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T
he electronic and mechanical prop-
erties of graphene sheets, single
atomic layers of carbon arranged in

a hexagonal lattice, are undoubtedly ex-
traordinary,1 but their fabrication is chal-
lenging.2 High quality single graphene
sheets can be prepared by mechanical exfo-
liation of graphite, which is laborious, has a
low yield,3 and is unlikely to be a good route
for commercially viable devices. Thus a con-
certed effort is now in progress to find an
economic and scalable fabrication route
which will allow graphene to be exploited
more fully.2 Techniques which could be
used on a commercial scale include graphi-
tization of SiC,4 patterned chemical vapor
deposition onto Ni layers,5 and the reduc-
tion of graphene oxide (GO)Osingle sheets
of carbon with a mixture of carboxyl, epoxy
and/or hydroxyl functionalitiesOinto
chemically converted graphene (CCG).6�8

In terms of commercial scalability, GO is the
most promising of these as it can be pre-
pared in large-scale quantities as hydro-
philic graphene-like monolayers and is dis-
persible in aqueous media, making it easier
to handle, functionalize, transport, and de-
posit than native graphene. GO is also an
example of, and the usual precursor to,
chemically modified graphene (CMG),
graphene sheets modified by functional
groups or macromolecules to control elec-
tronic, optical, or mechanical properties2,9

for applications such as enhanced polymer
nanocomposites.10

Oxidized graphite, graphitic oxide, has
been known for over a hundred years11 but
its structure is still not precisely determined;
it has variable stoichiometry, and the local ar-
rangement of functional groupsOand how
their configurations vary with the degree of

oxidation or reductionOis unclear. GO is usu-
ally derived from the exfoliation of graphitic
oxide, and hence is likely to share a similar
structure. GO has intriguing physical charac-
teristics, being an insulator/semiconductor
with conductivity strongly dependent on the
degree of oxidation or reduction,7 and elec-
tron energy-loss spectroscopy (EELS) investi-
gations show that it has an electronic struc-
ture distinct from both graphene and
amorphous carbon.12 Some recent reports
have suggested GO is amorphous or
semiamorphous,8,12�14 but it has been known
for over 40 years from transmission electron
microscopy (TEM) studies that the closely re-
lated material graphitic oxide retains strong
crystalline order.15�18 Here, we use TEM imag-
ing and diffraction to demonstrate that this
is also true of GO. Furthermore, we show that
the interatomic spacing in GO is, to an accu-
racy of better than 0.5%, identical to that of
graphene. Using spherical aberration-
corrected high resolution TEM (HR-TEM) at
80 kV we are able to obtain atomically re-
solved images of GO, and show that it re-
tains a graphene-like lattice substructure; in
combination these results allow us to elimi-
nate several recently proposed structural
models.
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ABSTRACT We report on the structural analysis of graphene oxide (GO) by transmission electron microscopy

(TEM). Electron diffraction shows that on average the underlying carbon lattice maintains the order and lattice-

spacings of graphene; a structure that is clearly resolved in 80 kV aberration-corrected atomic resolution TEM

images. These results also reveal that single GO sheets are highly electron transparent and stable in the electron

beam, and hence ideal support films for the study of nanoparticles and macromolecules by TEM. We demonstrate

this through the structural analysis of physiological ferritin, an iron-storage protein.
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Like graphene, GO is highly electron transparent
due to its low atomic number and two-dimensional na-
ture. As a result, graphene and GO have obvious appli-
cations in TEM not only as objects of study in them-
selves, but also as a nearly perfect support film for other
nanoparticles and macromolecules. To date, 1.6 nm car-
bon films from decomposition of self-assembled mono-
layers19 and graphene20,21 have been used as ultrathin
support films, allowing images of single heavy metal at-
oms to be obtained. Again, the difficulty in production
of single graphene layers,22,23 especially in a geometry
compatible with their use as a TEM support, means that
their routine use is unlikely. Here, we demonstrate that
GO is an extremely effective ultrathin TEM support film:
it is stable in the electron beam, gives low background
in both imaging and diffraction modes, and can also
serve as its own calibration standard. Importantly, GO
ultrathin support films are simple, cheap, and quick to
fabricate in any laboratory, and as a result we expect
they will find widespread application in the immediate
future.

Our interest in the structure of GO thus has two as-
pects: that of the material in itself and the implications
for its use as a route to CCG and CMG; and the underly-
ing structure present when used as a support film for
other nanostructures.

RESULTS AND DISCUSSION
Synthesis and Characterization of Graphene Oxide. Aqueous

suspensions of GO were prepared via a modified Hum-
mers method;24,25 details of the process are given in the
experimental section. A photograph of GO suspen-
sions of decreasing concentration is shown in Figure
1a. The brown color is characteristic of highly oxidized
GO, and its clarity indicates the GO is fully suspended.
X-ray diffraction of a thin-film formed by vacuum filtra-
tion of the GO suspension revealed an interlayer sepa-
ration of 0.85 nm with no graphite-like peak remaining,
consistent with the complete oxidation of the graphite
powder precursor.26 Thermogravimmetric analysis
(TGA) in air, the solid line in Figure 1b, reveals a mass
loss at around 200 °C which has previously been as-
signed to removal of the functional groups.18 This is also
evident in an Ar/H2 environment, the dashed line in Fig-
ure 1b, while the second mass loss at around 600 °C
which has been assigned to burning of the carbon is
not. By comparison TGA of the graphite powder precur-
sor, the red line in Figure 1b, shows no weight loss un-
til the temperature exceeds 700 °C. The GO weight loss
below 200 °C has been assigned to water, and must be
considered when evaluating the composition derived
from elemental analysis.18 Combining this TGA and el-
emental analysis we find a C:O ratio for our samples of
roughly 2:1, which is consistent with previous reports
and the approximate chemical formula for fully oxidized
graphite oxide of C4O(OH) which dates back more than
40 years.16

Raman spectroscopy has been used extensively to

probe the degree of disorder in graphite-like materi-

als.27 Figure 1c shows the micro-Raman spectra in the

region 1100�1800 cm�1 for monolayer graphene, red

line, and monolayer GO, the black line which is offset for

clarity, both on silicon oxide. The spectra were taken us-

ing a 633 nm HeNe laser. As expected, graphene shows

a single sharp peak at 1580 cm�1, the G band character-

istic of three-coordinate planar (“sp2-hybridized”) car-

bon. GO shows a broadened and blue-shifted G band

at 1590 cm�1 and a broad, intense peak at 1330 cm�1,

the disorder-induced D band. The blue-shifted, broad-

ened G band and intense D band are consistent with

previous Raman investigations of GO28 and are indica-

tive of the severe disruption or disorder induced into

the sp2 carbon lattice by the oxidative synthesis of GO.

To study this further we apply transmission electron

microscopy to investigate the physical structure of the

underlying carbon lattice in GO.

Structural Analysis of GO. For TEM analysis a drop of GO

was deposited on a conventional lacey carbon sup-

Figure 1. (a) Photograph of aqueous graphene oxide sus-
pensions of decreasing concentration from left to right as
marked. (b) TGA of graphite powder in air (red line),
graphene oxide in air (solid black line), and graphene oxide
in Ar/H2 (dashed line). (c) Raman spectra of monolayer
graphene oxide (black line) and monolayer graphene (red
line).
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port.29 As is evident in Figure 2a, a low magnification

TEM image, GO is highly electron transparent even in

comparison to the thin-film carbon support. In the top

right of the image a double fold in the sheet is visible;

the contrast here is due to three layers. A selected area

electron diffraction (SAED) pattern from the monolayer

region of the GO film is shown in Figure 2b. Strikingly,

clear diffraction spots are observed characteristic of

crystalline order; the 6-fold pattern is consistent with a

hexagonal lattice and the spots are labeled accordingly

using Miller�Bravais hkil notation.

This simple hexagonal pattern of sharp spots is

similar to those obtained from graphite oxide15�17

and leads immediately to several conclusions. First,

the GO sheets are not completely amorphous; sharp

spots indicate short-range order over a length scale

of the coherence length of the electron beam, which

is a few nm under the conditions used here. Sec-

ond, long-range orientational order is present, which

extends at least as far as the width of the selected

area aperture (ca. 0.6 �m), since any rotation of the

sheet would appear as smearing or splitting of the

spots. In fact it was possible to obtain similar SAED

patterns from regions several �m in size, indicating

that each comparable sheet is essentially “single

crystal”. Third, the lack of any diffraction spots other

than those corresponding to the graphite structure

shows that any oxygen-containing functional groups

present (of which the GO must partly comprise) do

not form superlattice-type ordered arrays.

The symmetry of the diffraction pattern alone does

not prove the presence of GO rather than graphite ox-

ide, that is, single sheet rather than graphite-like or-

dered multilayers. It has been shown by Meyer et al.30

that the relative intensities of the 11̄00-type and 21̄1̄0-

type reflections and their behavior with specimen tilt

can be used to distinguish between single-sheet

graphene and few-layer graphite. In fact, any A�B

stacked graphene-like structure thicker than one mono-

layer will give higher diffracted intensities for 211̄0-

type spots than 11̄00-type spots because of interfer-

ence between electrons scattered from the A-type and

B-type layers.16,30�32 This is a general result, and is inde-

pendent of the atomic species or occupancy of the

two different sites. For our material, Figure 1c shows

that the inner 11̄00-type reflections, marked by red dot-

ted circles, are more intense than the outer 21̄1̄0-type

reflections, marked in green, that is, are consistent with

single layer rather than multilayers. Furthermore, AFM

investigations of GO spin-cast on SiO2 showed that the

sheets were 0.8�1.5 nm thick, a result consistent with

previous observations of single sheet GO6,7,33 (see Sup-

porting Information).

Averaged over all equivalent spots, the 11̄00-type re-

flections in Figure 2b are roughly twice as intense as

21̄1̄0-type reflections; similar intensity ratios were

found in all single GO sheets examined. This is signifi-

cantly higher than the intensity ratio of 1.1:1 predicted

for graphene,32 but is consistent with other observa-

tions of oxidized carbon nanofilms.32

In Figure 2d, a hole in the lacey carbon support is

covered by one graphene sheet with an overlapping

sheet clearly visible on the left. The edge of this sec-

ond sheet is rough, consistent with recent observations

Figure 2. (a) TEM image of a single GO sheet on a lacey carbon support; a double fold is visible in the top right corner. (b)
SAED of the center of the region shown in panel a, the diffraction spots are labeled with Miller�Bravais indices. (c) Inten-
sity profile through the diffraction spots labeled in panel b. (d) TEM image with two overlapping GO sheets; a SAED pat-
tern from the double sheet region (lower left side) is given in panel e. (f) Electron diffraction pattern from a thin film of GO
ca. 15�20 layers thick.
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of thermally treated graphite.34 The SAED pattern from
the double sheet region, Figure 2e, is a superposition of
two hexagonal patterns rotated by 14.5°. This angle cor-
responds to a misorientation between two individual
GO sheets; an effect also observed recently in few-layer
graphene samples.35 We have studied many multilayer
regions, but have not observed any preferred orienta-
tional relationships between the overlapping sheets.
The orientation of the graphene-like GO sheet can be
slightly different either side of a fold, as in the top right
of Figure 2a, so single sheets can result in a multiple
spot pattern; but multiple sheets have always been ob-
served to give multiple spot patterns. Figure 2f shows
a diffraction pattern produced from a film of GO, ca.
15�20 layers thick, formed by vacuum filtration. Indi-
vidual spots are now barely visible as the contributing
patterns merge into a ring pattern characteristic of a
polycrystalline sample. This suggests that there are no
preferred stacking orientations between the GO mono-
layers when the thin film is formed in this way, a result
that may be significant for understanding electrical
transport within them.

Accurate interplanar spacings (d-spacings) can also
be extracted from electron diffraction patterns when
careful attention is paid to experimental parameters.
Variations in specimen height in the objective lens, as
well as projector lens distortions and astigmatism, intro-
duce errors of several percent into uncalibrated mea-
surements of d-spacings in SAED patterns, even on cali-
brated microscopes. However, by depositing a thin Au
layer on the lacey carbon film before drop-casting of
GO, we were able to correct for these distortions and

calibrate the patterns to a precision better than 0.5%
(see Supporting Information). Figure 3a is a low magni-
fication image of GO on Au-coated lacey carbon; Fig-
ure 3b shows a SAED pattern from a region containing
Au, GO, and amorphous carbon. Since the GO is very
thin, and the carbon support amorphous, the main fea-
tures are the rings characteristic of polycrystalline Au;
the innermost and strongest ring corresponds to dif-
fraction from planes with a spacing of 0.2355 nm. This
was used for calibration. Figure 3c shows a SAED pat-
tern from the adjacent region, containing multiple GO
sheets. Analysis of 10 similar regions across several
samples gave a d-spacing for GO 11̄00-type planes of
0.2131 � 0.0010 nm. The variation between measure-
ments was smaller than the experimental error (ca.
0.5%, limited by the accuracy with which the Au 111
ring could be measured), indicating that the GO struc-
ture does not vary significantly from place to place
within samples, or between samples of different origin.
This corresponds to an average, in-plane36

carbon�carbon spacing (C�C spacing) of 0.1421 �

0.0007 nm.
Few-layer graphite (FLG) samples were measured us-

ing the same procedure (Figures 3d�f), giving a value
for 11̄00-type planes of 0.2138 � 0.0010 nm. The lattice
parameter of GO and graphite are therefore identical
within experimental error. The measured GO C�C spac-
ing of 0.1421 � 0.0007 nm agrees well with the ac-
cepted value for graphite of 0.142 nm; implying that
the crystalline structure of GO is similar to graphene,
that is, three-coordinate carbon atoms bound in a pla-
nar arrangement (“sp2-hybridized”).

Figure 3. (a) TEM image of multiple GO sheets on a gold-coated lacey carbon support; (b,c) SAED patterns from the regions
marked accordingly in panel a. The dominant features in panel b are rings characteristic of polycrystalline gold, which are
used to calibrate the GO pattern (ca. 7 overlapping sheets) in panel c. (d) TEM image of few-layer graphite on a gold coated
lacey carbon support; (e,f) SAED patterns from the regions marked accordingly in panel d. The gold diffraction pattern in
panel e is used to calibrate the pattern due to few-layer graphite in panel f.
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The observed C�C spacing does not exclude the
presence of four-coordinate carbon atoms (“sp3-
hybridized”) distributed in a random manner across
the GO sheets; it simply shows that the crystalline car-
bon component of the structure present in single
sheets of GO is predominantly the same as that of
graphene. The change from planar sp2 to tetrahedrally
coordinated sp3 carbon increases the carbon�carbon
bond length (e.g., in diamond it is 0.154 nm), and
changes the bond angles so that for a single sheet of
diamond-like carbon the C�C spacing would be 0.145
nm, that is, a net increase of 2% over graphene. This
would be well within our detection limits, and was re-
cently observed for hydrogenated graphene, or
graphane.37 Boukhvalov and Katsnelson modeled the
effect of oxygen and hydroxyl groups on the structure
of graphene oxide,38 they predicted that the
carbon�carbon bond length was highly dependent
on the types of functional groups and their coverage.
Unfortunately they did not include data on the bond
angles so we cannot compare our results quantitatively
to theirs; however, the precision of this electron diffrac-
tion analysis will enable direct comparison with theo-
retical structure predictions.

HR-TEM of GO. Diffraction patterns give information
on the average crystal structure of a material but are
not strongly affected by minor disorder or defect struc-
tures. HR-TEM images of the structure are much more
useful in this respect; however, the electron flux is much
higher than is the case for SAED (where a fully spread

parallel beam is used) and damage occurs much more
rapidly. It has been reported (see, for example, Zobelli
et al.39) that crystalline carbon structures are signifi-
cantly less affected in TEM by accelerating voltages
lower than 100 kV. We therefore performed spherical
aberration-corrected HR-TEM imaging at 80 kV in order
to minimize damage to the local structure. Under these
imaging conditions GO was indeed found to be highly
stable; it was also stable for routine observation at
higher accelerating voltages (see HR-TEM of ferritin be-
low), although irradiation at high fluxes during high
resolution imaging with intense electron sources did
lead to eventual break-up of the GO sheet.

Figure 4 shows a single sheet of GO, as determined
from inspection of the diffraction pattern and fast Fou-
rier transform (FFT) of the image (inset). The GO crystal-
line lattice is clearly visible in many regions of the im-
age, shown in the enlargements to the right, while in
others it appears to be obscured by disordered material,
the origin of which is unclear. In previous HR-TEM inves-
tigations of graphene, significant amounts of amor-
phous adsorbates were observed;20,23,40 this is likely to
be so-called adventitious carbon,41 well-known to sur-
face scientists, but may also be oxidized carbons
formed as a result of the GO preparation,24,25 or a mix-
ture of both. Hence it is difficult at present to determine
whether the disordered material is a property of the
GO sheet, or of contaminants adsorbed onto it.

On the left in Figure 4, a portion of the image has
been digitally compressed to 10% of its width along

Figure 4. (Main panel) HR-TEM of a single sheet of GO, with an FFT of the image (inset top left); (right) enlargements as
marked, showing the GO crystalline lattice; (left) digital compression of a portion of the image (to 10% of its width) along
the direction marked by the red lines, the clearly visible parallel lines demonstrate the regular period of the lattice planes;
(below) line plot of the average intensity along the blue line (marked on both compressed and original images), the gray lines
are guides to the eye.
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the direction marked by the red lines: the clearly vis-
ible parallel lines demonstrate the regular period of the
lattice planes. Below the main image, a line plot of the
average intensity along the blue line (marked on both
compressed and original images) is shown: the gray
lines are guides to the eye and are spaced to match the
GO lattice-spacing (ca. 0.212 nm according to the uncal-
ibrated magnification of the microscope). It is clear
that the lattice plane spacing is constant, demonstrat-
ing crystalline order of the underlying lattice over
length-scales of �10 nm.

Conclusions on the Structural Analysis of GO. In summary,
electron microscopy of GO produced by a modified
Hummers method shows that (1) it on average main-
tains the hexagonal symmetry and order of an unmodi-
fied graphene sheet; (2) it has an average in-plane
carbon�carbon spacing of 0.1421 � 0.0007 nm, indis-
tinguishable from that of graphene; (3) it has no regu-
lar ordering of the functional groups; (4) the underlying
carbon lattice has hexagonal order on the length-scale
of the coherence of the electron beam (a few nm), evi-
dent from diffraction patterns; a graphene-like lattice
with crystalline order on length-scales �10 nm as vis-
ible by atomic-resolution HR-TEM; and long-range ori-
entational order over the entire (typically micrometer
size) GO sheet, as evident in the SAED patterns; (5) it has
no preferential stacking arrangement between adja-
cent sheets when deposited by drop-casting.

The most prominent proposed structure models (re-
viewed by Szabo et al.26) for graphite oxide, which are
also considered to be the most appropriate for GO, in-
clude (a) the Hofmann model (random epoxy groups on
planar graphene); (b) the Ruess model (random hy-
droxl and epoxy functionalities on a puckered carbon
template); (c) Scholz�Boehm (as Ruess but with hy-
droxyl and carbonyl functional groups); (d)
Nakajima�Matsuo (as Scholz�Boehm but with elec-
tron delocalization on the CAO groups); and (e) the
Lerf�Klinowski model (as Hofmann but with random
hydroxyl and epoxy groups with layer �COOH termina-
tions). Szabo et al.26 proposed a further model (f) com-
bining elements of several of these, including randomly
distributed hydroxyl, epoxy, and carbonyl groups dis-
tributed over a folded carbon skeleton. Development of
these models mainly relied on chemical analysis tech-
niques such as nuclear magnetic resonance, infrared
spectroscopy, and X-ray photoelectron spectroscopy,
none of which give the structural information available
through TEM. Of these, models b, c, d, and f would give
diffraction patterns clearly inconsistent with those pre-
sented here, either due to lack of hexagonal symmetry,
or the presence of significant regions with carbon sp3

bonding which would reduce d-spacings or give extra
spots in the SAED patterns due to an oxidized super-
structure. Models a and e are similar, differing mainly
in the type of functional groups present, and appear to
be consistent with our observations.

In addition to shedding light on the structure of
the carbon lattice in GO, these TEM investigations also
demonstrate that GO is highly electron transparent and
stable in the electron beam. This suggests its use as a
support film for TEM, as a first demonstration of this we
have investigated the iron-containing protein ferritin
which has been studied by electron microscopy for over
50 years, and has been well established as a resolution
test for both instruments and support films.42,43

GO as a Support Film: Diffraction and Imaging of Ferritin. Fer-
ritin is a globular protein about 12 nm in diameter, com-
posed of a protein shell consisting of 24 subunits which
surround a ca. 6 nm diameter central cavity filled with
a hydrated iron oxide nanocrystal. Its role in living or-
ganisms is to store iron in a nontoxic form, and ob-
served changes in the structure of the ferritin core are
associated with aging and some neuro-degenerative
disorders.44 As a result, the mineral phase of the ferritin
core has been the subject of considerable attention
since the 1960s;42 the dominant candidate being so-
called “six-line” ferrihydrite.45,46 In common with GO,
there is a poor consensus on the crystal structure of fer-
rihydrite,45 principally due to the difficulties involved in
structural analysis of nanoparticles of this size. X-ray dif-
fraction is of limited use because of the Scherrer broad-
ening effect associated with small particle size. In TEM,
the diffuse background scattering of the support film
usually obscures the weak diffraction from an individual
nanoparticle. Similarly, HR-TEM imaging of the protein
shell is obscured by contrast innate to the support films
which also reduces the clarity with which the core can
be observed. Broad suites of measurements have thus
been required to collectively infer the core structures.
For example, a recent work demonstrating that a
magnetite-like phase becomes more prevalent as iron
is removed from the ferritin core47 required the correla-
tion of TEM, X-ray absorption near edge spectroscopy
(XANES), EELS, small-angle X-ray scattering (SAXS) and
SQUID magnetic studies in order to determine the con-
stituent phases. We show here that through the use of
GO as a high-transparency support, this structural infor-
mation is achievable through conventional electron dif-
fraction and HR-TEM alone.

Figure 5a shows a low magnification image of a
low density of ferritin dispersed on GO. The iron oxide
core of the ferritin particles can be clearly resolved
against the weak background of the GO sheet. In par-
ticular, the contrast between ferritin and GO is signifi-
cantly higher than between ferritin and a lacey carbon
support. A SAED pattern of a 600 nm region of GO with
approximately 500 ferritin particles is shown in Figure
5b; spots from both the GO and the ferritin are
evidentOthis is emphasized in Figure 5c where diffrac-
tion from ferritin is marked in red and that from GO in
green. It is important to note that the ferritin spots are
clearly visible in the SAED pattern due to the low back-
ground scattering intensity of the GO film, significantly
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lower than conventional thin carbon support films.
The sharp spots from the GO are also an advantage;
these can now be used as an internal calibration to en-
able accurate determination of the d-spacings in the
ferritin core (see Supporting Information). A histogram
of the ferritin core d-spacings after calibration is given in
Figure 6, also marked are the spacings predicted for
“six-line” ferrihydrite.46 The correlation between the
two is excellent, confirming that for this sample of fer-
ritin the core composition is predominantly “six-line”
ferrihydrite. Using GO as a low-background support it
is thus possible to identify the dominant phase of the
ferritin core using only conventional electron
diffraction.

HR-TEM of Ferritin on GO. As described above for the
structural analysis of GO, high resolution imaging is
complementary to electron diffraction analysis in that
it gives local structural information. In particular, it is
possible to identify the phase of individual nanoparti-
cle cores using HR-TEM. Figure 7a shows an idealized
model of a ferritin molecule, with protein subunits sur-
rounding a central 6 nm diameter ferrihydrite core,
marked in orange. In the background, and to scale, is a
graphene lattice.48 The corresponding simulation, Fig-
ure 7b, used a standard multislice algorithm with pa-
rameters typical for this instrument (see Experimental
Section) and was calculated for optimum Sherzer defo-
cus conditions. The image contrast has three distinct
components: (i) diffuse background contrast due to the
graphene support; (ii) intermediate complex contrast
due to the protein shell; and (iii) strong contrast due to
the ferrihydrite core. For this particular core orienta-
tion49 and imaging conditions the white spots in the
core correspond to “oxygen tunnels”; these scatter less
than the surrounding dark “honeycombed” lattice
which also contains the denser iron; that is, in this [001]
orientation the white spots correspond to atom-
columns of oxygen.

A HR-TEM lattice image of ferritin on GO, Figure 7c,
shows contrast due to two ferrihydrite particles of dif-
ferent sizes: particle 1, left, ca. 6 nm in diameter; and
particle 2, right, ca. 3 nm in diameter. The core struc-
ture correlates well with the simulation in Figure 7b al-
lowing identification of the white spots in the image as

atom-columns of oxygen. Further evidence of the core
composition comes from selected area FFTs: Figure 7
panels d and e are FFTs obtained from the marked re-
gions containing particles 1 and 2, respectively. These
are as expected for ferrihydrite particles with the same
relative [001] orientation as used for the simulation, Fig-
ure 7b. It is thus possible from this HR-TEM image to
not only measure the size and d-spacing of the nano-
particles, but also to identify their crystalline phase and
orientation.50

The contrast of the material surrounding the par-
ticles is dominated by the complex contrast due to the
protein shell and is significantly stronger than the sup-
porting GO film. Under these imaging conditions (300
kV) this material will have been severely damaged by
the electron beam, and hence no meaningful structural
information can be extracted. However, due to the low
background of the GO film the use of low dose imaging
may allow investigation of the protein shell without
prior staining, indicative of the potential use of GO sup-
port films for the study of biomaterials.

In summary, structural analysis of ferritin on GO has
allowed the identification of the predominant core
composition by electron diffraction, identification of

Figure 6. Histogram of the d-spacing of the ferritin diffraction
peaks marked in Figure 5c after calibration. The dotted lines and
labels (hkl and d-spacing) correspond to the peaks predicted
for “six-line” ferrihydrite.

Figure 5. (a) TEM image of ferritin (dark particles) on GO. The lacey carbon support can be seen to the lower left. (b,c) SAED
of a region containing ca. 500 particles on a single sheet of GO. More than 100 ferritin diffraction spots are visible, these are
marked in panel c in red, with the spots due to GO marked in green.
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the core composition, and orientation by HR-TEM, and
observation of the degraded protein shell. In particular
we emphasize the ease with which they could be at-
tained through the use of GO as a low background sup-
port. The ability to use the GO to accurately calibrate
the diffraction pattern, without obscuring the pattern
due to the nanoparticles, is another significant improve-
ment over other approaches. Finally, it should be em-
phasized that in contrast to other ultrathin films, these
GO support films are simple and quick to makeOa drop
of GO suspension is placed on an appropriate TEM

grid and allowed to dry prior to the addition of
the material to be studied. GO support films can
be suspended directly onto standard TEM grids
without the aid of lacey carbon films (see Sup-
porting Information) creating large area GO films,
and reducing the cost. Currently the yield for
this is low as even the largest GO sheets in our
preparation are smaller than the holes in stan-
dard TEM grids; however, this could be substan-
tially improved using GO synthesis processes
such as that reported by Luo et al.33 which pro-
duced macroscopic sheets with sizes comparable
to the hole size in 400 mesh TEM grids.

CONCLUSIONS
We have applied electron microscopy to the

structural analysis of graphene oxide and made
concrete observations against which structural
models of graphene oxide must be tested. Most
strikingly, the carbon substructure of graphene
oxide is found on average to maintain the hex-
agonal symmetry, order, and carbon�carbon
bond length of an unmodified graphene sheet.
Atomic resolution HR-TEM reveals an underlying
graphene-like lattice with crystalline order on

length-scales �10 nm.

Owing to its high electron transparency and sta-

bility under the electron beam, graphene oxide is

also a very promising support film for high resolu-

tion structural analysis of macromolecules and nano-

particles by TEM. We have demonstrated this

through the analysis of physiological ferritin, both

by electron diffraction and high resolution imaging.

GO TEM grids are simple, cheap, and quick to fabri-

cate in any laboratory, and as a result could find

widespread application in the immediate future.

EXPERIMENTAL SECTION
GO and FLG Preparation. GO was prepared from graphite pow-

der via a modified Hummers method24,25 (see Supporting Infor-
mation for details). Three different sources of graphite powder
were used: Bay Carbon SP-1 graphite powder, and natural graph-
ite flake and powder from the Graphite Trading Company. Each
was processed in the same way and gave similar results. First the
graphite powder was oxidized: 4.5 g of KNO3 and 169 mL of con-
centrated H2SO4 were added to 5 g of graphite powder cooling
in an ice bath. This mixture was continuously stirred while 22.5 g
of KMnO4 was added slowly over 1 h. It was left to stir for a fur-
ther 2 h in the ice bath, and then removed and left for 5 days,
while stirring continuously. After this period a black viscous liq-
uid was obtained; this was added to 500 mL aqueous solution of
5 wt % H2SO4 over 1 h, again stirring continuously. After the mix-
ture was stirred for a further 2 h, 15 g of H2O2 (30 wt % aque-
ous solution) was added and then the mixture was left to stir for
another 2 h. The oxidized material was then washed. The mix-
ture was added to 500 mL aqueous solution of 3 wt % H2SO4, and
0.5 wt % H2O2, left to precipitate for 2 days, and then the super-
natant was discarded. This was repeated 10 times, resulting in a
dark brown slurry. Dispersion of this slurry in water resulted in an
aqueous colloidal suspension of graphene oxide. The disper-

sion and exfoliation of graphite oxide to graphene oxide was
aided by mild sonication in an ultrasound bath for 30 min, result-
ing in a clear, yellow solution. After dispersion there was ini-
tially some precipitation, and then the resultant suspension was
found to be stable for at least 6 months.

Thin films of GO were fabricated by vacuum filtration onto a
0.22 �m pore size mixed cellulose ester membrane (Millipore).
After filtration the membranes were dried in a vacuum desicca-
tor. GO thin films could be removed from the filtration mem-
branes by peeling away the film or by dissolving the membrane
in acetone.

Few-layer graphite samples were made using the method
described by Hernandez et al.;51 graphite powder was exfoliated
by sonication in 1-methyl-2-pyrrolidinone; the dispersion was
used immediately after sonication.

Monolayer graphene samples for micro-Raman analysis were
prepared by mechanical exfoliation onto silicon oxide as de-
scribed by Geim et al.52 Monolayer GO samples were prepared
by spin-coating GO from a 1 mg mL�1 suspension onto silicon
oxide. The silicon oxide was cleaned with an oxygen plasma etch
immediately prior to coating.

Characterization. Known concentrations of GO were produced
by redispersing thin film GO in DI water with the aid of mild son-

Figure 7. (a) Schematic model of ferritin on a graphene sheet. Ferritin consists of
a protein shell (multicolored ribbons) containing a ferrihydrite core (Fe atoms in-
dicated by orange spheres, O by red spheres) which here is oriented along [001]
relative to the bulk crystal structure. (b) HRTEM image simulation of the structure
in panel a. (c) 300 kV HRTEM image of ferritin on a single sheet graphene oxide
support; (d,e) FFTs obtained from the marked regions 1 and 2, respectively, in
panel c.
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ication. Thin film GO samples were also used for X-ray diffrac-
tion analysis (XRD), elemental analysis, and TGA. XRD measure-
ments were done on a Panalytical X’Pert Pro MRD, TGA on a
Metler-Toledo TGA/DSC1 with a heating rate of 10 °C min�1,
and Raman spectroscopy on a Renishaw 1000 spectrometer with
633 nm laser excitation at low power (�0.5 mW) to avoid sample
damage. Elemental analysis was done by Warwick Analytical
Service.

Electron Microscopy. For TEM analysis a drop of GO/FLG suspen-
sion was deposited on a lacey carbon support grid and allowed
to dry in air (“drop-casting”). Thin films of GO were also fabri-
cated by vacuum filtration onto a 0.22 �m pore cellulose ester
membrane (Millipore), the films were then placed in a sandwich
TEM grid for analysis. For accurate quantitative analysis of the
GO/FLG lattice spacing, the supporting lacey carbon was sput-
ter coated with Au (thickness 1 to 5 nm) prior to the drop-casting
of GO. To test the efficacy of GO as a support grid, horse spleen
ferritin (Sigma-Aldrich) was diluted 100:1 in water, and a single
drop added to a preprepared GO-coated grid. Low magnification
TEM images and selected area electron diffraction (SAED) pat-
terns were obtained at 200 kV on a JEOL 2000FX with a Gatan SC-
1000 Orius CCD camera. For SAED a small spot size was used to
increase beam coherence, spread into a parallel beam, with a 0.6
�m SA aperture. HR-TEM images of GO were obtained at 80 kV
in a JEOL 2010F fitted with a CEOS aberration corrector with the
spherical aberration coefficient (i.e., C3) tuned to �1 �m. HR-
TEM images of ferritin on GO were taken at 300 kV on a JEOL
JEM-3000F, for which C3 � 0.6 mm. HR-TEM image simulations
were carried out using a standard multislice algorithm using pa-
rameters typical for our instrument (i.e., coefficient of spherical
aberration (C3) � 0.6 mm, accelerating voltage 300 kV).
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