs-based battery electrodes. In this example, the anode is composed of

graphene flakes, but other 2D crystals can also be used, alone or in hybrid structures, as detailed in the

text. The cathode is a hybrid graphene-lithium compound (such as LiCoO2 or LiFePO4), designed to

enhance electron transport kinetics compared with graphene-free lithium compounds.
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Fuel cells

Fuel cells convert chemical energy from a fuel

into electricity via a reaction with oxygen or oth-

er oxidizingagents (Fig. 1D) (31). Theirdevelopment

goes hand-by-hand with hydrogen production and

storage. In the next section, we will outline the

use of GRMs for production and storage of

hydrogen. Here, we focus on the possible use of

GRMs in conversion of hydrogen into electrical

energy in fuel cells.

The integration of fuel cells in electronics faces

several challenges: (i) electrodes suitable for flex-

ible electronics; (ii) replacement of expensive noble

metals such as platinum, ruthenium, gold, and

their alloys as electro-catalysts; and (iii) the need

to avoid metal electrode poisoning (31). To ad-

dress these challenges, a new class of materials

with low cost, high efficiency (both for fuel oxi-

dation at the anode and oxygen reduction reac-

tion at the cathode), and durability have to be

developed before fuel cells can be considered as a

serious technology for energy conversion in elec-

tronic devices. GRMs are an ideal material plat-

form to address these challenges and facilitate

the transport of electrons produced during both

fuel oxidation and oxygen reduction reaction (30).

Moreover, GRMs have been demonstrated to be

attractive candidates as protonmembranes owing

to their high proton conductivity (78). This, cou-

pled with impermeability to water, H2, and meth-

anol, might solve the problem of fuel cross-over

and electrode poisoning (78). Several GRMs are

being investigated both as alternative to metal

catalysts (30) or to be used in conjunction with

platinum in hybrid structures (79). As demon-

strated in (79), graphene-supported platinum and

Pt–Ru nanoparticles have higher methanol and

ethanol oxidations in comparison with those of

the widely-used Vulcan XC-72R carbon black cat-

alyst. As demonstrated in (80), RGOmodifies the

properties of platinum electro-catalysts sup-

ported on it. Platinum/graphene hybrid electro-

catalysts were shown to have a high activity for

methanol oxidation compared with commercial

platinum/carbon black (80).

GRMs have also shown catalytic properties for

oxygen reduction reactions at the cathode. It was

reported in (30) that edge-halogenated graphene

nanoplatelets, produced via high-volume scalable

ball-milling, outperformed commercial platinum

catalysts. LMs such as perovskites also have good

catalytic activity at the cathode surface in solid-

oxide fuel cells, thanks to their mixed ionic-

electronic conductivity (81).

The possibility to tune the GRM lateral size and

thickness (7), thus increasing their edge/bulk

atoms ratio, can improve the catalytic activity

because a higher number of active catalytic sites

are present at the edges (14) for fuel oxidation at

the anode and oxygen reduction at the cathode.

This will be a step forward in making GRMs a

key set of materials for the development of

cheaper and more efficient fuel cells.

Energy storage

Current energy storage devices are based on the

capture and release of lithium ions, electric charges,

or hydrogen atoms or molecules. For example,

lithium-ion batteries (82), now ubiquitous in por-

table electronics, consist of an intercalated lithium

compound cathode, a graphitic anode, and an

electrolyte. Crucial to the performance of these

rechargeable batteries is the gravimetric capacity

to store lithium ions (the charge stored per gramof

batteryweight). Comparedwith graphite, graphene

and other related materials have a larger theo-

retical gravimetric capacity (83). Additionally, the

use of graphene enables flexible and/or stretchable

battery devices (84). Similar advantages also apply

to electrochemical double-layer capacitors (EDLCs),

whichare currently formedvia electrode/electrolyte

systems based on two symmetric activated car-

bon electrodes impregnatedwith electrolytes (85).

Other relevant properties of GRMs are the elec-

trochemical and thermal stability within the de-

vice’s operational temperature range (–50 to 100
○

C).

Batteries

Most of the commercial rechargeable lithium-ion

batteries are based on a LiCoO2 cathode and a

graphite anode. This combination has a theoret-

ical energy density of 387 Wh kg
−1

(86) and a

measured energy density of 120 to ~150 Wh kg
−1

(86), which is higher than that of other batteries,

such as lead acid [~30 Wh/kg (87)] and nickel

metal hydrides (45 to 68 Wh/kg) (87). Potential

oxide host structures, not yet commercialized,

include ordered olivine Li1–xMPO4 (M = Fe, Mn,

or Ni) (88), layered Li1–xMO2 (M = Ni, Mn, or Co)

(89), and spinel LiMn2O4 (90).

GRMs can improve the gravimetric capacity

and energy density compared with current tech-

nology owing to GRMs’ high electrical conductiv-

ity (4), high SSA (59), large number of active sites

for Li
+
storage, and short Li

+
diffusion distances

(91). Indeed, GRMs are appealing both as cathodes

(92) and anodes (Fig. 3) (83). Graphene, in par-

ticular, has a theoretical specific capacity [total

ampere-hours (Ah) available when the battery is

discharged at a certain discharge current, per unit

weight] of 744mAh g
─1
assuming lithium adsorbed

on both sides of graphene to form Li2C6 (83).

The discharge current is often expressed as a

C-rate in order to normalize against battery-

specific capacity. The C-rate is a measure of the

rate at which a battery is discharged relative to its

maximumcapacity, hence thename (82). For exam-

ple, at 1C the battery will discharge in 1 hour. A

specific capacity of 540 mAh g
−1

for RGO-based

electrodes was reported in (93), and up to 730 and

784 mAh g
−1

in RGO-CNT and RGO-C60 hybrid

systems, respectively. Edges and defects could act

as reversible lithium storage sites, thus contrib-

uting to the specific capacity (83). The importance

of edges for lithium uptake has been demonstra-

ted in (91), in which an anode containing <100-nm

LPE flakes, deposited by inks, achieved a specif-

ic capacity of ~1500 mAh g
−1

at a discharge

current of 100mAg
−1
. The anode has also shown

a specific capacity of 165 mAh g
−1

at 1C when

assembled in a full-battery configuration (91).

Graphene-based hybrid electrodes (94), inwhich

graphene is used as a substrate for electrochem-

ically active nanoparticles (such as Li1–xMPO4 or

LiMn1─xFexPO4) have been exploited to increase

electron transport, specific capacity, C-rate, and

cyclability (the number of charge/discharge cy-

cles before the battery-specific capacity falls below

60% of the nominal value). Graphene was also

used as a substrate for the growth of anode/cathode

nanomaterials [for example, olivine-type phos-

phates (94)] to achieve higher-rate-performance

electrodes with respect to nonconducting mate-

rials (94). For example, LiMn1─xFexPO4nanorods

grown on RGO flakes have shown only a 1.9%

degradation for 100 cycles of the nominal ca-

pacity ~100mAh g
─1

at 50 C. This improved elec-

trochemical performance, with respect to graphite

or RGO, is attributed to Li
+
rapid diffusion along

the radial direction of the nanocrystals, in ad-

dition to facilitated electron transport between

RGOandnanocrystals. A similar approach to create

GRMs-based hybrid electrodes was applied to dif-

ferent materials, such as other olivine-type phos-

phates (95), and spinels (96).

Another pathway to increase the charge/

discharge capacity and C-rate of lithium-ion bat-

teries is to confine the electrochemically active

particles (such as sulfur, Co3O4, Fe3O4, or Li3VO4)

within the graphene flakes (97). For example, in

hybrid electrodes, graphene flakes enwrapping

Co3O4 nanoparticles can suppress nanoparticle

aggregation and accommodate their volume

expansion/contraction upon lithiation/de-lithiation,

in addition to ensuring high electrical conductivity

(90). Thus, the specific capacity and cycling per-

formanceofhybridRGO/Fe3O4 (98) orRGO/Li3VO4

(99), for example, improves as compared with

electrodes made of nanoparticles alone (98, 99).

The third approach for electrode optimization

targets flexible and/or stretchable battery devices

(84), which are able to accommodate large strain

while retaining their function. GO flakes have

been exploited to fabricate a flexible, layer-by-

layer assembled conducting scaffoldwith tolerance

to structural deformation (100). Such 3D flexible

scaffolds loaded with silicon nanoparticles have

shown a specific capacity of 1100 mAh g
−1

at a

discharge current of 8 A g
−1
, degrading ~0.34%

per cycle for 150 cycles (100).

TMDs, TMOs, and TMHs (transitionmetal hy-

droxides) are also promising for batteries (101).

Some of the TMDs are accessible for lithium

intercalation and exhibit fast ionic conductivity

(101). Examples include TiS2 as an electrochem-

ically active material (102) and exfoliated MoS2
flakes (103). A ~750mAh g

−1
specific capacity was

reported in (103) when using turbostratically re-

stacked MoS2 single layers as battery electrodes.

The restacking enlarges the c axis parameter—

the space between layers—thus increasing the

accessible SSA (103). ZrS2 colloidal nanodisks

with diameters of ~20 nm delivered a specific

capacity~600 mAh g
−1

(104). Hybrid WS2/RGO

composites were used as electrodes, achieving

~450 mAh g
−1

at 0.1 A g
−1

and ~240 mAh g
−1

at~4 A g
−1
, respectively (105).

MXenes, such as Ti2AlC, have shown lithiation/

delithiation peaks at 1.6 and 2 V versus Li
+
/Li (11).

At 1C, the specific capacity was 110 mAh g
−1
after

80 cycles. Compared with materials currently
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used in lithium and sodium ion battery anodes,

MXenes show promise in increasing overall

battery performance (11).

Supercapacitors

Supercapacitors store energy using either ion

adsorption (EDLC) (85) or redox reactions (106),

in which most of the charge is transferred at or

near the surface of the electrodematerial [pseudo-

capacitors (106)]. Supercapacitors are ideal for ap-

plications in which high power density [at least

10 kW Kg
−1

(85, 106), one order of magnitude

larger than lithium-ion batteries] is needed, such

as in the case of energy recapture and delivery in

hybrid vehicles, mass transit, load cranes, load

leveling, and backup power for electric utilities

and factories (106).

EDLC supercapacitors

Almost all commercial EDLCs are based on two

symmetric electrodes impregnated with electro-

lytes comprising tetraethylammoniumtetrafluoro-

borate salts in organic solvents [acetonitrile (AN)

and propylene carbonate (PC)] (85). Current com-

mercial packaged EDLC supercapacitors, with

organic electrolytes operating at 2.7 V, reach

energy densities ~5 to 8Wh/kg and 7 to 10Wh/

liter (85). Another type of supercapacitor based

on lithium-ion hybrid cells [in which a graphite

lithium-ion anode is coupled with an AC super-

capacitor cathode (107)] is also offered commer-

cially with energy densities of ~10 to 14 Wh/kg

and 18 to 25 Wh/liter (107).

In an EDLC, energy is stored by forming an

electrical double layer of electrolyte ions on the

surface of conductive electrodes (Fig. 4A) (108).

EDLCs are not limited by the electrochemical

charge transfer kinetics of batteries and thus can

operate at charge/discharge rates of the order of

seconds, and with lifetimes of >1 million cycles

(106). The EDLC energy density is determined by

the square of the operating voltage (V0) and the

specific capacitance [capacitance per unit mass

(farad per gram) or volume (farad per cubic cen-

timeter)] of the electrode/electrolyte system:

Wh/Kg = x(F/g) × (V0)
2
, where x is a constant

(85). The specific capacitance in turn is related to

the electrode’s SSA accessible by the electrolyte,

its interfacial double-layer capacitance (farad per

square centimeter), and the electrode material

density (109). The need to maintain electrochem-

ical stability limits the operating voltage with or-

ganic electrolytes to ~2.7 V (106) because higher

voltages result in electrolyte breakdown.

As in the case of batteries, electrode materials

for EDLCsmust beproduced in tons andprocessed

into electrodes 100 to 200 mm thick (109, 110) to

be commercially viable. Because the weight of

the active electrode material when used as a thin

coating is negligible compared with the support

material, energy and power densities measured

at the active material level do not translate to

current commercial EDLC performances when

scaled to full-size devices (109, 110). Specific ca-

pacitances as high as ~190 F/g (111) in aqueous

electrolytes and ~120 F/g in organic electrolytes

were obtained with RGO produced by different

routes (112), but all with SSAs <700 m
2
/g, which

is far short of the theoretical 2630m
2
/g (59). One

approach to increase the SSA accessible to the

electrolyte is the use of graphene-based platelets

with spacer materials such as CNTs (15), meso-

porous carbon spheres (113), water and ionic

liquids (114), and resin that is subsequently

chemically activated to create a porous struc-

ture (115). The reported SSAs range from 421

(15) to 1810 m
2
/g (115). The activation of mi-

crowave expanded graphite oxide with KOH

forms a porous material comprised of highly

curved single-layer sheets of n-membered rings

of carbon, with n varying between 5 and 8, and

with measured SSA of 3100 m
2
/g (3). Hydro-

thermal carbonization of either biomass or poly-

mer mixed with dispersed GO, followed by

chemical activation, yielded a 3D structure with

nanoscale pores and a SSA of 3523m
2
/g (116).

However, although these values are higher than

that of graphene, the measured SSA should be

considered as an apparent or equivalent area

because the Brunauer-Emmett-Teller (BET)meth-

od used for the determination of SSA is not ap-

plicable to microporous solids (3).

The interfacial capacitance of high-SSA GRMs

comprises both the quantum capacitance (the re-

sponse of the charge to the conduction and va-

lence band movement, proportional to the electronic

density of states) and the capacitance of the solid

electrolyte interface (107). High SSA alone is,

however, not sufficient to further increase per-

formance of EDLC electrodes (107). High SSA

and interfacial capacitance do not necessarily

translate into high specific capacitance. A low

packing density (<0.5 g/cm
3
), for example, leads

to empty space in the electrode that will be

flooded by the electrolyte, increasing the cost

and weight of the device, without adding ca-

pacity (109). Larger densities (~1.58 g/cm
3
) were

achieved by evaporation drying of graphene hy-

drogel, yielding specific capacitances of ~167 F/cm
3

in organic electrolyte (117). Capillary compression

of RGO gave electrode densities of ~1.25 g/cm
3

and a specific capacitance of ~206 F/cm
3
in ionic

liquids (118). Another method to increase energy

storage capacity is to increase the operating volt-

age. To this end, graphene-based electrodes with

ionic liquid electrolytes operating at voltages up

to 3.5V and in a wide temperature range (–50 to

200°C) are currently being investigated (119, 120).

Intercalation of cations (such as Na
+
, K

+
, Mg2

+
,

NH4
+
, andAl3

+
) fromaqueous salt solutions between

Ti3C2MXenewas reported (12). A specific capaci-

tance in excess of 300 F/cm
3
, higher than in

porous carbons, was reported in (12).

Hybrid and Pseudocapacitors

A different type of supercapacitor contains at

least one electrode material with redox reactions

that occur close to the electrode surface (pseudo-

capacitor) or a secondarybattery electrode. Lithium-

ion hybrid supercapacitors combine the rapid

charge/discharge and long cycle life of an EDLC

electrodewith the higher energy storage capacity

of a lithium-ion battery anode (121). However,

the higher energy density currently comes with

the trade-off of slower charge/discharge rates,

lower efficiency, and reduced cycle life. Activated

microwave expanded graphite oxide EDLC elec-

trodes with lithium-ion battery electrodes com-

prising graphite (122), Li4T5O12 (122), and Fe3O4
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Fig. 4. Schematic of charge storage in supercapacitors. (A) Ion adsorption at the electrode surface

(EDLC). (B) Charge transfer near the surface of the electrode (pseudo-capacitance).
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(123) were studied. Also, electrodes containing

metal oxides such as RuO2, MnO2, MoO3 and

conducting polymers were used to increase the

specific capacitance via redox reactions (Fig. 4B)

(108). In these systems, graphene was used as

conductive support for composites with MnO2

(124) andwith conductive polymers such as poly-

aniline (125).

Hydrogen production and storage

The chemical energy density of hydrogen is 142

MJ/kg, which is more than three times that of

gasoline. The by-product of its combustion is wa-

ter. Thus, hydrogen is one of themost interesting

“green” fuels. GRMs can help address the twomain

issues related to the use of hydrogen as fuel: (i)

production and (ii) storage/transportation.

The key mechanism for the production of hy-

drogen gas is the hydrogen evolution reaction

(HER; 2H
+
+ e

–
→H2). The edges of 2D crystals,

such as MoS2 andWS2 (126), and hybrid systems

(such asMoS2/RGO) (127) are active catalytic sites,

making them promising electrodes for the HER

(126, 127). However, the HER mechanism varies

from material to material (126); thus, its under-

standing is fundamental for the optimized use of

GRMs (126, 128). Resistive losses are one of the

key problems for nonmetallic electrodes (31).

Thus, combinations of 2D crystals with CNTs

(128) and graphene (126) are being explored to

further enhance HER by improving the electron

transport efficiency.

Storage is also a challenge in hydrogen tech-

nology. The approach based on liquefying and

pressurizing hydrogen presents safety issues.

Solid-state storage is thus being investigated as

an alternative.

Carbon-based structures are particularly attrac-

tive for hydrogen storage because carbon is a light

element, and graphene in particular has poten-

tially themost favorable gravimetric density among

the carbon-based materials [the weight percent-

age of stored hydrogen (Fig. 5)] (129). The storage

of molecular hydrogen in graphene relies on the

van der Waals forces (binding energy of ~0.01 to

0.06 eV/molecule (129), leading to theoretical

estimates of gravimetric density of ~3.3% (129),

which is increased up to 8% inmulti-layers spaced

by pillar structures or CNTs (130) at cryogenic

temperatures and/or high pressure. The estimated

range of gravimetric density at ambient condi-

tions is 1 to 4% (130). Experimental data are

lower, in the range of 2 to 6% for low temper-

ature and/or high pressures and ~1% at ambient

conditions (Fig. 5, orange band) (131). Semicon-

ductor LMs, such as InSe and GaSe (132), are

reported to have gravimetric densities of up to 3

to 4%, obtained by a combination of electrochem-

ical and thermal treatments (Fig. 5, blue and

purple bands). In this case, hydrogen intercalates

between the layers (132).

Decorating graphenewith alkaline (133) or tran-

sition metals (133) can increase the hydrogen

adsorption energy, leading to a theoretical gravi-

metric density up to 10%. Stronger binding is

obtained by chemisorption (Fig. 5, gray band)

leading to the formation graphane (8, 134). The

use of chemisorption as a storage mechanism

requires overcoming the high H2 chemi(de)sorp-

tion barriers [~1.5 eV/atom (8)] to achieve loading/

release kinetics at room temperature. Possible

catalytic strategies for hydrogen adsorption/

desorption involve the functionalization of gra-

phene withmetals such as palladium (135), known

to catalyze the dissociation of hydrogen molecules

into ions onto the graphene surface, or the com-

bined effect of nitrogen-substitutional doping and

an electric field normal to the sheet, which is

predicted to produce dissociation-adsorption

of H2 (136).

The peculiar structural and mechanical prop-

erties of graphene enable alternative strategies

for adsorption/desorption. It was theoretically

(137) and experimentally shown (134) that the

hydrogen affinity is enhanced on the convex areas

and reduced on the concave areas of rippled

graphene. The possibility of controlling load

and release by modifying the local curvature

was predicted with density functional theory

(Fig. 5, structures at top) (8). To this end, mecha-

nisms to control the curvature of graphene should

be identified: the use of transverse acoustic

phonons generated by a piezoelectric substrate

(9) or inducing piezoelectricity within graphene

by means of specific doping or decoration (138)

were suggested.

Perspective

Graphene, related 2D crystals, and hybrid sys-

tems might play a major role in future energy

conversion and storage technologies. The ability

to produce these GRMs, and control their pro-

perties, might enable a range of device character-

istics, with optimized energy/power densities,

lifetime, safety, and potentially reducing cost

while minimizing environmental impact. To be

commercially viable, GRMs must substantially

surpass the performance of existing materials at

comparable manufacturing costs. For example,

GRMs have been reported with specific capaci-

tances of ~300 F/cm
3
, which is much higher than

chemically activated state-of-the-art carbons.

The ability to create stacked hetero-structures

of metallic, semiconducting, and insulating 2D

crystals might enable an even broader spectrum

of device structures, perhaps with tunable proper-

ties. This might enable bulk thermoelectric

materials with on-demand band structures and

transport properties, or photosensitizerswithbroad-

band photon absorption. Owing to the GRMs

intrinsic flexibility, we also envision applications

such as wearable energy devices and energy har-

vesting from water or gas flows. Additionally,

because GRMs can perform different functions,

they may enable the realization of affordable en-

ergy systemswith integrated conversion, storage,

and sensing modules. In the future, it might be

possible to target flexible photovoltaic cells with

efficiencies of 12% and cost of ~0.5€/Wpeak (peak

power output), fuel cells with 10 kW per gram of

platinum, and energy storage devices with an

energy density of at least 250 Wh/kg and cy-

clability up to 5000 cycles for batteries and a

power density of 100kW/kg for supercapacitors.

For hydrogen storage, the challenge is to achieve

a gravimetric storage of 5.5%.
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