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www.rsc.org/ Graphene materials have found applications in a wide range of devices over the past decade. In order to meet the demand
for graphene materials, various synthesis methods are constantly being improved or invented. Ball-milling of graphite to
obtain graphene materials is one of the many versatile methods to easily obtain bulk quantity. In this work, we show that
the graphene materials produced by ball-milling are spontaneously contaminated with metallic impurities originating from
the grinding bowls and balls. Ball-milled sulfur-doped graphene materials obtained from two types of ball-milling
apparatus, specifically made up of stainless steel and zirconium dioxide, were investigated. Zirconium dioxide-based ball-
milled sulfur-doped graphene material contains drastically lower amount of metallic impurities than stainless steel-based
ball-milled sulfur-doped graphene material. The presence of metallic impurities is demonstrated by their catalytic effects
toward the electrochemical catalysis of hydrazine and cumene hydroperoxide. The general impression toward ball-milling
of graphite as a versatile method for bulk production of ‘metal-free’ graphene materials without the need for post-
processing and the selection of ball-milling tools should be cautioned. These findings would have wide-reaching
implications to graphene research.

Introduction

After more than a decade of research on graphene since it was
first isolated in 2004, its exceptional physical, mechanical and
chemical features” 2 have greatly improved the performance
of modern devices in research areas ranging from electronic,g’4
photonic,5 energy storage and production,s’ ” healthcare,?
electrochemical sensing9 to composite materials'®. These
promising applications have spurred research on more
effective and economical synthesis methods to produce high-

: Metallic impurities.
Graphite Sulfur-doped nanographite

Figure 1. Schematic for the preparation of sulfur-doped nanographite. Graphite is ball-

quality pristine graphene (a single layer “polycyclic aromatic
hydrocarbon of quasi infinite size” without structural defects
in its carbon sp2 pIane)ll. Although the bulk production of
high-quality pristine graphene has yet to be realized, several
methods have been developed to obtain near-pristine
graphene.g’ 1213 These methods can be categorized into two
major strategies, mainly bottom-up and top-down methods.
The bottom-up method aims to produce graphene from small
molecular building blocks (e.g. chemical vapour deposition,
epitaxial growth, chemical synthesis) while the top-down
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milled in the presence of sulfur with grinding bowls and balls made up of stainless steel
and zirconium oxide. The metallic contents of the grinding bowls and balls are
transferred to the produced nanographite materials during ball-milling process.

method relies on the exfoliation of graphite (e.g. chemical,
thermal, electrochemical,
exfoliation). To date, the top-down approach has proven to be

solution-based and mechanical

more economical, at the expense of quality. Furthermore, it is
interesting to note that the mechanical exfoliation of graphite
by dry ball-milling has not been widely studied.

Ball-milling is a common technique in the powder
production industry to acquire grains of specific dimensions.
This is performed by placing solid materials of interest in a
grinding bowl filled with grinding balls and subsequent
rotational motion of the grinding bowl causes the grinding
balls to impact onto the solid materials repeatedly over a
stipulated time period. In the case of graphite, exfoliation and
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fragmentation effects are readily achieved from the respective
shear and collision forces exerted by the balls during dry ball
milling process.14 Although the extent of defects induced by
the milling process is not as clear, acidic group-functionalized
graphene has been obtained by milling graphite in the
presence of carbon dioxide, sulfur trioxide or carbon
dioxide/sulfur trioxide mixture.” ' In other cases, hydrogen,
halogens and sulfur elements were embedded onto graphene
sheets via baII-miIIing.”' 18 Furthermore, sulfur-doped
graphene has been applied for lithium-sulfur batteries'® and as
electrocatalyst for the oxygen reduction reaction'®. More
recently, the doping of semi-metal antimony onto the edges of
graphene nanoplatelets via ball-milling technique has been
achieved.”®

As the grinding bowl and balls can be composed of a wide
range of materials (i.e. stainless steel, tempered steel,
zirconium oxide, silicon nitride, sintered corundum, tungsten
carbide, agate), various qualities of fabricated ball-milled
graphene materials can be derived. We are especially concern
about the introduction of metallic impurities onto the ball-
milled graphene materials as a result of varying the types of
grinding bowl and balls. This problem is further aggravated by
the lack of post-processing purifications. While the influences
of metallic impurities on the electronic,u’ = redox,23’ 24
electrochemical,zs'28 adsorption29 and toxicological30’
properties in carbon nanotubes have already been widely
acknowledged, research on the effects of metallic impurities
on graphene and graphene related materials are still picking
up.9 Metallic impurities in graphene have been identified to be
responsible for their electrocatalytic32'34 properties. On that
note, our group has previously identified that the metallic
impurities in chemically produced graphene could originate
from the source of graphite35 and chemical reagents%37
applied during synthesis. In addition, such metallic
contamination issue is also highly prevalent in CVD graphene
with no immediate solutions.’®*° The content of metallic
impurities from ball-milled graphene materials has, however,
not been investigated.

31

In this work, we investigate the content of metallic
impurities in sulfur-doped nanographite prepared via ball-
milling technique (Figure 1). We evaluate two types of ball-
milled nanographite fabricated from their respective set of
grinding bowl and balls made up of stainless steel (316L) and
zirconium dioxide. We show that the type of materials
employed as grinding bowls and balls can produce
nanographite with large disparities in their metallic contents.
The catalytic abilities of these two types of ball-milled sulfur-
doped nanographite, due to the presence of metallic
impurities, are demonstrated with the electro-oxidation of
hydrazine and electro-reduction of cumene hydroperoxide.

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

Experimental Section
Materials

Graphite (2-15 um, 99.9995 %) was obtained from Alfa Aesar,
Germany. Sulfur (99.999 %) was obtained from STREM,
Germany. Carbon disulfide and isopropanol were obtained
from Penta, Czech Republic. Argon (purity 99.996 %) was
obtained from SIAD, Czech Republic. Cumene hydroperoxide
(80 %), hydrazine monohydrate (98 %), chromium(VI) oxide
and manganese(lV) oxide powder were purchased from Alfa
Aesar, Singapore. Copper nanopowder, copper(l)
powder, copper(ll) oxide nanopowder, molybdenum
nanopowder, molybdenum(IV) oxide powder, molybdenum(VI)
oxide powder, iron(ll) powder, iron(ll,IIl)
nanopowder, nickel nanopowder and nickel(ll)
nanopowder were purchased from Sigma Aldrich, Singapore.
Milli-Q water (resistivity: 18.2 MQ.cm) was used throughout
the experiments.

oxide

oxide oxide

oxide

Apparatus

X-ray photoelectron spectroscopy was performed with Phoibos
100 spectrometer and Mg X-ray radiation source (SPECS,
Germany). Both survey and high-resolution spectra for C1s and
O1s were collected. Relative sensitivity factors were used for
evaluation of atomic percentage from the XPS survey spectra
measurements. XPS samples were prepared by coating a
carbon tape with a uniform layer of the graphene materials
under study. Raman spectroscopy analysis was performed
using a confocal micro-Raman LabRam HR instrument from
Horiba Scientific in backscattering geometry with a CCD
detector, a 514.5 nm Ar laser and a 100x objective mounted
on a Olympus optical microscope. The calibration is initially
made using an internal silicon reference at 520 cm™ and gives
a peak position resolution of less than 1 cm™. The spectra are
measured from 1000 to 3000 cm™. A JEOL JSM-7600F semi-in-
lens FE-SEM was used to acquire the SEM images. The
graphene materials were transferred to a carbon tape held
onto a SEM holder for analyses. EDX data were obtained using
Oxford
Elemental analyses were performed using an Agilent 7700

instrument and analysed using Aztec software.

series inductively coupled plasma — mass spectrometer (ICP-
MS) with a 3™ generation He reaction/collision cell to minimize
ultrapure
concentrated nitric acid were performed on a Mars CEM

interferences, and microwave digestions utilizing

system. All voltammetric experiments were performed on a
pAutolab type Il electrochemical analyser (Eco Chemie, The
Netherlands) connected to a personal computer
controlled by General Purpose Electrochemical Systems
Version 4.9 software (Eco Chemie).

and

Procedures

The synthesis of sulfur doped nanographite was performed by
high energy ball milling using planetary micro mill Pulverisette
7 (Fritsch, Germany). Graphite (8 g) and sulfur (1 g) was placed
in 45 ml grinding bowl and 70 g of milling balls was added. The
grinding bowl was flushed with argon and the milling was

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Structural and morphological characterisations of BMG-SS and BMG-ZO. (A) X-ray photoelectron spectra of S2p core-level scans. (B) Raman spectra. (C) SEM images of
BMG-SS (top) and BMG-ZO (bottom) at 60000x magnification. Scale bar represents 200 nm. (D) EDS analysis on BMG-SS including the SEM image, iron (cyan), nickel (orange) and

chromium (yellow). Scale bar represents 3 um.

performed over 24 hr at 800 rpm. Two sets of milling
apparatus were utilized, whereby a set of grinding bowl and
milling balls were made up of stainless steel (316L) while the
other set was made up of zirconium oxide. The sulfur-doped
nanographite made by high energy ball milling was removed
from grinding bowl isopropanol
separated by suction filtration. The unreacted sulfur was
removed from the nanographite by Soxhlet extractor and
carbon disulfide.

by washing with and

Electrochemical Measurements

The EPPG and GC electrode surfaces were polished 0.05 um
alumina on a polishing cloth prior to usage. Immobilization of
graphene materials on the working electrodes was performed
by depositing 1 pL of the desired materials (graphene
materials or metal particles at 5 mg/mL dispersed in DMF with
60 min ultrasonication treatment) onto the surfaces of glassy
carbon electrodes. The electrochemical experiments were
carried out in a 10 mL voltammetric cell at room temperature
using a three-electrode configuration. A platinum electrode
served as an auxiliary electrode and a Ag/AgCl electrode as a
reference electrode. Cyclic voltammetry experiments were
performed at a scan rate of 100 mV st using 50 mM phosphate
buffered solution (pH 7.2) as supporting electrolyte and 10
mM CHP or 5 mM hydrazine as molecular probes. Blank
measurements performed with the metallic particles in
solution containing only phosphate buffered solution did not

This journal is © The Royal Society of Chemistry 20xx

show prominent reduction/oxidation waves unless otherwise
stated.

Results and discussion

Traces of metallic impurities are prevalent in all classes of
carbon materials.’ Although it is hard to prevent such
contamination, the presence of metallic impurities should not
be ignored since they are able to influence the electrochemical
responses of the carbon materials. In order to minimize this
effect, nuclear reactor-grade graphite was applied as starting
material in this work for ball-milling due to its high purity.36 As
our group has always advocated thorough characterization of
graphene and graphene related materials to avoid possible
misrepresentation of their catalytic effects,g’ 343741 \ve have
performed detailed detections of trace metallic impurities on
the sulfur-doped nanographite materials. Both nanographite
materials prepared using stainless steel (BMG-SS) and
zirconium dioxide (BMG-ZO) grinding tools were subjected to
trace metals analysis with inductively-coupled plasma mass
spectrometry (ICP-MS). Six of the most abundant metals, in
particular, Fe, Cr, Ni, Mo, Mn and Cu are shown in Table 1. The
concentration of metals in BMG-SS drastically surpassed that
of BMG-ZO. Since stainless steel of grade 316L is a standard
molybdenum-bearing grade that consists predominantly of a
mixture of Fe, Cr, Ni, Mo and Mn, it can be inferred from the
ICP-MS results that the high content of metals could originate
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Table 1. Elemental concentration of metals (ppm by mass) present in BMG-SS and
BMG-ZO as determined by ICP-MS.

Elemental concentration (ppm)

Material Fe Cr Ni Mo Mn Cu
BMG-SS 81657 19907 11998 2328 1802 466
BMG-ZO 95 8 8 13 4 6

from the stainless steel 316L grinding tools. In comparison to
previous ICP-OES measurement performed on the ultrapure
graphite starting material,36 low composition of metals such as
Fe (<0.18 ppm), Cr (<0.4 ppm), Mn (0.14 ppm) and Cu (1.2
ppm) were detected. Despite the difference in sensitivity
between ICP-MS and ICP-OES, the amount of metallic
impurities introduced into BMG-ZO is generally low and also
comparable to common natural graphite35. Zirconium was
detected at 10 and 109 ppm in BMG-SS and BMG-ZO,
respectively. Apart from that, energy dispersive X-ray
spectroscopy (EDS) analysis on BMG-SS mapped out the
presence of Fe, Ni and Cr (Figure 2D and Figure S1, Supporting
Information), which were not observed in BMG-ZO (Figure S2,
Supporting Information).

Several structural characterization techniques were also
performed to ascertain the successful fabrication of the sulfur-
doped nanographite materials. First and foremost, structural
analysis with X-ray photoelectron spectroscopy (XPS)
established the presence of carbon, oxygen and sulfur
elements based on survey scans (Figure S3, Supporting
Information). The extent of sulfur doping based on the XPS
survey scans were ~3 at% for both BMG-SS and BMG-ZO. The
XPS results resonated closely to the values of ~2 at% obtained
from combustible elemental analysis (Table S1, Supporting
Information). Moreover, the presence of sulfur was supported
by EDS analyses (Figure S1 and S2, Supporting Information),
which showed a homogeneous distribution of sulfur doping on
BMG-SS and BMG-ZO. Subsequent breakdown on the specific
chemical compositions of sulfur interpreted from the high-
resolution XPS of the S2p core-level regions suggested that the
thiol group was the major component while sulfonic group was
the minor component (Figure 2A).

As S2p peaks are typically presented in spin-orbit doublets
of S2ps3;, and S2py,, (with typical splitting magnitude of 1.18
eV), three S2ps,, peaks representing sulfur bonding of H-S-C
(~163.5 eV), R-S-C (~164.5 eV) and S-O (~168.0 eV) were
clearly observed. In fact, the largest peak arising from the
presence of H-S-C bond indicated the successful doping of
BMG-SS and BMG-ZO with predominantly thiol group (Table
S2, Supporting Information). The R-S-C peak could arise from
the presence of sulfur-based ring system while the S-O peak
could represent sulfonic acid group formed by oxidised thiols.
Further Raman analyses on BMG-SS and BMG-ZO (Figure 2B)
indicated D/G band intensity ratios of approximately 0.5,
which corresponded to sp2 lattice size of approximately 35 nm.
The presence of near symmetrical 2D band and high intensity
G band indicated a successful exfoliation of graphite down to
approximately to 3-5 layers of graphene,“' 3 while the low
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Figure 3. (A) Cyclic voltammograms for 10 mM CHP on bare GC, EPPG, BMG-SS-, BMG-
Z0-, Fe304- and Cu,0-modified electrodes. The suffix x denotes the number of times
the current values of the cyclic voltammograms were scaled for ease of comparison. (B)
Cyclic voltammograms for 5 mM N,H4 on bare GC, EPPG, BMG-SS-, BMG-ZO- and NiO-
modified electrodes. Supporting electrolyte, 50 mM phosphate buffered solution at pH
7.2. Purged with N,. Scan rate 100 mV s, Reference electrode, Ag/AgCl.

D/G band ratios indicated low structural defects (typical
chemically or thermally produced graphene had D/G bands
ratio of >1)9. Apart from that, the scanning electron images
(SEM) of BMG-SS and BMG-ZO as observed in Figure 2C
showed stacked structures of graphene sheets.

The presence of metallic impurities in graphene materials,
even at ppm levels, is known to influence their electrochemical
properties.34’ 3% | order to examine such possible events on
BMG-SS and BMG-Z0O, we investigated the effects of metallic
impurities toward the reduction of cumene hydroperoxide
(CHP)35 as peroxides such as hydrogen peroxide26 and organic
peroxides45 were previously shown to be very sensitive to
reduction by Fe-based impurities. The presence of any catalytic
effects would result in the lowering of the reduction potential
of CHP in relative to edge-plane pyrolytic graphite (EPPG)
electrode (vide infra). Figure 3A shows the representative
cyclic voltammetry measurements performed in a phosphate
buffer containing CHP (10 mM) with BMG-SS, BMG-ZO, bare
glassy carbon (GC), EPPG, Cu,0- and Fe3;0,-modified
electrodes. The measurements with bare GC and EPPG
electrodes represented non-catalytic control cases. In the case
of EPPG, since the heterogeneous electron transfer at edge
plane of carbon materials is faster by a factor of 10’ compared
to basal plane,46 any positive deviation from the performance

This journal is © The Royal Society of Chemistry 20xx
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of EPPG can only be caused by catalytic metallic impurities.
The reduction of CHP on bare GC did not show any obvious
reduction peak while EPPG showed weak reduction wave at
around —0.80 V. On the other hand, BMG-SS and BMG-ZO
showed prominent catalytic reduction peaks at —0.65 and —
0.58 V, respectively. On the other hand, the catalytic reduction
peaks originating from Fe3;0,- and Cu,O-modified electrodes
were observed at approximately —0.55 V. The close proximity
and overlapping of the peaks to that of BMG-SS and BMG-ZO
suggested possible catalytic effect granted by the presence of
Fe- and Cu-based metallic impurities present in BMG-SS and
BMG-ZO. The lower onset potential of the reduction wave of
BMG-SS, as compared to BMG-ZO, was most likely due to the
high content of Cu-based metallic impurities in the former. It
was previously established that only a low amount of metallic
catalyst was required to result in electrocatalysis.44
Furthermore, low reduction peak potentials and low onset
potentials of reduction waves observed on FeO, MoO, and
MoOj; also indicated positive catalytic properties toward the
reduction of CHP (Figure S4, Supporting Information).
However, no catalytic effects were observed on Mo-, Cu-, CuO-
, Mo-, CrO3-, MnO,-, Ni- and NiO-modified electrodes (Figure
S5, Supporting Information).

The electrocatalytic effects of BMG-SS and BMG-ZO toward
the oxidation of hydrazine was subsequently examined. Ni-
based nanoparticles are known to catalyse the oxidation of
hydrazine by lowering the oxidation potential.25 Figure 3B
shows the representative cyclic voltammetry measurements
performed in a phosphate buffered solution of hydrazine (5
mM) with BMG-SS, BMG-Z0, bare GC, EPPG and NiO-modified
electrode. The oxidation of hydrazine on both bare GC and
EPPG electrodes were observed at similar potentials (+0.80 V).
On the other hand, BMG-SS and BMG-ZO showed gradual and
broad oxidation slopes which began at —0.10 V. The early onset
of oxidation slopes from BMG-SS and BMG-ZO coincided with
that of NiO-modified electrode, which showed an oxidation
wave beginning at +0.10 V with a peak at +0.55 V. This showed
that NiO was likely to influence the early onset oxidation
waves of both BMG-SS and BMG-ZO. Further investigations
performed with Mo-, MoO,-, MoOs-, Cu-, CuO-, Cu,0-, CrO5-,
MnO,-, Fe;0,- and Ni-modified electrodes did not indicate any
possible electrocatalytic effects (Figure S6, Supporting
Information).

The results discussed above highlighted the unavoidable
metal contamination of graphene materials that are produced
by ball-milling technique. Ball-milling apparatus made up of
stainless steel can introduce unprecedented amount of
metallic impurities, especially Fe-based impurities, into the
final graphene material. Unfortunately, most literatures on
ball-milled graphene materials which applied stainless-steel
apparatus fell short on accounting for the presence of trace
metallic contents. Despite the application of seemingly ‘metal-
free’ zirconium dioxide ball-milling apparatus, a small fraction
of metallic impurities is still present in the resulted graphene
materials. The presence of such metallic impurities is not only

This journal is © The Royal Society of Chemistry 20xx

able to influence the electrochemical properties of the
graphene materials as aforementioned, but may affect their
potential usage in other applications (e.g., batteries, fuel cells,
water membrane etc.). In this case, it is best to adhere to using
zirconium dioxide ball-milling apparatus since the resultant
graphene materials would contain a lower amount of metallic
impurities. This would improve the ease of purification since
common removal processes (e.g., thermal treatment at 1000
°Cin Cl, atmosphere,34’ & washing with strong acids like HCI,48
HNO349'51) could be challenging yet ineffective at times. All
these are apart from the fact that the ball-milling technique
also introduces structural defects to the graphene materials.
Furthermore, we also underline the usage of exceedingly pure
graphite as the starting material for ball-milling in this work to
ensure the minimal presence of inherent metallic impurities. In
actual fact, natural or synthetic graphite, which is the more
economical choice of starting material, contains far higher
levels of inherent metallic impurities that can further
aggravate the issues discussed herein.

Conclusions

We have demonstrated that graphene materials produced by
ball-milling technique were contaminated with metallic
impurities originating from the grinding bowl and balls.
Graphene materials produced using stainless steel apparatus
contained drastically more metallic impurities than those
produced using zirconium dioxide apparatus. These metallic
impurities are highly active catalysts that are capable of
catalysing  electrochemical processes, as we have
demonstrated with hydrazine and cumene hydroperoxide.
Moreover, these metallic impurities may alter the electronic,
redox and toxicological properties of the graphene materials.
Since ball-milling of graphite is an important avenue for the
mass fabrication of graphene materials, the presence of
metallic impurities should be cautioned and accounted for
prior to their subsequent implementation into functional
devices. Our findings would have important and wide
implications to graphene research in general.
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