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Chemical charging of single-walled carbon nanotub®®/CNTs) and graphenes to generate

soluble salts shows great promise as a processintg for electronic applications, but raises

WWW.rsc.org/ fundamental questionghe reduction potentials of highly-charged nanocarpotyelectrolyte
ions were investigated by considering their chemrealctivity towards metal salts/complexes
in forming metal nanoparticlesThe redox activity, degree of functionalisation andargje
utilisation were quantified via the relative metadnoparticle content, established using
thermogravimetric analysis (TGA), inductively couplpthsma atomic emission spectroscopy
(ICP-AES) and X-ray photoelectron spectroscopy (XPShe Tfundamental relationship
between the intrinsic nanocarbon electronic densitystates and Coulombic effects during
chargingis highlighted as an important area for future reskearc

DOI: 10.1039/x0xx00000x

I ntroduction

Carbon nanomaterials, including both single-walled carbgraphenide species, respectively, can be generated following
nanotubes (SWCNTs) and graphene have impressive intrinsiduction using alkali metal/liqguid Ng| alkali metal
mechanical, thermal and (opto)electronic propeﬂiemaphthalide/tetrahydrofuran (THRD®] or electrochemically in
Applications of these materials have been slow to emerge doa-agqueous electrolytE In addition, electrochemical

to challenging synthesis and post-synthesis processoxidation was recently demonstrated to generate nanotube
requirements. The desire for stable suspensions/solutibnscations, known as nanotubium spe@&ll reductive charging
monodispersed species to enable liquid-phase processing tédmiques insert electrons into the carbon n* orbitals, shifting

led to the development of numerous aqueous-suri@mdt the Fermi energy of the nanocarbon density of states (DOS),
nonaqueo@ dispersion procedures. Unfortunately, mosesulting in increased reactivity. Subsequent reaction may take
routes rely on high-power ultrasonication to exfoliate amglace via redox or electrophilic addition reactions that may
disperse the nanomaterials, which tends to degrade ithelve a single-electron transfer (SET) (i.e. radical based
desirable properties, for example via shortening and Iimction

introduction of structural defe.Subsequem, lengthy The degree of functionalisation (d.o.f.), typically reporésda
ultracentrifugation steps are typically required to remove namtio of functional addends to carbon atoms on the nanocarbon
exfoliated material, leading to limited overall process yieldgpecies, is a quantitative measure of the reaction yield.
and scalability. However, reactivity depends strongly on the amount of charge
An attractive approach to dissolve carbon nanomateriglsr carbon atoElits potential or chemical activity, the nature
without damaging the structure is via charging protocols, asf the reactant added, and the reaction mechanism(s).

outlined in Fig. 1. FullerendCgy), SWCNT and graphene

polyelectrolyte anions, known as fulde, nanotubide and
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Fig. 1 Selected examples of charged carbon nanomaterials. (A) Nanotubide anions generated using alkali metal/liquid ammonia. Reproduced with permission from
ref.B) Graphite intercalation compounds (GICs) generated by the vapour transport metho using potassium. (C) Electrochemical processing to generate
nanotubide anions and nanotubiu ations. Modified with permission from reillllThe charged materials shown in (A) and (B) are used in the current investigation.

L L1
It follows that to enhance the d.o.f., the charge per cartwon alt has been observed that nanotubes/graphene act as reducing
should be increased, and a reactant with a more favouradents towards metal salt®ven neutral SWCNTs can
reduction or SET potential adde@ihe degree of nanocarbonspontaneously reduce Auand Pt* salt solutions to form their
exfoliation is also a crucial factor in enhancing the d.mffact respective Mmetab NPs on the nanotube surf@\lanotubides
steric constraints can even be significant, for fully eateli and graphenides can significantly increase the yield of this
SWCNTs/graphenes in which all atoms in principle lie on thmetal deposition due to the higher reducing potential of the
‘surface’ Ultimately, controlling the d.o.f. is critical: for carbo In principle, the use of metal salts should proceed
example, too many functional addenasn cause the loss of by simple redox chemistry, avoiding electrophilic additiod an
(opto)electronic and mechanical properties, too few and theadical reactive pathways. The initial hypothesis was that, for
may be no benefit to nanocarbon solubility or compatbilinanocarbon polyelectrolyte anion reactions with metal sa#s, th
with a polymer matri The first nanotube redox potentialgesulting metal to carbon (M:C) atomic ratio (i.e. the d.o.f.
have been probed using spectroelectrochemical ms,should be defined by the initial charge transfer and the metal
and the redox potentials of reactants in aqueous systemsredection potential. Based on the quantified d.theé reduction
well studied. However, the exact potential of charggabtential of the nanocarbon polyelectrolyte should beigtexd
nanocarbon polyelectrolytes and redox potentials of reactantbynintegrating the areas of reacted electrons (charge utilisation
anhydrous, aprotic solvents are not well known. yield) and unavailable charge (between the metal reduction
The DOS of nanocarbon species are known to be complex jmtential and the undoped nanocarbon Fermi level) on the
continuous, leading to the observation of bulk-continuumanotube/graphene DOS plot, shown by the schematic diagram
voltammet The DOS for their ions has not yet beem Fig. 2.
determined and is likely to varwith charge densityln this
discussion paper, the potential/chemical activity of nanotuBesults and discussion
and graphene polyelectrolyte anions will be used to reduce a
range of metal salts to generate zero oxidation state mé&gium nanotubide experiments
atoms/nanoparticles (NPs) on the carbon surface, as a routeriiminary experiments used raw HiPco SWCNTs, reduced
probe the unclear relationship between added charge dengif,g solutions of sodium metal in liquid ammonia toega
and potential NaC,, SWCNT salt following evaporation of the ammonia
(note that a small amount of ammonia remains coordinated to
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the metal). This salt was left to spontaneously dissoite

anhydrous N,N-dimethylformamide (DMF) as in previou
methodologElThe resulting dissolved SWCNT fraction use

electrons are shaded grey. As the available charge is used, the potential of the

nanocarbon will shift towards the zn>* reduction potential until the reaction

S .
reaches completion.

d

for reaction had a concentration of 0.6 mg/mL (80% yield ©f

dissolution).

Two metal chloride salts (Mnghnd ZnC}), typically used as
precursors to generate the respecti\P@nMD NPs using a wide
range of reducing age@were added to the nanotubide

dispersions in a three times excess to sodium. For these

exposure to the atmosphere following reaction is likely toeaug
oxidative [§
thermogravimetric analysis (TGA) of the washed, filtered an
dried nanotube/metal samples, metal oxide residues rem
(Electronic Supplementary Information (ESI) Fig. S1). Ray
HiPco contains ~30 wt% iron oxide originating from the

partial oxidation of the NPs. Following

catalyst used in its synthesis. Reaction with Mrgbowed only

a subtle increase in metal oxide content from the raw materi
however, the ZnGl reaction yielded a ~7 wt% increase.
Scanning electron microscopy (SEM) images of metal halide
revealed NPs containimig. 3 SEM images of the metal NPs generated from reaction of NaCyo nanotubide

treated SWCNTs before TGA

manganese and zinc, confirmed using energy-dispersive X-!’[Q)&

-
o ;

Energy (keV)

Energy (keV)

(A) MnCl, and (B) ZnCl,, respectively. (C) and (D) are the complementary
spectra for Mn and Zn NPs, respectively.

spectroscopy (EDX) (Fig). These relative reactivities were

expected, in-line with the
respective metal salts (standard reduction potentiafs:Zge
> zn°, -0.76 V, and MA" + 2¢ >Mn° -1.18 Vvs. SHE
(standard hydrogen electrgde

-3
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>
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Fig. 2 DOS of a graphene crystal based on the tight-binding approximation (data
values from ref. neglecting Coulombic effects. The position of the graphene
Fermi level (Ef) was previously determine(Elas +0.022 V vs. saturated calomel
electrode (SCE) (~+0.263 V vs. SHE). The dashed black line represents the
standard reduction potential for zn* (-0.76 V vs. SHE), the dashed blue line
represents a possible position of the nanocarbon reduction potential. Available
electrons for reaction with Zn®* are shaded blue, whereas the unavailable

This journal is © The Royal Society of Chemistry 2012

reduction potentials of their

Having successfully generated NPs for the manganese and zinc
systems, the ability to extend this electrochemical series to a
whole set of metal NPs exists. However, due to the presence of
the (oxidised) iron catalyst, the possibility of competitiv
reduction reactions cannot be avoided. Due to the unknown
charge per carbon atom in the dissolved fraction compared to
the undissolved material, and the complex density of states
(including mixtures of metallic and semi-conducting species
with different band gaps and Fermi level positions) presen

by nanotube samples, it is complex to confirm the exact
reduction potential of the Nag SWCNT salt. Instead, a
simpler charged carbon nanomaterial was studied. Graphite
intercalation compounds (GICs) that can be exfoliated to
monolayer graphenide spe@groduced from Madagascan
natural flake graphite are an ideal model system as they are
have large crystallite size, high purity aad absence metal
contaminants.

Potassium graphenide experiments

GICs have been studied for many y@sThe stage 1
compound, K@, as shown in Fig. 1 (B), has been used directly
as a strong reducing agent in many organic reacg
ismore reducing than naphthal%enerating the naphthalene
radical anion in THF (-2.24 V vs. SHE), and has been erpgloit
to prepare active metals including Zn, Sn, Ti, Fe, Pd and Ni
(from reaction withthe metal halides) highly dispersed on the
graphite surfa These metal-graphites demonstrated high
catalytic activity for a wide range of synthetically useful
reactions. A suggested mechanism for gK@activity was
proposed by Ebln this model, two potassium specieg, K
and K, exist between the graphite layers in order to account for
the incomplete charge transfer to the grapHitethis way,KCg

was proposed to exhibit a "hybrid" chemistry, in which

J. Name., 2012, 00, 1-3 | 3



electrons still "associated" with’night react differently from As with the case of Naf nanotubide reduction, there is still a
those transferred to graphite. Thus, potassium species at ddgher reactivity for highly charged graphenides gK@wards
sites react with a reduction potential close to that of nietalkinc compared to manganese. }Chowever, does not have
potassium (-2.9¥ vs. SHE). As this metallic potassium is usedufficient reducing power to react with the manganesedlt)

up, the relative reduction potential of the resultant gKC

compound lowers. In the case of solubilised potassium — - -
Table 1. Reactivity of KG and KG4 graphenide polyelectrolytes with metal

graphgnide the charge_ transfer and consequgnt reductig&slcomplexes_

potential of the K@ will be altered by solvation effects

including the stabilisation of graphenide sheets and theeelegrMetal | Reduction | KC, Charge KC,, Charge
. . . - cation potential (M:C utilisation (M:C utilisation

of potassium ion dissociation. (M™) (V vs > ield ©%(o & sl cdro
o . - atomic | ¥! (%) | atomic | vield (%)

Further insight can be gained from recent measurements of the SHE) ratio) ratio)

electronic structure of bulk potassium Gn crystals of[  mn® 2.0F 446 3.6 No -

KCg and KG, the Fermi energy relative to that of purdMngz) -1.18 ' reaction

graphite is shifted as the electrons occupy the graphitic w* (Zznrzll) %)%3; 107 15.0 489 9.8

bend. The Fermi level shift has been measured U>ing;uz+2 -43

photoemission spectrosc@/to be -1.35eV in Kg and| (CuCh) 03 887 1.8 B B

~-0.75eV in KG, It is important to note that, in these Cu’ +0.44§, 10 785 _ _

unexfoliated materials, there is only partial charge tra of(g?'Mes) 0.5

(~44%) from the potassium atoms to the ©* bands, with the rest #derivation from cyclic voltammetry experiments in G11KCIO/NMP,

b . : 8
thought to reside in an electronic band associated with ¥ﬁ@mdard reduction potentidlTGA and ICP measurementsefer to Fig. 2

. . or charge utilisation yield definitior- not measured.
intercalant superlattl g Y

In the experiments presented here, the potassium ionscghper salts, with a reduction potential similar to toét
solvated graphenide become dissociated from the charggdharged graphene, would be expected to reveal the highest

graphene sheets to some extent (with some degree Qfctivity. In fact, a very low reactivity was observed forgKC
counterion condensat[3l}, presumably leddg to an increase with CuCh; this failure could be due to the one electron

in charge transfer from the potassium to the graphene n* band.  oquction of CuGlto the intermediate Cu@

The Fermi level shift in the limit of complete charge tfens 14  ephance the reactivity, highly soluble mesityl
from the potassium to the graphene can be approxtqg)ppem) (CuMes) ws used in order to avoid the two-step
using the relationship, Ep = —Jnm.hvg, where hvg = reductiof’]] The solution turned red/brown, indicating the
5.52 eVA and n is the number of electrons per graphene Ugjfmation of Ca(metal) in solution; subsequent UV-vis
cell area (5.244%) (KCq,n = 0.0477, KG,,n = 0.0158). Thus, absorption spectroscopy (ESI Fig. S2) revealed the surface
Fermi level shifts of -2.14 eV (-1.88 V vs. SHE) and23leV plasmon absorption (<570 nm) typical for metatlluNP
(-0.997 V vs. SHE) are calculated for K@nd KGs The resultant Cu NPs generated by K@ere surprisingly air
respectively. Testing a range of metal salts with a range (@ipje for approximately 1 weeSince the CuNPs were free in
reduction potentials should allow a comparative experimenta) ;tion and not bound to the graphene, filtration efréaction
reduction potential to be deduced. Ideally, the reactivities gfyre in air would have resettin the oxidation of unreacted
KCg and KG, should fall within these Fermi energy shifts fogves to C&metal)- Therefore,KCg generated Cu NPs were
partial and complete charge transfer. precipitated with toluene andirdree centrifugation was
Potassium GICs were produced via the vapour transp@ftformed to sediment the graphene/Cu NPs. The supernatant
method’] to give the corresponding characteristic bronz&ntaining unreacted CuMes was removed and the graphene/Cu
stage 1 K and steel blue stage 2 Kompounds (Fig. 1B) Nps were filtered and washed for subsequent characterisation.
Graphenide  dispersions ~ were  produced in  diywas not possible to precipitate the )@enerated NPs for
N-methylpyrrolidone  (NMP).  Controlling the reactioneaction quantification. Since the reduction potential fof Cu
stoichiometry as a route to produce smaller NPs, or eMf{ pelow the Fermi level for undoped grapl‘@r&e,lo%
covalently bound metal atoms to the graphenideas Weparge utilisation yield would be expected. However, only a
investigated. Reactions were performed using the exaglso, yield was observed by TGA and ICP-AES, probably due
stoichiometry as number of charges available for reductian, 5 the extensive processing steps involved in extracting the
for M?* salts, M":K = 0.5:1, M salts, M:K = 1:1, etc., with KCs-Cu NP sample.

results shown in Table 1 and ESI Table S1. Elemental analygis. metal halide to potassium stoichiometry was also
of the TGA residues with inductively coupled plasma atomijgestigated for the KEZnCl, reaction, including a three times
emission spectroscopy (ICP-AES) was used to accuratglyess of znGl as used for the previous nanotubide

discriminate between the alkali metal oxide content and '@)@periments (Tablg). SEM (Fig. 4) revealed nanoparticles
generated metallic NPs. Since ICP-AES has limits of detectigpmed at all stoichiometries. and theerall d.o.f. slightly

on the order of parts per billion (ppb), the combinatibthese jncreased with increased  ZnCl concentration  X-ray

techniques allows the unequivocal quantification of the CarbBHotoeIectron spectroscopy (XPS) (ESI Fig. S3) showed the
to metal atomic ratio.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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typical Zn 2p,, binding energy peak position in zinc o@, be significantly different to standard reduction potentthbst
ZnO (~1022 eV). Due to the comparatively larger size of tlaee based on 1 M solute concentrationsC25The reduction
NPs formed at excess zinc concentrations, the surface sensfitential of the metal salt/complex is shifted dependenitson
XPS measurements are likely to underestimate the true ZedgDicentration as defined by the Nernst equation,
atomic ratio. Combined TGA and ICP measurements probe By = E'w™m + (RT/nF) In [M™]), where E is the standard
full bulk of the samples and, therefore, provide a morabkdi reduction potential, and is the number of electrons involved.
determination of the d.o.f. It will be important to adjust the reduction potentials
accordingly, in order to determine the extent of reaction.

For M?* reactions(M*":K = 0.5:1): KG (2.6 mM M), E = P

Table 2. Comparison between K&ZnCl, reactivity with varyingZn?":K
stoichiometry

+ (-0.076 V), KG4 (0.87 mM MY, E = F + (-0.091 V). For

Stoichiometry KC, KC, M* reactions(M":K = 1:1): KG (5.2 mM M), E = P +
ZnmiK (Zn:C atomic ratio) (zn:C atomicratio) | (.0.135 V), KGq (1.74 mM M), E = E® + (-0.163 V). A higher
0.5:1 TG1Ac/)|7CP ﬁg? concentration of Z# ions promotes a more favourable
31 92 205 reduction to zinc (atzn’:K 3:1, 156 mM, E = E +
10:1 88 259 (-0.053 V)), and Zfi:K 10:1, 52 mM, E = E+ (-0.038 V)),

leading to the observed higher degree of functionalisaZiorg

(by TGAJ/ICP-AES), and relatively larger nanoparticle
formation, refer to Table 2 and Fig. 4.

The reduction potentials for Mngl ZnChL and CuMes at
typical reaction concentrations were deduced from cyclic
voltammetry experiments in ONMl KCIO/NMP electrolyte
(Fig. 5). The Ag/AgNQ non-aqueous reference electrode was
calibrated against ferrocene/ferrocenium (FE/Re0.08V vs.
Ag/AgNOs) and then adjusted to the SHE (F¢/Ect+0.64 V vs.
SHE). The derivation of metal salt/complex reduction pgbnt
from their cyclic voltammetric behaviour is discussed Bl E
Fig. S4. The experimentally determined metal reduction
potentials vs. SHE used for deriving the K@nd KGg4
reduction potentials are: MngCK-2.01V), ZnC} (-1.13 V),
CuMes (+0.44 V). Fig. 6 shows a schematic view of all the
above reduction potentials with respect to the graphene DOS.
As described in Fig. 2, integrating the DOS between the
reduction potential of the metal salt and the zero densityiFe
level of undoped graphene affords an area of unavailable
electron density for reaction. Integration of the respective
“charge utilisation yield” (Table 1) above the metal salt
potential provides an estimate of the K@duction potential.
The KGy4 reduction potential could only be derived from its
reactivity with ZnC}; integration of the DOS to 9.8% charge
utilisation above the Zn potential gives -1.21 vs. SHE
symbolised by thélue coloured band in Fig. 5B.

For KCg, the MnC} reaction (3.6% charge utilisation) affords a
reduction potential of -2.0¢ vs. SHE, howevelKCg reactivity
with ZnCl, (15% charge utilisation) suggests a reduction
potential ¢ -1.25V vs. SHE.Even at a 20-fold increase of
Zn?":K stoichiometry (10:1), the reduction potential is
relatively unchanged (-1.27 V vs. SHE). The reaction o§ KC
with CuMes suggests a reduction potential of -1.70 V, fallin

Fig. 4 SEM images of the generated ZnNPs from reaction of KCg with ZnCl, at
varying stoichiometry. Two different regions are shown for each case, ~Within the same region. This range of potentials are syiggnbl

(A),(B) Zn*":K 0.5:1; (C),(D) Zn""K 3:1; (E),(F) Zn"":K 10:1. by the bronze coloured band in Fidd.Based on the observed
reactivity with MnCl}, it would be reasonable to suggest that
Deriving thereduction potentials of KCg and K Ca the KG; potential should lie towards the upper region of this

In the present case, reactions were performed US”;?gMO band. The del’ived reduction pOtentials Closely I’esemble the
concentrations in non-aqueous solutions. Consequently, B&d correspondindo literature potentials discussed above

reduction potentials of the metal salts/complexes are likely (Fig. 5A). The significant difference between t€g reduction
potentials derived from the manganese and zinc reactivity

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00,1-3 | 5



might be due to various factors; most importanthe DOS accurately represent the true DOS of highly doped graphene in
presented here is for a perfect graphene system and maysohbition.

(A) Literature KC, potentials (B) Chemically derived KC, potentials
Kt+e 2K

Mn2* + 2e- > Mn°

Zn%* +2e > Zn°

E
Cut+e = Cu°

Potential (V vs. SHE)

02 03 04

3 T T T T T T
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4
DOS (eV' atom™) DOS (eV ' atom™)

Fig. 5 DOS of a graphene crystal based on the tight-binding approximation (data values from ref.. Black dashed lines represent the reduction potentials for the
metal compounds derived in this study in 0.1 M KCIO4/NMP. In (A), the bronze and blue shaded bands represent the approximate levels of doping for KCg and KCy,,
respectively, based on experimental data for bulk GIC crystalE(partial charge transfer) and approximation or complete charge transfer. Inset shows the perfect
graphene DOS over a wider potential range. In (B), the bronze band represents the derived reduction potentials for KCg and KC,4, respectively, based on charge
utilisation yields in reactions with MnCl,, ZnCl, and CuMes. The blue line represents the derived reduction potential for KC,4 based on the charge utilisation yield

during the reaction with ZnCl,.

DOS plot are shifted with the addition of successive electron

3 B density, by the equatAV= ne/C, where ne is the added

. electron density and C is the capacitance. Qualitatively, with
‘ increased Coulombic repulsioa,slightly more reducing<Cg
S potential would be obtained relative to the potentialsvddri
27 ! above. This effect may explain the shift in range between
3 Figs. 5A and 5B, and in particular the deposition of maagan
: In addition, the change in shape of the DOS would tertihg
the estimates based on the different metals closer together.
However, further theoretical simulations that incorporatéh bo
Coulombic and solvation effects are required to complement
- the proposed theory.

Potential (V vs. SHE)

co L dbhdhdl
f

T T T T T T T
0.0 0.1 0.2 0.3 0.4 EXper | mental
-1 -1
DOS (eV atom )
Fig. 6 Semi-quantitative estimate of Coulombic effects on the graphene DOS. The Nanocarbon polyelectrolyte preparation and subsequent reactions
solid curve represents the tight-binding DOS as used above. The dashed and  were performed by SAH inside a nitrogen-filled Lab Mass&

dotted curves represent the possible effect of Coulombic interactions due to the .
<

additional electron density in doped graphene. Inset shows the modified glove box (mBraun, Germamcontalnlng 1 ppm Q HZO at all

graphene DOS over a wider potential range. times unless stated.

Coulombic interactions that increase with added electrgaeparauon of charged carbon polyelectrolytes

density are likely to affect the DOS such that there &
linear “stretching” of the density of states. This effect is semi-
quantitatively represented in Fig. l8ere, the potentials in the

HiPco nanotubide salt (Nag was produced by DJB using the
sodium/liquid ammonia reduction metEI)dsing raw HiPco

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



SWCNT powder (BatchR2-172Nanolntegris, USA). After Scanning electron microscopy (SEM). SEM was carried out by
removing the ammonia, the remaining nanotubide salt waBA and HHT on a high resolution field emission gun
added to DMF (anhydrous grade, 99.8% further dried By 3scanning electron microscope (FEGSEM) Leo Gemini 1525,
molecular sieves, both purchased from Sigma-AldtiiK) and with a built-in energy dispersive and wavelength dispersive
left to spontaneously dissolve for at least 7 days. Fractdn X-ray spectrometer (EDX) (INCA, using INCA suite software
the supernatant were then taken for subsequent reactions. V4.15, 2009, Oxford Instruments Plc., UK). Images wake
KCg and KG, were made by CAH andLE, respectively, with an aperture of 30 um typically at 5 keV. The gurtags
using the vapour transport method from natural flakehgrap was increased to 15 keV for EDX spectra.

(MadagascdfJand were confirmed to be phase pure by X-T8YE\M/EDX samples were prepared on Al stubs using either

diffrac_tion (within the limits of the measurement). oFor eacg:]lver dag, Leit adhesive carbon tabs or solution drop cast on
experiment, 20 mL, NMP (anhydrous grade, 99.5%, TUrthgy ¢ covered stubs. All SEM preparation products pureltas
dried by 4 A molecular sievedoth purchased from Sigma-gom Agar Scientific, UK with Al foil supplied by VWRUK.
Aldrich, UK), was added to 10 mg KGn a 100 mL Young’s A renresentative EDX blank spectra was taken at regions away

tap Schlenk tube. The sample was removed from the glove t\?&‘m the observed nanoparticles to ensure spectra were
mildly sonicated for 30 min (ultrasonic cleaneWR, UK) and representative.

returned to the glove box for subsequent reactions.

Metal salts/complexes Thq mogravimetric analysis (TGA). TGA experiments Wert?
carried out by SAH. TGA for the analysis of nanotubide

Mnc_:IZ (anhydrous, beads, —10 mesh, 99.999% trace metal§yctions was performed using a Perkin Elmer Pyris 1 TGA.
basis), ZnCl (anhydrous, beads, amorphous0mesh, 99.99% Samples were heated from 30 to 100 °C at 10 °C/min, and then

trace metals basis) and Cy(GB9.999% trace metals basis}held isothermally at 100 °C for 30 min in an inert atnhesp

were purchased from Sigma-Aldrich, UK, and used », 60 mL/min) to remove residual solvents. The temperature

received. CuMes was purchased from Strem Chemicals, Kas then ramped to 850 °C at 10 °C/min in an oxidative

and used as-received. atmosphere (air, 60 mL/min).

Nanotubide polyelectrolyte reactions TQA for the analysis of graphenide reac.tions was performed
_ using a Mettler Toledo TGA/DSC 1 with a GC200 flow

MCl. salt (M - Mn, .Zn) va_sadded to3mL DMF and added Qo yro)ler. The TGA was coupled to a mass spectrometer

2 mL nanotubide dispersior1.2 mg nanotubide). An OVera"(Hiden MS fitted with a 200 a.u. quadrupole sensor). Sesnpl

stoichiometry of 3:1 M:Na was used. The reaction was left Wre heated from 30 to 100 °C 28 °C/min. and then held

stir for 24 h before being removed from the glove box, WaSh%thermally at 100 °C for 30 min in an ine'rt atmospHére

and filtered under vacuum with®0 mL each of DMF, water, 60 mL/min) to remove residual solvents. The temperature was

chloroform and ethanol (reagent grade, from Sigma-Aldrich. ramped t@50 °C at 10 °C/min with a switch from Mo
UK, and VWR, UK). Products were characterised by TGA a%q, at 600°C. An inert gas flow was used between BED°C

SEM. to ensure there was no weight loss from trapped solvérats, t

Graphenide polyelectrolyte reactions would change the overall calculated carbon mass.

0.1 M stock solutions of MX(M = Mn, Zn and Cu) salts andInductively coupled plasma atomic emission spectroscopy(l CP-
CuMes were made in NMP. Aliquots were added toKiz AES). ICP-AES was performed by SAH using a Perkin Elmer
dispersion to give the desired stoichiometry of metal t&@P 2000 DV OES (dual view optical emission spectrometer)
potassium. The reaction was left to stir for 72 h beforegobeiim axial mode. Data was recorded using WinLab32 software.
removed from the glove box, washed and filtered under vaculiGA residues (0.1-0.3 mg) were dissohied 0 mL 10% HCI in
with 100 mL each of NMP, water, chloroform and ethanokater and further diluted by a factor of 10 for sampling. Catiibn
Products were dried and characterised as detailed in ma#&s performed using 1, 5 and 25 ppm solutions of ICP multi-
article. The KG-CuMes sample was precipitated with toluenelement standard solution IV (Merck, Germany). A blank 10% HCI
and centrifuged before filtration of the sediment. Air-freim water sample was carried out immediately followiagjbration,
centrifugation was performed using a Sigmd @K centrifuge as a reference point for samples.

with Sigma 12139-H rotor at 15,000 g, 30 min. FEP Qalge

centrifuge tubes (Thermo Scientific, UK)were used and sealed® photoelectrpn spectroscopy  (XPS). XPS  spectra ’?f
with PTFE tape to maintain an inert environment. The sedim@qtvdered graphite samples were recorded by RM uaing
was filtered under vacuum with 100 mL each of toluene, THEermo Scientific K-Alpha instrument using focused (400

NMP, water, chloroform and ethanol (reagent grade, frotROY monochromatic AK‘_‘ radiation at a pass energy of
Sigma-Aldrich, UK, and VWR, UK) 40eV. The binding energies were referenced to tHeGsfs

peak of graphite at 284 eV.

UV-vis absorption spectroscopy. UV-vis spectroscopy was

Characterisation techniques
performed by SAH using a Perkin Elmer LambdaO 95

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7



spectrometer with samples measured in a sealed 4 mm pathaining unused charge, will help to improve the
length optical glass cuvette. functionalisation of these technological relevant advanced

) o . carbons. As an aside, the observed production of metal
Electrochemical characterisation. A Solartron 187 Potentiostat nanoparticles is an interesting phenomenon, and may be

(Solartron  Analytical, UK) was used for the cycliGpyjicate for a whole range of materials, from catalysts to
voltammetric (CV) measurements using CorrWare 2 softwafgygelectronic  devices. Further nanoparticle stability and

CV  experiments were performed inside a glove bOg;croscopy studies are required to probe the possible size
Experiments and analysis were performed by SAH and HHT.(f\ipution control that can be achieved with different
10 mL three electrode electrochemical cell was used, ngbichiometry.

platinum wire working and counter electrodes (Laboratory
Reagent, 0.5 x 100 mm) purchased from Fisher Scientific, UK.
The reference electrode, Ag/Agcontaining 0.01 M silver Acknowledgements
nitrate and 0.1 M tetrabutylammonium perchlorate ihhe authors would like to thank EPSRC EP/G007314/1 and
acetonitrile, was purchased from 13 Cambria Scientific, UEP/L001896/1 for funding. HHT would like to thank the
Anhydrous (KCIQ) was purchased from Sigma-Aldrich an&\la?ional _Research Foundation, Energy Innovations Programme
used as-received. Electrolytic solutions of 0.1 M KgIl@ Office, Singapore.
NMP were further dried by 3 A molecular sieves and stored irN
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