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A green and efficient conversion of redundant biemanto functional nanomaterials holds the key tc
sustainable future technologies. Recently, vertggaphene nanosheets (VGS) have emerged as prgmisin
nanomaterials for integration in high-performanéesknsors and supercapacitors, owing to their ¢el
and unique structural, morphological and electrigabperties. However, when considering the
conventional techniques utilized in nanofabricatimuch as thermal or chemical routes, these oftc
involve complex, eco-destructive and resource-conisg processes. Here we report on a single-step,
potentially scalable, environmentally-benign andsgpha-enabled method to synthesize VGS from ..
underutilized and natural by-product precursor,éymomb. The VGS multifunctionality is highlighteg b

its integration as supercapacitor electrodes f@rgy storage, and as an electrochemical biosewsdhé
detection of the neurotoxic Amyloid-beta A biomarker of Alzheimer's disease. The VGS were
employed as binder-free supercapacitor electroaled,demonstrated high specific capacitance up @ 24
F g~ 'at a scan rate of 5 mVs' and 100% capacitance retention after 2,000 chdiggHarge cycles.
Furthermore, the VGS were functionalized with cuné bioreceptors, and exhibited good sensitivitd an
selectivity towards the detection of neurotoxi§ Apecies, and demonstrated a detection limit of 0.
pg/mL.

WWW.r sc.or g/

Introduction

Recently, vertical graphene nanosheets (VGS) erdeggea
The rationale for implementing green technologiegpart of a highly-promising nanomaterial for diverse applioas such as
sustainable modern society is becoming increasiapfyarent. supercapacitors and biosensbr&/GS possess a unique
In particular, recycling redundant biomass into diiwnal morphology of few-layered graphene sheets selfripgal in
nanomaterials has attracted significant attentiotiably, as this an open 3D-inter-networked array structtire’® Such
promotes a more efficient route for nanomateribtifation, as morphological features enable the properties ofga urface
compared to conventional methods which utilize hd@as area and good electrical conductivity, which aretipalarly
chemicals or purified hydrocarbon gades. Moreover, an important  for the realization of high-performanc:
efficient synthesis of nanomaterials remains cluéi the supercapcitors and biosensors. Moreover, the pcesegindense
large-scale commercialization of high-performanceergy and thin reactive edge planes in VGS enhance$émizal and
storage and biomedical devices. However, existeaiiiques electrochemical activit§.Indeed, these reactive sites on VGS
for the transformation of biomass into nanostrusurvia may facilitate the immobilization of biological spes, and
thermal or chemical routes are not only precurpaeiic, but thus, makes VGS a promising base material for bisisg
are also often expensive, complex, as well as gretigie- and applications. Furthermore, while the open structafeVGS
resource-consumintTherefore, there is a need for a process facilitates the transport of ions, its structurigiidity enhances
convert these chemically heterogeneous biomassesimiform the stability of ion storage capacitors, and thpremotes the
and useful functional nanostructures. Amongst aewarof integration of VGS in energy storage devices.
nanomaterials, carbon-based nanostructures sudraphene
have attracted significant interest owing to itseptional opto- Previous investigations have demonstrated the rotelof low-
electrical and mechanical properfiewhich are determined by temperature plasmas for the deterministic fabrcatf VGS.
its specific morphology, orientation and stackimdes® ’
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1113 |In particular, such VGS structures can be formeihai spectroscopy (XPS) spectra were recorded by SpeGES50
natural precursors in different heterogeneous cbastates by spectroscope with the Mg oKexcitation at 1253.6 eV. Both
unique plasma-based processes that adhere to tkiE bsurvey and narrow scans of C 1s were conducted.nides of

principles of sustainability and green chemistry® ° In

particular, plasma not only enables the breakdowh
chemically heterogeneous natural precursors intmpler

building units of graphene, it also enables thé@gjanization
of these building units into uniform VGS structufés
Therefore, plasma-based techniques present
approach for the effective conversion of diversem® of
biomass into functional nanomaterials. A particylaviable
biomass is honeycomb. Typically after honey exioaGt
honeycomb is deemed to be redundant. As suchgthaining
honeycomb is either disposed of, or recycled asuace of
candle wax, or as an additive in cosmetics. Thusré&eycling
of used honeycomb is primitive and limited. Howe\ier this
work, we utilized honeycomb, a natural wax composkldng-
chain hydrocarbons, as a source for the fabricaifonGs.

Here, we demonstrate a single step, low-temperatatalyst-
free and highly efficient plasma-enabled reformiofy the

underutilized by-product honeycomb, into uniform SG
Moreover, to demonstrate the multifunctionality dhe

honeycomb-derived vertical graphene nanosheets \(B6),

we directly integrated it as a supercapacitor ebelet, which
exhibited good electrochemical performance and ilgtab
Furthermore, we demonstrate the functionality of-YAGS as
base material for the firm immobilization of curcimywhich in

turn, enables the selective and sensitive detectbnthe

neurotoxic A biomarker of Alzheimer’s disease.

Experimental Methods

Plasma enabled growth of HC-VGS

The deposition of HC-VGS was carried out in a Réuictively
coupled plasma CVD system. Flexible graphite paget Ni
foam was used as growth substrates for HC-VGS. stte of

growth substrates was 6x1 &nin order to provide a uniform

coating of honeycomb on graphite paper, the homapcwas

the electrode was determined by weighting a 10 omg |
sample on an ultrasensitive balanae@.1 png; Mettler Toledo
UMT2) and calculating the fractional mass which was
submerged into the electrolyte.

a pngmisSUper capacitor measurements

The electrochemical measurements were performed M
Na,SO, at room temperature. Both three-electrode and two-
electrode cell configurations were employed. Theedh
electrode cell used the as-grown HC-VGS sample has t
working electrode, a Pt foil as the counter eled#roand an
Ag/AgCl reference electrode; while the two-elecearkll used
two identical testing samples as the electrodescli€y
voltammetry (CV), galvanostatic charge/dischargend a
electrochemical impedance spectroscopy (EIS) measemts
were conducted using a BioLogic  VSP 300
potentiostat/galvanostat device. CV tests wereoperéd in the
potential range of 0 — 1 V at scan rates of 5 — BOD s™.
Galvanostatic charge/discharge curves were obtaiaeda
constant current density of 3, 2, and 1 mAJcnEIS
measurements were performed in the frequency rdraya
0.01 Hz to 100 kHz. The specific capacitance ofglgin
electrode ¢ was calculated from the CV curves in two
electrode measurement by integrating the dischangeent
against the potential V according @ = (2 [1dV/vmAV) ,
wherev is the scan rate (V'3, m is the mass of the active
material in single electrode, ad/ is the operating potential
window (1 V). Similarly, specific capacitance waalaulated
from the charge/discharge curve accordingtge- 21/(m dv/
dv), where | is the discharging current, m is the ntfsactive
material, dV potential window (1 V) and dt is thesaharge
time. The surface mass density of active materiak V0.4
mg/cn? and 1x1 crh of the sample was used as the workin::
electrode in the test.

Biosensing measur ements

first melted by heating at 1. Subsequently, the substrate$he electrochemical measurements were conduct® imM

were coated evenly with the liquefied honeycombprpto
being loaded in the reactor. A gas mixture of 10ns@Ar and

phosphate buffer with 0.15 M NaCl at room tempea&atiA
three-electrode cell configuration was employede Tthree-

10 sccm H was fed into the chamber, then the plasma wekectrode cell used the as-grown HC-VGS sample @iZ1x0.5

generated at 2.0 Pa pressure and 1000 W RF povtanuggh
no external substrate heating was used, during Sthmin
deposition process the substrate temperature reéa¢6@ °C
due to the plasma-heating effects.

Microscopy and microanalysis

crr12) as the working electrode, a Pt foil as the cauetectrode,
and an Ag/AgCl reference electrode.

Curcumin, fromcurcuma longa (SigmaAldrich), was dissolved
to 2% w/v in DMSO and drop-cast onto HC-VGS, anfd e
dry overnight at room temperature and pressure. dvimric

Field-emission scanning electron microscopic (FBASE and oligomeric Amyloid-beta 42 () were prepared according

images were obtained by Zeiss Auriga microscopeatpé at 5
keV electron beam energy with an InLens second&gtren
detector. Raman spectroscopy was performed usRenashaw
inVia spectrometer with a laser excitation at 5 (#r laser)
and a probing spot size of ~1 AmX-ray photoelectron

2 | Green Chem., 2014, 00, 1-3

the protocol outlined byoumans et al. (Biosensis)-® Briefly,
45 ug of lyophilized R peptide was reconstituted with 2 pL of
DMSO, and 98 pL of F12K medium was added to givetal
AP peptide concentration of 450 pg/mL. Monomerig GAB-
M) was taken at this point, whereas oligomer$-@) were
formed by incubating the solution for 24 hours &iC4 The

This journal is © The Royal Society of Chemistry 2014
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curcumin functionalized HG/GS was subjected to success
incubations with 8-M or AB-O (at concentrations of 10, 1 a
0.1 pg/mb for 20 minutes at room temperature and pres
for each concentration. Subsequently, EIS measurenveere
conducted in the frequency range frondz to 5 MHzusing a
BioLogic VSP 300 potentiostat/galnostat device. The
(charge-transfer resistance) the sensor following incubatic
with AB was expressed as a percentage of tl; in the
reference case, which was incubatedMSO/F12K mediun
in the absence of A

Results and Discussion

Fabrication and structure of HC-VGS

Flexible and light-weightnergy storage and medical devi
play a central role in the future development ofitifunctional
electronics such as portable and wearable devigat-up
displays, and photovoltaic cefl6To this end, flexible graphit

paper and Ni foam werehosen as the gwth substrates for

HC-VGS. Due to its good electrical conductiviNi foam and
graphite paper also functiores the current collects in the
supercapacitor and biosensing electrodes.

The procedure for preparing H@SS is illustrated in Figur
1(a). In particular, HG/GS was formed through the uniq

plasma transformation of a natural -psoduct precursor,

honeycomb. This approach featuresheea|, low-temperature,
and environmentallypenign alternative to the chemical va,
deposition (CVD) processes which involve highly lesp/e
hydrocarbon precursor gases such ag &dl GH,.> 3

The used natural bgroduct precursor, honeycomb, consis
of mostly palmitate, palmitoleate, and oleate esteff lon¢-
chain aliphatic alcohols. Honeyconmbtypically solic at room
temperature, and can be easily liedfand coated on tf
substratesDuring the early growth process (~2 min), the I
chain of carbon groups in honeycomb were brokenndowo
carbon buildingunits owing to the rapid plasndissociation of
the material. Subsequentifetse carbon buildir units were re-
formed into hexagonal carbomgs, whict are the basic
elements for the construction gfraphene nanosheets. Si
plasmaunique effects were presumably attributed to thenst
plasmamatter interactions in the plasma she'® In particular,
H, can enhance thaidace flux of these building units throu
the recombinatiomrediated energy dissipation on the surf
and facilitate the nucleation and growth of V. Moreover,
the electric field in the plasma sheath also g¢gs the vertical
growth of graphene nanosheets.

Figures 1(b) and 1(c3how the scanning electron microscc
(SEM) images of HG/GS obtained after the direct grow
process. An inherently open, 3D network with derseal
uniform graphene nanosheets was clearly observedver the
entire surface of graphite paper (d&gure 1(a)). It is known
that the morphologyof VGS can be controlle during the

This journal is © The Royal Society of Chemistry 2014
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plasma-enabled growtiPlasma parameters such as RF po
processing time, and gas composition affect thewtr
environment which will impadhe morphology and structure of
VGS. In our case, hese graphene nanoshewere highly
porous and exhibited aawverage sheet length of 200 and a
typical thickness of 2 pm (Figus 1c and S1). This open
structure mayfacilitate the access of biologicitargets and
electrolyte ionsto the active surfacesConsequently, the
morphology of HC-VGS ot only provides a large surface area
which is important for efficient charge transport in
electrochemical capacitors hddtion, the evident high density
of reactive edges may alspromote a facile surface-
immobilization of bidogical analyte.'82°

Figure 1: Transformation of honeycomb (natural wainto vertica
graphenes in a reactive Ar + ldlasmi-based process. (a) Honeycomb
liqguefied on the graphite paper substrate which plased in an IC-CVD
system, whereupon a short plasma exposure waget to reform th
honeycomb precursor and grow the-VGS. As-grown HCVYGS on flexible
graphite substrate with supporting (b) SEM; and high-resolution SENM
images featuring its morphology.

The surface chemical information ¢(HC-VGS was also
characterized by Raman andrXy photoelectroispectroscopy
(XPS). Figure 2(ajllustrates the Raman spectra of -VGS.
Three distinct peaks wengreser, namely, the characteristic
disorder peak (band) at 1350 c?, the graphitic peak (G-
band) at 1580 cih and the secor-order 2D-band at 2690 ¢
The G-band arises from the jilane vibrational ,; mode of the
sp’-hybridized carbon, the band isattributed to the finite
crystallite size effect and various defects indu@edhe sp?
carbon materials, and the 2ia3nd is a secororder Raman
spectral feature dueo the thre-dimensional interplanar
stacking of hexagonal carbon networ?** The ratios of
Ramanlp/lg ~(0.45) andp/lg ~(0.72) indicate the presence of
sharp edge planesd a dominarsp? graphitic structure in HC-
VGS.24' 25

Figure 2(b) shows the XPS measurements o0iC-VGS
nanostructures. Aingle strong C 1s peak positioned at binc
energy (BE) of ~284.5 eV wasviden, implying the HC-VGS
was comprisedf mostly carbon atoms. Figt 2(c) illustrates
the C 1s narrow scan for HZSS. The C 1s spectra could be

Green Chem., 2014, 00, 1-3 | 3
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fitted by four peaks corresponding to the carbsp? (BE ~
284.5 eV),sp® (BE ~ 285.4 eV), carbooxygen bond (B ~286
eV), and the energy loss “shake-dpature (BE ~ 290.2 e\!*
18 The sp? graphitic structure of HC-VS also plays a maj
role in enhancing their charge storage city. Indeed,sp*
bonded carbon is preferred ovesp®-bonded carbon i
graphend&dased supercapacitor electrodes, as the lattexdae
the charge transfer resistance angedes theability for charge
storage. In particular, as HZGS featuresa large fraction of
sp’-hybridized carbon, in conjunction with high C/O atomic
ratio, this makes HC-VGS a hightlesirablenanostructure for
theintegration in electrochemical energy storaevices.
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Figure 2: (a) Raman spectrum of HZSS. (b) XPS survey sc and(c) C
1s narrow scan of HC-VGS. Spectrumas fitted with thesp?, sp°, oxygen
attached carbon, amdn* shake-up features.
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Super capacitor performance of HC-VGS electrodes

When considering widely available energy sourceshsas
solar and wind power, their intermittent nature essitates
robust energy storage devices for these sourclkes tdilized in

a commercial scal®. In addition, he needs for more capable
energy storage devices aferther stimulated by the recent
advancements in portable electronics and hybridctréde
vehicles?”? Thus, supesapacitors which possess high po
density, rapid charge/discharge rate, arlong lifespan are a
particularly attractive optiof®=?

The electrochemical performance HC-VGS as binder-free
sypercapacitor electrodes v investigated by
potentiostat/galvanostaheasurementusing the two-electrode
configuration. Figure 3(a3how: the cyclic voltammetry (CV)
curves of HC-VGS in 1M Na,SO, aqueous electrolyte.
Notably, the as-grown H®GS electrodes showed a nearly
rectangular shape in CVs evathigh scan ratese(., 500 mV
s1) suggesting the efficient formation the electric double
layer (EDL) and fast ion transport ithe HC-VGS structur&®
Figure 3(b) shows the galvanast charge/discharge curvfor
HC-VGS at different current densities 3, 2, and 1 mA/cH
respectively. A linear dependence between the digel
potential and time was identified in the dischamgeves,
further indicating the absence of major Farc processe¥
These results are consistent with the structuralyaes that th
electrodes were composed of mostly ca-based materials
and the charge storagoccurred mainly through the EL
mechanisni>

The specific capacitanc@ calculated from the CV curves
different scan rates is shown in Figui(c). A decrease in the
specific capacitancewas observed as the scan rate
increased, similar to that of the corrugated 30ppeme sheel
obtained by reduced graphene 0x* It is also noted that HC-
VGS exhibits a higtspecific capacitan of 240 F ¢ at 5 mV
st and 128 F § at 2.5A ¢ (Figure $2). We attributed such
high specific capacitance to the lar surface area, high
electrical conductivity, and higblectrochemical activity of the
HC-VGS, which enables a facile acces:ions to the edge and
basal planesf the nanostructu.® *" *®Thijs value of specific
capacitance for HC-VGStructure is among the highest vall
reported for graphenbased supercapacitor electrc, and is
also superior as compargd other carbon structures wi
similar 3D morphology, such as the reduced graptmide
sheets and the mechanically combined graphene/CpbFids
structures® 4°

This journal is © The Royal Society of Chemistry 2014
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Figure 3: Supercapacitor performance HC-VGS. CV curves of (a) H&GS at different scan rates of 5, 10, 20, 50, 100s and 50!
mV/s. (b) Galvanostatic charge/discharge plots C-VGS at current densities of 3, 2 and 1 mAicfo) Rate capabilities of C-VGS, ant
(d) cycle stability of HC-VGS &t scan rate of 400 mVfor 2000 cycles.

The cycle stability tests are shown in Fig3(d), in which HC-
VGS exhibited 100% retention of its initial capacite afte
2,000 cycles performed atscan rate of 400 m\. In addition,
the inset of Figure 3(d) showamost equivalenCV curves
between the L and the 2000 cycles, clearly evidencing tt
excellent stability of the electrode materials. sTktability of
HC-VGS is superioras compared to other typical 3D n-
carbon structures reported in the literature; fcaneple,Bai et
al. obtained 95% retention aft&,000 cycles forcrystalline
composites of NiO, reduced grapheneside, and carbon
nanotubes;Zhao et al. obtained 94.4% retention afte,000
cycles for graphene nanosheets hybridinéth Co(OH).** 42
A slight increase in capacitance was observed atetid ol
2,000 cycles which could arise from amcieased wetting ¢
electrodes through capillary action in the suceessyclesWe
attribute such an goostability to the structural durability ar
the EDL charge storage mechanism of ca-based materials,
as opposed to metal oxide nanostructures h often show low
capacitance retention due to a significant degradato the
nanostructures through redox reactidhs.

The EIS spectrum for HC-VG®easured in the thr-electrode
configuration is shown in the Nyquist pliot Figure ¢3, where

This journal is © The Royal Society of Chemistry 2014

the frequencydependent impedanis presented as the real (2')
and imaginary (Z") componentAs-grown HC-VGS displayed
a vertical curve feature at low frequencies, intiica a neal
ideal capacitive behavidf. We also report a low charge
transfer resistance and electrode resistance Q and 3.7Q
respectively, which indicatethat the HC-VGS possesses a
highly conductive surfaceln the higl-frequency range, a
semicircle was observed to intersect with the (@4 axis,
which could be attributed to charge transfer at ehextrod-
electrolyte interfacé? We have also performed the three-
electrode cell measurements to better evaluatepotential of
HC-VGS electrode material§igure S).*° The resulting three
electrode measurement waonsistent with tw-electrode-
based results. Our supercapacitor performance re:
demonstrates that HC-VG®hich was derived from natur
wax maybe a promising material for the future energy siel
devices.This advantageous characteristic may regom the
highly-densenetwork structureand thin graphitic edges, a:
suggested from the morphology of -VGS, and may also be
utilized fora good biosensing platfo, which will be discussed
in the next section.

Biosensing performance of HC-VGS electrodes

Green Chem., 2014, 00, 1-3 | 5
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Figure 4: Biosensing performance curcumin-functionalized HG/GS. (a) Schematic for the sensing protocol f-M anc
AB-O. (b) and (c), EIS responsn the presence of 3-M, and A3-O, respectively, at different concentraticof 0.1, 1, an
10 pg/mL. (d) Charge transfer resistancy, expressed as a percentage of the blank referahpeptide concentrations

0.1, 1, and 10 pg/mL.

When considering the major litkreatenin and debilitating
diseases prevalent in the modern sbtgi neurodegenerati
dementias such as Z#Aleimer's disease (Al present a
widespread and rising incidencaith far-reaching and
detrimental socio-economic repercussiénsAD may be most
effectively managed with therapeutipsovided the disease

accuratelydiagnosed in the early stages. In order to ideland

Figure 4(a) illustrates theensing principle and tifabrication
process of our HC-VG®ased biosensaln particular, with the
integration of HC-VGS as a isging platforn, its thin reactive
open edges and inherenthrge surface ari enable the stable
and chemical mmobilization o curcumin (Figure S5). In
addition, the high eleédcal conductivity of HG-VGS further
enablesa good sensitivity for the electrochemical detectad

monitor the progression ofAD in sufferes, the specific AB-O.

detection of biomarkerg/hich hallmark the lesions associa

with AD is required. One suchiomarker ii the aggregated Figure 4(b) shows the El8spons of our biosensor in the
form of the A3 peptide, namely, theligomeric Amyloic-beta presence of B-M at different peptide concentrations. Over
(AB-0O) which is presenn the cerebrospinal flu (CSF) of AD the radiusof the semicircle region sho' negligible shift from
sufferers’” *8The A peptide exists in thESF as unaggregat the reference. This indicatéisere is a negligible change in t
monomers (R-M) and as aggregatealigomer:, whereby the chage transfer resistance, armay also suggest a weak
former is benign, and the latter is neurotc Therefore, there is interaction between thepAM anc curcumin bioreceptors.

a need for a sensor which can reliabifjedentiate between A-
O and A3-M. On the other hand, Figure 4(dgmonstrates the EIS response
in the presence dafeurotoxic A-O. A significant decrease in
Recently, curcumin has emerged a promisingcandidate the radius of the semicircle regi is evident for increasing
which selectively binds to aggregated peptides*® Thus, by concentrations of B-O. Thisresultmay indicate that curcumin
functionalizing our as-grown HE®GS with curcumi, a possesses greater reactivity with the aggregated form of
selective sensing towards the neurotoxpz@ may be enabled. AB peptide, namely, theeaction of curcumin wittAB-O is

6 | Green Chem., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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more favourable than with [AM. Additionally, this indicates a products into carbon-based electrodes, and may lak®b to
decrease in charge transfer resistangg é® more A-O binds better understanding of the elementary charge gtorand
to the surface-immobilized curcumin  biomoleculedransfer processes, which remain critical for depsients in
Correspondingly, this decrease ig Ray result from a chargethe next-generation of energy storage and biomed&aces.

injection to the HC-VGS electrode by thg-®s, in particular,
due to the presence of electrochemically activeves in the
AP peptide>® 5!

Further, Figure 4(d) summarizes the changing trendharge
transfer resistance for the oligomeric and monocngpecies at
different concentrations. Unlike the case with3-M, the

presence of B-O induces a significant decrease in the char

transfer resistance. Therefore, this result iné€athat our
sensor possesses a good selectivity towards peptide
concentrations in the limit of 0.1 pg/mL. Moreovese suggest
that this specificity towards RO is enabled by a
conformational recognition of curcumin to the setany

protein structures present in the aggregatgd p&ptide. In
particular, as curcumin is symmetrical molecule posed of
two polar groups separated by a hydrophobic britlge allows

an alignment of curcumin molecules along the aXisthe

stacked peptide strands present in oligomers. Tigurn

facilitates the electrostatic interactions betwettre polar
groups of curcumin and the positive charges onptisdonated
antiparallel /8 peptides'®

Thus, we have demonstrated the functionality of HGS as a
promising and versatile base material for integratin future

biosensing devices. Importantly, the favourable photogical

and electrochemical properties of HC-VGS facilitateeliable
and easy-to-fabricate sensor with good sensitivand

selectivity towards the neurotoxicfAO species. With future
optimizations to explore the functionalization o€HW/GS and
the loading of curcumin receptors, the performacéhis HC-

VGS-based biosensor may be further enhanced.

Conclusions

In summary, we have demonstrated an efficient pdasnmabled
reforming of the natural by-product precursor, harmenb, into

VGS with excellent morphological and electrocherhic%

properties. Furthermore, these unique and intripgiperties of
HC-VGS enabled its excellent integration as a lmaaterial for
energy storage and biosensing applications. Inicudat, we
have assembled a reliable, simple-to-fabricate,inexipensive
biosensor which capitalized on the unique properté HC-
VGS, to enable a firm surface-immobilization of cumin, and
its novel function as a bioreceptor for a selectwel sensitive

capture of the neurotoxicpAbiomarkers of AD. In addition, we g

have demonstrated a binder-free supercapacitortretks
which exhibited a high specific capacitance up406 £ g *at a

scan rate of 5 mV s*and 100% capacitance retention aftef,

2,000 cycles at a high scan rate.

Importantly, these results are promising for futstestainable
management of resources, through the reformingatiral by-

This journal is © The Royal Society of Chemistry 2014
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