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Graphene and its derivatives — graphene oxide, reduced graphene oxide (rGO), and graphene
quantum dots — have attracted sustained attention across energy storage and conversion
technologies owing to their high theoretical surface area (~2630 m? g™'), outstanding electrical
conductivity, and chemically versatile surface. A point that the existing literature has not
addressed systematically is how the choice of synthesis route propagates into device-level
performance. This review examines graphene-based materials across three major energy
domains: supercapacitors, rechargeable batteries, and photovoltaic devices. For each domain,
we compare performance metrics across synthesis routes — chemical vapor deposition,
Hummers' method, green phytochemical reduction, and electrochemical exfoliation — and
identify the structural variables that drive the observed differences. Green-synthesized rGO,
particularly material reduced using plant polyphenols, emerges as a commercially viable route
that delivers specific capacitances competitive with chemically reduced rGO while eliminating
toxic byproducts. CVD graphene retains clear advantages in photovoltaic applications where
optical transparency and low sheet resistance are non-negotiable. Battery performance,
particularly for post-lithium chemistries, is most sensitive to defect density and interlayer
spacing, which are directly controlled by synthesis conditions. Building on earlier reviews of
graphene fabrication methods and green synthesis approaches, the present work extends that
foundation to the question of what synthesis choices mean in practice for energy device
engineering.

Keywords: Graphene; reduced graphene oxide; supercapacitor; lithium-ion battery;
Perovskite solar cell; Synthesis route; Green synthesis; Electrochemical performance.

1. Introduction

Materials are the key to the global energy challenge. The amount of renewable energy has been
increasing rapidly, and storage and conversion efficiency are now becoming the limiting
factors to decarburization (Valero et al., 2018). Charge carriers recombine before they reach
the circuit (Shaheen et al., 2005). Graphene's properties solve precisely these failure modes:
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high surface area to store charges; high conductivity to move or transport them at a fast pace;
surface chemistry that can be tuned to catalyze reactions; and mechanical stability to withstand
a long cycle life (Goyal et al., 2022).

The numbers are worth stating plainly. Pristine graphene has a theoretical specific surface area
of ~2630 m? g!, electrical conductivity of roughly 10° S m !, and a Young's modulus near 1
TPa (Novoselov et al., 2004). No commercially viable carbon material matches all three
simultaneously. The practical challenge is that these figures describe ideal single-layer
graphene, which is difficult and expensive to produce at scale (Allen et al., 2010). The
materials actually used in energy devices — rGO from Hummers' method, electrochemically
exfoliated graphene, nitrogen-doped graphene from hydrothermal synthesis, green-reduced
rGO from plant extracts — differ substantially in structure, defect density, and surface
chemistry, which means they differ substantially in electrochemical behavior (Lagos et al.,
2021).

A critical but underappreciated dimension of graphene energy research is the direct
relationship between synthesis route and device-level output (Huo et al., 2018). Most reviews
either focus on applications or treat the material as a given, or focus on synthesis without
following the thread through to electrochemical performance. This review takes the opposite
approach (Karousis et al., 2016). Structural and Electronic Properties Relevant to Energy
Applications

The electrochemical behavior of graphene-family materials is governed by three structural
variables: defect density, interlayer spacing (d-spacing), and surface chemistry. Each is directly
set by the synthesis route, and each connects to a different application requirement (Chaudhary
etal., 2017).

The experimental quantification of defect density is done by the Raman D-to-G band intensity
ratio (ID/IG). The ID/IG values of the CVD graphene are less than 0.2, suggesting that there
are almost no vacancy or grain boundary defects in the sp2 carbon network (Singh et al., 2016).
The typical ID/IG of hummer-derived rGO is in the range of 0.9—1.5, which encompasses steps
of oxidation and incomplete reduction. The defect character of green-synthesized rGO is
similar to that of the rGO, but different because the oxygen groups are not removed as
vigorously as they are by hydrazine, and consequently the surface is partially oxygenated,
resulting in a wetter surface in aqueous electrolytes and a more favorable environment for ion
access (Perumal et al., 2022). The moderate defect density is actually good for the application
of this material as an anode in supercapacitors and batteries: the defects act as extra adsorption
sites for electrolyte ions and lithium atoms. Low ID/IG is desired for photovoltaic electrodes,
which are mostly concerned with charge mobility instead of surface reactivity.

The interlayer d-spacing is also synthesis-dependent. The d-spacing of graphite is 0.335nm.
This is expanded by full oxidation to GO (0.8-1.2nm) with intercalated water and oxygen
functional groups (Georgakilas 2014). The d-spacing for the chemically reduced rGO is 0.36—
0.42 nm, which is slightly larger than graphite, as a consequence of the defects in the graphene
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structure. The d-spacings of hydrothermal green reduction are in the range 0.37- 0.45 nm. This
increased spacing with respect to graphite is directly useful for Na-ion and K-ion battery
anodes, since Na* (ionic radius 1.02 A) cannot intercalate into the conventional graphite
structure, but can intercalate into defect-rich, expanded d-spacing rGO (Lii et al., 2018).

Surface chemistry, especially the type and amount of oxygen-containing groups, is a
determinant of wettability, ion transport resistance, and pseudocapacitively active surface
(Seredych et al., 2008). The reduction can leave residual -OH, -COOH, and epoxy groups that
depend on the reduction method selected, known as rGO (Lesiak et al., 2021). Green reduction
using ascorbic acid and polyphenol-type reagent, on the other hand, selectively removes epoxy
and hydroxyl groups, while maintaining certain carboxyl groups, which results in a surface
with suitable conductivity and satisfactory hydrophilicity (Liu & Speranza, 2019). A
compromise between these is hard to realize in the case of hydrazine reduction, which leaves
hydrazine residues (toxic and slightly resistive) but removes most of the oxygen groups.

2. Supercapacitors

2.1. Mechanism and graphene's role

Supercapacitors store charge through two mechanisms. Electrochemical double-layer
capacitance arises from electrostatic ion adsorption at the electrode—electrolyte interface — a
physical process that is fast, highly reversible, and responsible for the high power density of
supercapacitors relative to batteries (Attia et al., 2022). Pseudocapacitance arises from fast,
reversible surface Faradaic reactions, typically involving surface functional groups or
intercalated ions, and contributes additional charge storage at the cost of slightly reduced cycle
life compared to pure EDLC (Fleischmann et al., 2020).

Graphene's theoretical double-layer capacitance, based on its quantum capacitance limit and
surface area, is approximately 550 F g (Ji et al., 2014). Practical rGO electrodes consistently
underperform this figure. The main reason is restacking: after reduction, hydrophobic rGO
sheets aggregate through van der Waals forces, collapsing the accessible surface area from the
theoretical 2630 m? g™' to a small fraction of that value. Simple rGO electrodes typically
achieve 100-200 F g™ in aqueous electrolytes (Chabot et al., 2014). Three strategies have
moved figures higher: three-dimensional architectures that physically prevent restacking,
composite electrodes that add pseudocapacitive materials, and heteroatom doping.

2.2. Effect of synthesis route on supercapacitor performance

CVD graphene transferred onto nickel foam produces three-dimensional free-standing
electrodes with near-theoretical conductivity. Specific capacitances of 350-550 F g' have
been reported in KOH electrolyte for such architectures, with capacitance retention above 95%
over 10,000 cycles (Cao et al., 2014; Chen et al., 2011). The performance is consistently at the
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high end of what graphene-based supercapacitors achieve, but the cost of CVD growth
followed by wet transfer makes this route impractical for bulk electrode manufacturing.
Hummers-derived rGO is the standard material for composite electrode work. Its residual
oxygen groups serve as anchoring sites for MnO: and conducting polymer deposition, and the
defect sites contribute pseudocapacitance directly. rGO/MnO: composites in neutral NaSO4
electrolyte have delivered specific capacitances of 600-800 F g™', exploiting the combined
EDLC of the graphene scaffold and the Faradaic contribution of MnO- (Chen et al., 2015).
rGO/polypyrrole composites in the 400-500 F g™' range are now routinely reported, with
energy densities approaching 30 Wh kg™ at practical current densities (Pandian &
Pandurangan, 2021).

Green rGO has shown results directly competitive with chemical rGO. The reason is surface
chemistry: reduction using tea polyphenols, Moringa oleifera extract, or palm oil leaf extract
leaves a partially oxygenated surface that wets well in aqueous electrolytes, reducing the ion
transport resistance that limits rate capability in more hydrophobic electrodes (Bo et al., 2014).
A study using Moringa oleifera and Carica papaya leaf extracts as reducing agents reported
specific capacitances of 274 F g and 199.68 F g!, respectively, at 0.5 A g' in 1 M Na2SOs,
with stable EDLC behaviour over 2000 cycles (Reddy et al., 2019). Green rGO from palm oil
leaf extract achieved 121.72 F g' at 0.5 A g with 90.71% capacitance retention over 5000
cycles (Faiz et al., 2020). These figures sit below the best chemical rGO composites but are
achieved without toxic reagents, which matters for any manufacturing process at scale.
Electrochemical exfoliation produces graphene with lower defect density than Hummers rGO
and better conductivity, at the cost of wider sheet size distribution (Ambrosi & Pumera, 2015).
Specific capacitances in the 180-290 F g™ range are typical for electrochemically exfoliated
graphene electrodes without compositing. The primary advantage of this route in
supercapacitor applications is the controllable oxidation level, which can be tuned by adjusting
the exfoliation potential and electrolyte, allowing surface wettability to be optimized without
post-synthetic chemical treatment (Yang et al., 2016).

2.3. Flexible supercapacitors

Wearable electronics demand supercapacitors that tolerate repeated mechanical deformation
without significant performance loss. rGO-based electrodes on textile substrates and fibre
geometries have achieved specific capacitances of 150-250 F g! with capacitance retention
above 85% after 1000 bending cycles (Chee et al., 2016). Green rGO is particularly well-suited
to textile integration because its retained surface hydrophilicity improves adhesion to fibre
surfaces without requiring additional binders. The gap between flexible and rigid
supercapacitor performance is primarily limited by electrolyte, not electrode: solid-state
polymer electrolytes limit ionic conductivity, and this constraint affects all electrode materials
equally regardless of synthesis route.
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3. Batteries

3.1. Lithium-ion batteries

Graphite anodes in commercial lithium-ion batteries have a theoretical specific capacity of 372
mAh g'. Graphene-based anodes offer higher theoretical capacities through a combination of
intercalation (between layers), adsorption (on surfaces and at defect sites), and storage in
nanopores. The practical capacity achievable depends significantly on synthesis route,
particularly on defect density and d-spacing.

Hummers-derived rGO anodes consistently outperform CVD graphene in Li-ion storage
capacity, despite their lower conductivity, because their high defect density provides additional
Li adsorption sites and their slightly expanded d-spacing facilitates Li* insertion. Capacities of
400-620 mAh g are typical for rGO anodes in half-cell configurations, though first-cycle
coulombic efficiency is reduced by irreversible Li trapping at defect sites (Fu et al., 2013; Sun
etal.,2017). This initial capacity loss is one of the persistent limitations of defect-rich graphene
anodes relative to graphite.

CVD graphene, despite its near-perfect lattice and high conductivity, shows paradoxically
lower Li storage capacity as a standalone anode precisely because its low defect density limits
adsorption. It finds better use as a conductive additive or current collector in composite anodes,
where its high electron mobility complements the capacity of transition metal oxides.
Si/CNF/rGO composite anodes have demonstrated initial capacities of 1894.54 mAh g at 0.1
A g! with reversible capacity of 964.68 mAh g maintained after 100 cycles, attributable to
the graphene network absorbing the volumetric stress from silicon expansion (Cong et al.,
2021). RGO/Cu/Cu:0 composites prepared by hydrothermal synthesis delivered discharge
capacities of 371.8 mAh g after 100 cycles at 500 mA g, demonstrating that rGO's
mechanical function as a buffer matrix is equally important as its electronic function (Hameed
et al., 2022). Li»Sis/rGO composites have shown strong dependence on rGO loading fraction:
at the optimal composition (70% Li22Sis, 15% rGO, 15% PVDF binder), discharge capacity
reached 822 mAh g at the 100th cycle, while higher rGO content paradoxically decreased
performance by introducing excessive interfacial resistance (Celikbilek et al., 2021).

3.2. Post-lithium battery chemistry

Sodium-ion and potassium-ion batteries are promising replacements for Li-ion batteries that
feature more use of graphene, but Na* and K* (ionic radii = 1.02 A and 1.38 A) cannot be
intercalated in standard graphite as the distance between the sheets is too small. The high
amount of defect density and the interlayer distance (0.37-0.45 nm) in expanded d-spacing
rGO allow for the storage of larger ions (Lii et al., 2018). For N-doped rGO synthesized via
green hydrothermal methods with urea or nitrogen sources from biomass, a specific capacity
of 250-300 mAh g was found for Na-ion storage in half-cell configurations due to pyridinic-
N sites acting as additional adsorption sites (Zhang et al., 2019).
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3.3. Lithium-sulfur batteries

The lithium-sulfur battery has a theoretical specific energy density of 2600 Wh kg™, about five
times that of Li-ion. The major barrier is the polysulfide shuttle (dissolution of soluble
polysulfide intermediate reaction products into the electrolyte, from which they diffuse to the
lithium anode, where they decompose). Graphene interlayers between the sulfur cathode and
separator as scaffolds have been found to suppress polysulfide dissolution. Moderate defect
density and lateral size distribution of sonication-exfoliated graphene may also enable
polysulfide adsorption and reasonable electron transport through defect sites. Initial capacities
over 1100 mAh g with 70% capacity retention after 200 cycles have been reported for
graphene interlayer-modified Li-S cells (Liu et al., 2021).

4. Photovoltaic Devices

4.1. Graphene as a transparent conductive electrode

ITO is currently used as a transparent electrode on solar cells but brittleness and the scarcity
of indium and the high processing temperature mean that long-term supply and cost issues
exist (Bellani et al., 2021). CVD graphene is an excellent candidate to replace the ITO (Liu et
al., 2015). Monolayer graphene shows a theoretical optical transmittance over 97% in the
visible (Liu et al., 2016) and a sheet resistance as low as 30 (/sq at 90% transmittance in
doped CVD films (Jariwala et al., 2012), making it a good candidate to replace indium tin
oxide (ITO) in single-junction cells.

In PSCs, graphene can be used as the bottom transparent electrode, in the perovskite active
layer as an additive, and as a charge transport interlayer. PSCs employing graphene-based
charge transport interlayers have achieved PCEs of 19.7% to 19.8%. PSCs with graphene
additives in the active layer have been shown to passivate grain boundaries and suppress non-
radiative recombination (Muchuweni et al., 2021)

(Liu et al .2021). fabricated ultrathin, flexible perovskite solar cells on 20 pm thick
polyethylene terephthalate (PET) substrates covered with CVD graphene transparent
electrodes with power conversion efficiencies up to 11.5% through a low-temperature
solution-based process. The devices also exhibited extreme mechanical flexibility. The
devices containing double-layer CVD graphene electrodes had about 90% transmittance in the
visible wavelength range. The devices had much larger power output per unit weight (~5 W
g') than conventional inorganic-based solar cells (Liu et al., 2016).

The sheet resistance of graphene is the bottleneck for graphene transparent electrodes: The
carrier mobility of monolayer graphene on SiO: substrates is 1000-40,000 ¢cm? V' s
(Novoselov et al., 2004), which is an order of magnitude higher than ITO, but the carrier
concentration is lower by an order of magnitude, making the sheet resistance too high to work
with large area tandem cells without aggressive doping. The chemical doping of graphene with
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HNO:s or AuCls can considerably lower sheet resistance, but decreases the film environmental
stability (Kim et al., 2010; Singh & Nalwa, 2015).

4.2. Dye-sensitized and organic solar cells

In dye-sensitized solar cells, rGO can be used as a counter electrode catalyst instead of
platinum (Roy-Mayhew & Aksay, 2014). The catalytic activity of rGO counter electrodes for
the iodide/triiodide redox couple is dependent on the surface density of functional groups;
oxygen-containing functional groups improve the reaction to reduce Is~ (Wu et al., 2017).
Chemically reduced rGO by Hummers with carboxyl and hydroxyl groups can achieve PCE
of 7.19%, comparable to platinum benchmark which has 7.76% PCE, in conventional N719-
sensitized DSSCs (Zheng et al., 2012). Further reduction by nitrogen doping has led to further
reduction in PCE gap between chemically reduced rGO and platinum benchmark. The PCE
may be equivalent to Pt when electrolyte is a cobalt-complex.

GQDs prepared through green hydrothermal synthesis from citric acid or biomass precursors
have enabled the tuneable optical absorbance in organic photovoltaics by adjusting the GQD
size and controlling the bandgap across the visible spectrum. The GQDs' photoluminescence
also allows them to be used as an antenna for light harvesting in bulk heterojunction organic
solar cells (Gupta et al., 2011; Qin et al., 2015). In this regard (Kim et al., 2013).reported for
GQD-modified BHJ devices a PCE of 7.60%, compared to a control cell with PCE of 6.70%,
which they attributed to improved exciton dissociation and additional light absorption in the
GQD size-dependent absorption range

5. Synthesis Route-Performance Correlation

The data across three application domains reveal a consistent pattern. CVD graphene delivers
the highest figures wherever charge mobility and optical transparency are the primary
requirements — transparent electrodes in photovoltaics, high-rate supercapacitor electrodes,
conductive additive in composite battery anodes (Das et al., 2019). Its limitations are cost and
scalability, neither of which is likely to change substantially without a disruptive shift in
deposition technology.

Hummers-derived rGO is the material of practical record for energy storage electrodes. Its
defect density, which is often treated as a liability, is actually functionally useful for Li-ion and
Na-ion adsorption, pseudocapacitive charge storage, and as an anchor for transition metal
oxide nanoparticles in composite electrodes (Fang et al., 2022). The environmental cost of
chromate-free modified Hummers synthesis is substantially lower than the original Hummers
process, and most current literature uses the modified route.

Green rGO, reduced by plant polyphenols, ascorbic acid, or microbial agents, has moved from
proof-of-concept to quantitatively competitive within the period covered by this review. The
Raman Ip/Ig ratios for green rGO typically fall in the 0.6—1.1 range, compared to 0.9—-1.5 for
Hummers rGO, indicating slightly better sp> network restoration — a consequence of the

Nanotechnology Perceptions 19 No. 1 (2023) 184-199



Graphene For Energy Storage And ... Dr. Manisha Bhutani, et al. 191

milder, more selective reduction chemistry of polyphenols (Perumal et al., 2022). The
electrochemical performance gap between green and chemical rGO in supercapacitor
applications is now small enough that the synthesis route decision should be driven by
manufacturing scale, regulatory requirements, and end-use application rather than by a
performance penalty. For biomedical energy applications — implantable energy harvesters,
biofuel cells — green rGO is the only route that can be seriously considered, given the toxicity
constraints on implanted materials.

Electrochemical exfoliation sits between CVD and Hummers in the performance—scalability
space. It produces material with lower defect density than Hummers rGO, faster than CVD,
and with controllable oxidation level (Li et al., 2022). It has not yet been widely adopted in
energy devices relative to its representation in fabrication literature, and there is space for more
systematic work connecting exfoliation parameters directly to device metrics.

Table 1 presents a quantitative cross-synthesis comparison of specific capacitance, battery
capacity, and photovoltaic PCE data drawn from the literature reviewed above, mapped against
synthesis route, Ip/lg ratio, and electrical conductivity. The table makes the synthesis—
performance relationship explicit in a form directly usable for material selection in device
design.

Table 1. Synthesis Route—Performance Summary: Graphene in Supercapacitors,
Batteries and Photovoltaics (literature 2018-2022)

Domain Synthesis | Material Key Valu | Ip/Ic | Conduct Ref.
Route Form Perform e ivity (S
ance m)
Metric
Supercap CVD 3D Specific | 350— | 0.05- | 10°-10° | Chenet
acitor graphene | capacitan | 550 0.2 al.,
foam ce Fg! 2011;
Cao et
al.,
2014
Supercap | Hummers | rtGO/MnO: | Specific | 600— | 0.9— 10>-~10* | Chen et
acitor rGO composite | capacitan | 800 1.4 al.,
ce F ¢! 2015
Supercap | Hummers | rGO/polyp | Specific | 400— | 0.9— 10>-10* | Pandian
acitor rGO yrrole capacitan | 500 1.3 &
ce Fg! Pandura
gan ct
al.,
2021
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Supercap Green rGO Specific | 274 0.6— 10>-10* | Reddy
acitor electrode | capacitan | F g! 1.1 et al.,
ce 2019
Supercap Green rGO Specific | 121. 0.7- 10>-10°* | Faizet
acitor (palm oil) | electrode | capacitan | 72 F 1.0 al.,
ce/ g'/ 2020
retention | 90.7
1%
Supercap | Electroche | Exfoliated | Specific | 180— | 0.3— 10°-10° | Ambros
acitor mical graphene | capacitan | 290 0.7 1&
exfoliation ce Fg! Pumera
, 2015
Battery Hummers | rGO anode | Reversib | 400— | 0.9— 10-10? Fu et
rGO le 620 1.5 al.,
capacity | mAh 2013;
g Sun et
al.,
2017
Battery CVD + Si/CNF/iG | Initial/ | 1894 | ~0.1 10°-10° | Cong et
rGO O anode 100- / 964 al.,
composite cycle mAh 2021
capacity | g
Battery Hummers | RGO/Cu/C 100- 371. 0.9- 10>-10° | Hamee
rGO u20 anode cycle 8 1.3 detal.,
capacity | mAh 2022
gfl
Battery Hummers | LixSis/rG 100- 822 0.9- 10>-10° | Celikbil
rGO O anode cycle mAh 1.3 ek et
capacity | g al.,
2021
Battery Green N-doped Specific | 250—- | 1.0— 10>-10* | Zhang
hydrother | rGO anode | capacity | 300 1.3 et al.,
mal mAh 2019
gfl
Battery Sonication | Graphene Initial 1100 | 0.2— 10*-10° Liu et
(Li-S) exfoliation | interlayer | capacity | mAh 0.5 al.,
/ 200- g/ 2021
cycle 70%
retention
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Photovolt CvVD Transparen PCE 19.7 | ~0.1 10°-10° | Muchu
aics (monolaye | telectrode — weni et
r) 19.8 al.,
% 2021
Photovolt CVD Flexible PCE 11.5 | ~0.1 10°-10° Liu et
aics (flexible) bottom % al.,
electrode 2016
(20 pm
PET)
Photovolt | Hummers Counter PCE 7.19 0.8— 10>-10* | Zheng
aics rGO electrode % 1.2 et al.,
(vs 2012
7.76
%
Pt)
Photovolt Green Hole PCE 7.60 | Edge- | 10'-10> | Kimet
aics transport / % vs | domin al.,
light 6.70 ated 2013
harvesting %
contr
ol

Abbreviations: PSC = perovskite solar cell; DSSC = dye-sensitised solar cell; OPV = organic
photovoltaic; PCE = power conversion efficiency; In/Ic = Raman D-to-G band intensity ratio.
All values from peer-reviewed literature (2018—-2022); see references.

6. Open Questions and Future Directions

Three problems sit at the boundary of what the current literature resolves.

The first is the scalability of green synthesis to energy-grade material. Most green rGO studies
report single-batch laboratory synthesis with batch-to-batch variability in reduction degree,
sheet size, and surface chemistry. Consistent electrochemical performance requires consistent
material, and the plant extract route needs process standardization — controlled extraction
conditions, defined polyphenol concentration, and reproducible thermal treatment — before it
can be taken seriously as a manufacturing route rather than a research method.

The second problem is the cost—performance—sustainability triangle. CVD graphene performs
best but costs most. Green rGO costs least and has the smallest environmental footprint but
shows the most performance variability. The Hummers route occupies a middle ground that
the market has settled on largely by default. A systematic techno-economic analysis comparing
total cost of ownership across synthesis routes for a given device specification —

Nanotechnology Perceptions 19 No. 1 (2023) 184-199



194 Graphene For Energy Storage And ... Dr. Manisha Bhutani et. al.

supercapacitor at 300 F g, Li-ion anode at 500 mAh g™, DSSC counter electrode at 8% PCE
— would provide actual decision support for manufacturers. This analysis has not yet been
published in a form accessible to device engineers.

The third is the long-term stability question for green rGO in electrochemical environments.
Polyphenol residues on the graphene surface are electrochemically active, which contributes
to pseudocapacitance, but their stability under repeated oxidation—reduction cycling is not well
characterized beyond 5000 cycles in most studies. Battery electrode applications run for
hundreds to thousands of cycles at higher current densities than supercapacitor testing
protocols, and the literature on green rGO battery anodes beyond 200 cycles is sparse.

7. Conclusion

Graphene-family materials have moved well past proof-of-concept in energy storage and
conversion. The performance figures now reported for rGO-based supercapacitors, composite
battery anodes and graphene-integrated photovoltaic devices reflect genuine advances in
synthesis control and electrode engineering rather than optimistic extrapolation from single-
data-point studies.

The central argument of this review is that synthesis route selection is a device engineering
decision, not merely a materials chemistry choice. CVD graphene belongs in photovoltaic
transparent electrodes and high-rate supercapacitor demonstration devices. Hummers rGO
belongs in composite energy storage electrodes where defect density and surface chemistry are
functionally useful. Green rGO belongs in cost-sensitive, scale-sensitive, and biocompatibility-
constrained applications, and its performance is now close enough to chemical rGO in
supercapacitors that the remaining gap does not justify the continued preference for hazardous
reduction routes in those applications.

The next productive direction for this field is quantitative process—property—performance
mapping: controlled studies that vary one synthesis parameter at a time and measure its effect
at the device level, rather than the current literature norm of reporting a new material system
with optimized but opaque processing conditions. Those works, when it comes, make graphene
energy devices substantially easier to engineer.
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