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Abstract: The treatment of graphene oxide (GO) with
potassium thioacetate followed by an aqueous work-up yields
a new material via the ring-opening of the epoxide groups. The
new material is a thiol-functionalized GO (GO-SH) which is
able to undergo further functionalization. Reaction with butyl
bromide gives another new material, GO-SBu, which shows
significantly enhanced thermal stability compared to both GO
and GO-SH. The thiol-functionalized GO material showed
a high affinity for gold, as demonstrated by the selective
deposition of a high density of gold nanoparticles.

Graphene itself has many outstanding properties:[1] it is
exceptionally electrically[2] and thermally[3] conductive, trans-
parent,[4] elastic,[5] highly impermeable,[6] extremely strong,[5b]

and yet is the thinnest[6b] 2D material ever obtained. However,
its poor solubility and difficult processability in both water
and organic solvents make it a less than ideal material to work
with. The development of chemically modified graphenes
(CMGs) is thus a topic of great interest to many researchers as
this will allow the properties of graphene to be tailored for
specific applications such as optoelectronics,[7] energy stor-
age,[8] sensors,[9] and catalysts[10] as well as increasing the ease
with which it can be processed.

Graphite derivatives such as graphene oxide (GO)
provide an excellent platform for the development of
CMGs. GO is cheap and easy to make in bulk quantities
and can be manipulated chemically[11] due to its high solubility
in many common solvents, such as water. It is possible to
reduce graphene oxide back to a more graphene-like material
by thermal[12] or chemical[13] means.

Functionalization is, in theory, possible through each of
the four groups known to be present on the surface of GO:
carboxylic acid, ketone/aldehyde groups, hydroxy groups and
epoxides.[14] The carboxylic acid groups in particular have
been extensively exploited for chemical modification in the

development of CMGs.[15] Edge site ketones[16] and surface
hydroxy[17] groups have also been studied, but work on surface
epoxide functionalization is less extensive. Nucleophilic
attack on the epoxide groups of GO has been previously
demonstrated with nitrogen nucleophiles,[18] and more
recently with carbon nucleophiles.[19] These ring opening
reactions leave reactive groups on the GO surface, which can
then be utilized for further chemistry. The selective reduction
of epoxides has also been recently studied.[20] Given our
earlier results,[21] in which we identified that around one third
of the mass of GO is actually highly oxidized, low molecular
weight, oxidative debris (OD) with the same functional
groups as GO itself, it is entirely possible that some of these
groups functionalized the OD, rather than the graphene-like
sheets.

To the best of our knowledge, the use of sulfur nucleo-
philes for the ring-opening of epoxides on the surface of GO
has so far been unexplored, and here we show how we
replaced epoxide functionalities on the GO surface with
reactive thiol groups. We also show that these surface thiol
groups can undergo chemical modification by the attachment
of alkyl chains (which substantially enhances the thermal
stability of the material) or by the attachment of gold
nanoparticles (which can be directly imaged by TEM).

Potassium thioacetate is a convenient source of nucleo-
philic sulfur[22] and introduces a group that can be subse-
quently elaborated to reveal a thiol group. When applied to
GO, we would expect such a nucleophile to selectively attack
the epoxide groups. We found that under reasonably mild
conditions (50 8C, 5 h) reaction with GO occurred, giving
a material that contained covalently bound sulfur. To avoid
the possibility of side reactions, the OD is removed from the
as-produced GO (aGO) by a basic wash to give base-washed
GO (bwGO) prior to reaction. Our reaction work-up
included an aqueous step, which we would expect to result
in the hydrolysis of the thioacetate to leave just surface-bound
thiol groups. Extensive washing of the material after work-up
removes all unreacted reagents [Eq. (1)].

Nucleophilic attack may occur at the electrophilic carbon
atoms of an epoxide, or at a carbon double bond adjacent to
the epoxy group. Both reaction pathways will cause ring-
opening of an epoxide, relieving strain, but note that, while
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the direct SN2 opening of the epoxide requires the incoming
nucleophile to approach from the opposite face of the
epoxide, attack at a double bond (an SN2’ reaction) allows
for the nucleophile to attack at either the same face as the
epoxide or at the opposite one [Eq. (2)].

aGO will have epoxides on both sides of the graphene-like
sheet, so ultimately it does not matter which reaction pathway
is followed and we would expect thiol groups and hydroxy
groups on both sides of the sheet. We do not know the relative
rates of the SN2 and SN2’ reactions at GO, but it is entirely
feasible that the SN2’ reaction dominates.[23]

We denote the new material that we were able to collect
following this reaction as GO-SH and used energy-dispersive
X-ray (EDX), X-ray photoelectron spectroscopy (XPS),
FTIR, Raman, TEM, and solid-state NMR (ssNMR) spec-
troscopy as well as thermogravimetric analysis (TGA) to
characterize it. The new material resembles bwGO in that it is
much darker than aGO and it still exhibits an appreciable
solubility in dimethyl sulfoxide (DMSO), unlike hydrazine-
reduced GO.[21b]

Both XPS and EDX (Figure 1 and Figure S1 in the
Supporting Information, SI) confirm the presence of carbon,
oxygen, and sulfur in GO-SH with close agreement between
the atomic percentages; both techniques indicate a sulfur
incorporation of around 4 atom %. This equates to an
attached sulfur for every group of nine or so graphitic rings,
which is slightly lower than the one suggested for the epoxide
concentration.[19] Because the binding energy of carbon with
a C�S bond is very similar to that of carbon with a C�C(sp3)
bond, the C 1s XPS spectrum (Figure 1a) cannot be used to
prove the presence of such a low atomic percentage of S-
bound species. However, the S 2p spectrum (Figure 1b) can
be used to show exactly this. The S 2p spectrum is fitted with
2p3/2 components at 161.9 eV (lower binding energy compo-
nent of spin-orbit split doublet, assigned to a S�S bond),
163.5 eV and 164.5 eV (H�S�C and R�S�C), and 168.0 eV
(S�O),[24] with the dominant contribution from the H�S�C.
Thus the majority of the sulfur present is shown to be
covalently attached to carbon and hydrolyzed to a thiol group.
A small amount of sulfur is present as R�S�C, which is
presumably due to a number of unhydrolyzed MeCOS�C
groups. An inert atmosphere was used to prevent unwanted
oxidation impurities,[25] however, the spectrum indicates that
a small fraction of the S is present in the form of S�S and S�O
bonds.

While FTIR spectra (Figure S4 in the SI) of bwGO show
clear bending and stretching vibrations of OH hydroxy, C=O
carbonyl/carboxyl, C�O epoxy and alkoxy, and C=C aromatic
groups, the FTIR spectrum of GO-SH (Figure S5 in the SI)
shows a clear decrease in both OH and C�O epoxy groups.
The functionalization of the bwGO material causes a decrease
of its hygroscopic nature, and thus the noticeable decrease in
hydrogen-bonded OH groups may be due to a loss of
adsorbed water, or might be the result of reduction (see
later). A weak S�H stretching band would be expected
between 2600 and 2550 cm�1, but unfortunately we were
unable to detect it; presumably it is obscured by the broad
OH absorbance. Raman spectra (Figure S8 in the SI) of GO-
SH are similar to bwGO, suggesting that there is little, if any,
change to the graphene-like backbone.

Figure 2 shows the 13C solid-state NMR spectrum of GO-
SH. The dominant peak is the characteristic sp2 C�C peak at
around 125 ppm together with much weaker peaks at 72 ppm
(C�OH) and 61 ppm (C�O�C).[26] A carbon atom with a thiol
group would be expected to exhibit a resonance at around 30–
40 ppm lower than one with an oxygen atom attached, and the
small peak at around 26 ppm could be caused by these carbon
atoms (this peak is substantially enhanced in the cross
polarized spectrum, see Figure S10 in the SI).

Figure 1. XPS spectra of GO-SH: a) C 1s and b) S 2p. The experimental
data is shown as points with the underlying lines showing the fitted
peaks (assignations as labeled).
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The intensity of the signal for the carbon atoms with
hydroxide and epoxide groups attached is greatly reduced in
GO-SH, compared to both aGO and bwGO.[21b] We propose
that this decrease in intensity is due to a combination of
epoxide-opening reactions and chemical reduction. Thioace-
tates might not be a chemist�s first choice of reducing agent,
but their reducing properties do have synthetic utility in
certain areas of organic chemistry.[27] Thus, we find that if we
measure the elemental composition of the GO-SH as
a function of reaction time (bwGO with thioacetate), we see
an increase in the proportion of sulfur up to about five hours,
before it starts to decrease. At the same time, we see a steady
decrease in the proportion of oxygen, with the result that after
60 h reaction the material produced has essentially no sulfur
and has a C/O ratio similar to that obtained after a 24 hour
hydrazine reduction.[21b]

Thermogravimetric analysis (TGA, Figure S15 in the SI)
shows that GO-SH is distinctly less hygroscopic than bwGO,
which is indicated by the low mass loss at around 100 8C.
Similar to chemically reduced GO samples, there is little mass
loss below 500 8C with the major mass loss coming from the
decomposition of the graphene-like sheets at higher temper-
ature. This single mass loss for GO-SH also provides further
evidence of the covalent functionalization: if the thioacetate
reactant had simply been adsorbed to the surface of the GO
material, we would expect to see a mass loss corresponding to
its desorption at a temperature lower than 500 8C.

Finally, TEM analysis confirms the monolayer graphene-
like structure of GO-SH (Figure 3). The sheets have flatly
deposited, without coagulation, and are visible in the bright-
field TEM image (Figure 3a) stretched across holes in the
lacy carbon support. Although the sheets are almost electron-
transparent, they can be discerned in images due to the
occasional crease or fold, see for example just above the
dashed circle. Electron diffraction patterns from individual
GO-SH sheets show hexagonal arrays of diffraction spots,
such as the diffraction pattern in Figure 3b which was taken
from the area in Figure 3a marked by the dashed circle. The
inner hexagon of spots are more intense than the outer ones,
as shown by the line profile given in Figure 3c, which is taken
from the dashed box in Figure 3b. The diffraction patterns are
thus characteristic of a material with a monolayer graphene-
like backbone, indistinguishable from those of graphene
oxide.[28]

Thus, all characterization data gathered provides evidence
for surface functionalization by epoxide-opening using

a sulfur nucleophile, with subsequent hydrolysis yielding
a clean graphene-like material with surface thiol groups (GO-
SH). To provide additional evidence for this result we set
about chemically functionalizing the GO-SH.

The surface thiols of GO-SH should be nucleophilic in
their own right and amenable to further reaction with
electrophiles. Thus we deprotonated GO-SH using sodium
hydride at room temperature under an inert atmosphere, and
subsequently reacted with bromobutane: the intention being
to synthesize a thioether-functionalized GO [Eq. (3)].

After an aqueous work-up, characterization evidence
from EDX, XPS, FTIR, TGA, TEM, and ssNMR techniques
indicated that C4 (butyl) alkyl chains have been covalently
attached to the surface through sulfur to form the CMG
material we denote GO-SBu. EDX and XPS (Figure S2 in the
SI) show the proportion of sulfur to be at slightly lower levels
than GO-SH, as would be expected after the incorporation of
additional carbon atoms. FTIR (Figure S6 in the SI) shows
a clear C�H stretching band at around 2920 cm�1 and TEM
(Figure S18 in the SI) shows the new material is still fully
exfoliated. Physically the new material looks very similar to
GO-SH and retains good solubility in DMSO. Solid-state
NMR is very illuminating and provides direct evidence for an
S-Bu chain attached to the surface (Figure 4): four new
carbon resonance signals typical of aliphatic carbon atoms are
now seen, with the resonance at 39 ppm having a chemical
shift appropriate for the S�CH2 group. TGA (Figure S16 in
the SI) shows a significant (� 125 K) enhancement of the
thermal stability of GO-SBu compared with GO-SH with

Figure 2. ssNMR 13C MAS spectrum of GO-SH.

Figure 3. TEM analysis of GO-SH. a) Bright-field TEM image showing
a sheet of GO-SH suspended across a hole in a lacy carbon support
grid. b) A selected area diffraction pattern from the dashed region in
(a). c) Line profile as marked on the diffraction pattern showing that
the outer diffraction peaks are less intense than the inner ones,
consistent with a monolayer graphene-like material.
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a decomposition temperature of around 600 8C. Presumably
this is due to the capping of SH groups, preventing a decom-
position pathway that is initiated at these reactive centers.
Previous reports on the decomposition of GO have high-
lighted the changes that take place at defect sites and the
chemical reactions that take place at functional groups such as
the hydroxy groups.[12,26b, 29] While not exactly analogous, it is
not unreasonable to expect the decomposition of our new
GO-SH material to follow similar pathways, with the SH
taking the role of the OH group.

As a control, we used the same conditions and reacted
bwGO with sodium hydride followed by bromobutane. Now,
if any reaction were to occur, it should be one that yields
a normal ether GO-OBu. FTIR of the new material showed
some remaining OH stretches, but also new peaks, which are
consistent with an alkoxy chain at 2950 cm�1 (Figure S7 in the
SI). The solid-state NMR shows a conclusive difference to
GO-SBu. Figure 4 shows the spectrum of GO-OBu and it
shows new aliphatic resonances at different chemical shifts to
those of GO-SBu. Thus, GO-SBu has carbon resonance
signals at 39, 28, 24, and 13 ppm, whereas GO-OBu only has
peaks at 27, 19, and 13 ppm with the first carbon in the chain,
the O�CH2 group, expected to resonate between 60 and
70 ppm. This final peak will be obscured by the residual C�
OH and epoxide carbon atoms still present. We therefore
conclude that we have, in both cases, functionalized the GO
surface with alkyl chains, but at different points of attach-
ment. It is hard to be sure, but the attachment of alkyl chains
to the thiol groups in GO-SH seems to be essentially
complete, whereas the NMR and FTIR spectra clearly
indicate that unreacted OH groups remain present in the
GO-OBu material. Thus it would appear that further
functionalization by reaction of surface thiol groups is
substantially easier than by reaction of surface hydroxy
groups, which is in line with the increased nucleophilicity of
an SH compared with an OH.[30]

TGA (Figure S17 in the SI) shows a smaller enhancement
of the thermal stability of GO-OBu compared with bwGO
(� 50 K) than was seen with GO-SBu compared with GO-
SH, presumably due to the incomplete capping of reactive
OH groups.

The deposition of gold nanoparticles (AuNPs)[31] on our
GO-SH provides further evidence for our synthesis of thiol-
functionalized GO materials and for the changes of the
functional properties that this synthesis creates.[32] GO-SH
was deposited on a lacy carbon TEM support grid which was
then placed in a solution of HAuCl4. NaBH4 was added to
reduce the HAuCl4, generating gold nanoparticles. The grid
was then rinsed with both water and acetone and dried in air
on a filter paper. Figure 5 shows the TEM image of the
resultant material, with Au nanoparticles generated in situ on
the GO-SH sheets. Low magnification images (Figure 5a and
Figure S19a in the SI) show a homogeneous deposition of
nanoparticles on the GO-SH sheets. Diffraction and EDX
analysis (Figures S19b and S19d in the SI) confirm that they
are gold nanoparticles, and this is further confirmed by SEM
analysis (Figure S3 in the SI). Note that the deposition is
selective to the GO-SH; some large particles are observed on
the lacy carbon support film (Figure S20 in the SI), but these
appear to have been formed in solution and deposited on the
support film during drying. Control experiments showed that
no Au nanoparticles were deposited on bwGO without thiol
functionalization (Figure S20 in the SI), consistent with
previously published results on gold deposition on chemically
modified graphene.[33]

Figure 4. Partial ssNMR 13C CPMAS spectra of GO-OBu (full line) and
GO-SBu (dashed). Full spectra are available in the SI (Figures S12 and
S14).

Figure 5. HR-TEM image of AuNPs deposited on GO-SH (GO-SAu).
a) Low magnification bright field TEM image of GO-SAu sheets on
a lacy carbon support. b,c) Successively higher magnification images
of the same region, with (b) the area marked by the dashed box in (a),
and (c) the area marked by the dashed box in (b).
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Higher magnification images (Figure 5 b and c) show that
a high density of small nanoparticles are formed. The
nanoparticle sizes range from small clusters of Au atoms
through to agglomerations of coalesced nanoparticles, but the
typical size of isolated nanoparticles is 5–10 nm. The nucle-
ation density is very high; due to the obvious coalescence of
many smaller particles to form larger ones, the nucleation
density is difficult to quantify, but certainly the spacing
between nanoparticles is typically of the order of a few
nanometers. The high-resolution images resolve the crystal-
line lattice of the Au nanoparticles, but there is no evidence
for any preferred orientation of the Au lattice relative to the
underlying graphene-like lattice, which can also be seen in the
high-resolution images. The morphology of the nanoparticle
deposition is very different from what would be expected on
graphene or graphene oxide. The interaction between gold
and graphene is weak, such that gold nanoparticles normally
form a droplet-like morphology.[34] Here, the nanoparticles
are often elongated and branched, characteristic of a high
density of nucleation, with coalescence of clusters without
subsequent rearrangement. This indicates a much stronger
interaction between the gold and GO-SH, consistent with the
presence of thiol groups on the graphene oxide surface. The
uniformity of deposition and high density of nanoparticles
indicates that the thiol groups must be homogeneously
distributed across the graphene oxide sheets.

In conclusion, we have demonstrated the functionaliza-
tion of GO using a sulfur nucleophile to selectively open
epoxy groups on the basal plane. Though we have only
demonstrated the reaction of the surface thiol groups with
alkyl halides, there are many electrophiles that could react,
allowing extensive functionalization of the GO surface. For
example the popular thiol–ene “click” reaction can be used
to, amongst other things, graft polymer chains onto the thiol
groups.[35] Thus, we anticipate our new GO-SH material will
provide a convenient route into making CMGs with a wide
variety of chemical and physical properties. The robust
anchoring of gold nanoparticles also indicates the possibility
of anchoring other metal nanoparticles to the GO surface,
facilitating both catalytic and electrochemical reactions.[36]

Finally, the increased robustness of the GO-SBu is of
considerable relevance as it is achieved without the loss in
solubility, that is the case when GO is chemically reduced.
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