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Abstract
Graphene Oxide (GO) is a two-dimensional (2D) nanomaterial largely exploited in many fields.
Its preparation, usually performed from graphite in an oxidant environment, generally affords
2D layers with a broad size distribution, with overoxidation easily occurring. Here, we
investigate the formation, along the Hummers synthesis of GO, of carbon nanoparticles (CNPs)
isolated from GO and characterized through morphological and spectroscopic techniques. The
purification methodology here applied is based on dialysis and results highly advantageous,
since it does not involve chemical processes, which may lead to modifications in the
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composition of GO layers. Using a cross-matched characterization approach among different
techniques, such as x-ray photoelectron spectroscopy, cyclic voltammetry and fluorescence
spectroscopy, we demonstrate that the isolated CNP are constituted by layers that are highly
oxidized at the edges and are stacked due to π–π interaction among their aromatic basal planes
and H–bonded via their oxidized groups. These results, while representing a step forward in the
comprehension of the structure of long-debated carbon debris in GO, strongly point to the
introduction of dialysis as an indispensable step toward the preparation of more controlled and
homogeneous GO layers and to its use for the valorization of low molecular weight GO species
as luminescent CNPs.

Supplementary material for this article is available online

Keywords: graphene oxide, carbon nanoparticles, dialysis, oxidative debris, XPS

1. Introduction

Graphene oxide (GO), the oxidized form of graphene, is a two-
dimensional and non-stoichiometric material, prevalently con-
stituted of sp2 hybridized carbon and oxygen atoms [1, 2]. Its
synthesis and remarkable properties have been widely invest-
igated for the variety of physical-chemical, engineering, med-
ical and many other applications [3, 4].

GO is an amphiphilic species owing to the presence of
conjugated and aromatic domains coupled to oxygen-based
functional groups (OFGs) that ensure water-dispersibility in
a wide range of pH [5, 6]. In particular, it is accepted that both
hydroxyl and epoxide groups are mainly localized on the basal
plane of the C layers, whereas the less abundant carboxylic
functionalities are restricted to the edges together with ketone
and lactone groups [7–9]. Noteworthy, the biological activity
of GO is highly dependent on its surface chemical compos-
ition, which affects the interaction with biomacromolecules
[10–12].

GO is prepared from graphite through a top-down approach
in which oxidant agents bring about an interruption of the
extended π-aromatic network with the creation of oxygen-
based structural defects, leading to the opening of an electronic
energy gap [13, 14]. Types and relative amounts of oxidant,
as well as the presence of acidic agents, provide layers of GO
with different O/C ratios, with a tailoring of specific functional
groups [15–17]. Moreover, the size distribution in terms of
average number of layers is also affected by sonication cycles,
since they improve the exfoliation efficiency [18, 19].

In the synthesis of GO, graphite powder is quickly eroded
by the oxidant agents and the smaller flakes of graphite are pre-
sumably oxidized significantly faster compared to the larger
ones [20]. As a result, layers of GO are formed with different
O/C ratios and lateral size, ranging from tens of nanometers up
to few micrometers [21]. In the light of the mechanistic hypo-
theses, some overoxidized fragments could be easily formed
during the preparation of GO, as reported by Rourke et al [22],
who elegantly theorized the presence of oxidative complexes
constituted of layers of GO on which highly oxidized frag-
ments are adsorbed, denominated oxidative debris (OD). OD

have sometimes been represented as small polymers of humic
acids, though their structure and physical-chemical properties
have been much debated in recent years. [22, 23] Since OD
particles are very rich in OFGs, they can compete with the
larger layers of GO in the functionalization reactions, affect-
ing their distinctive overall physical-chemical properties. In an
attempt to isolate OD from GO dispersions, procedures repor-
ted in the literature made use of basic washing, while cent-
rifugation cycles performed after ultrasonication at different
times were applied to GO nanoplatelets prepared from graph-
ite nanofibers [24, 25]. In particular, GO dispersions were
treated with aqueous solutions of NaOH (either 1 m or 0.01 m,
in both cases at reflux for one hour). Subsequently, GO and
OD were collected after water removal as black and white
powders, respectively [22]. The collected amount of OD was
found to be particularly high when both KMnO4 and NaNO3

were used for the synthesis of GO [24], while the type of base
employed negligibly affected the OD luminescence properties,
as reported by Thomas et al [26]. In particular, the darkening
of the aqueous dispersion of pristine GO (pGO) was immedi-
ately observed either after the addition of a NaOH solution or
after a short reflux with ammonia. Subsequently, after centri-
fugation, the isolated OD and base-washed GO showed dis-
tinctive emission properties upon excitation at 400 nm, con-
sisting in a very intense luminescence peaked at 520 nm for
the former and no fluorescence for the latter [26], while pGO
displays a broad and less intense peak of fluorescence emis-
sion at 610 nm [26]. Therefore, the luminescence of pGO is
presumably due to the presence of adsorbed OD, that, once
removed after basic washing, were identified as organic frag-
ments with molecular weights (MW) <1000 Da and rich in
molecular fluorophores [26, 27]. The same authors reported in
another paper dealing with the synthesis of GO and the strip-
ping of OD, that the morphological characterization by atomic
force microscopy (AFM) was not feasible due to the too low
dimensions of OD (∼0.5 nm) [28]. On a small scale a hydro-
thermal treatment with ammonia of GO containing amorphous
OD allowed to obtain crystalline, nitrogen-doped, graphene
quantum dots with an average height of 1.3 nm [23, 29]. In
another work, OD were also stripped from the layers of GO
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in the presence of aqueous ammonia (∼6 m) followed by a
hydrothermal treatment of the mixture at 100 ◦C × 1 h fol-
lowed by a centrifugation step. Then, the OD dispersed in the
supernatant were characterized through AFM, whose images
displayed isolated species, mostly smaller than 100 nm in lat-
eral size and 1–10 nm in height [23, 30]. Finally, Faria et al
investigated for the first time the antimicrobial properties of
OD with an average height of 1.7 ± 0.3 nm toward E. coli
by concentrating the supernatant obtained from the centrifu-
gation of an aqueous dispersion of GO treated with NaOH at
80 ◦C × 1.5 h [23, 31].

Although very effective, the basic washing of GO as a
method for isolation of the OD has some severe drawbacks,
such as the degradation of the GO [22, 24, 32, 33]. Under
strong alkaline conditions, in fact, both GO decarboxylation
and disproportionation reactions occur and the corresponding
water dispersions become optically darker [34, 35].

It is evident from the above-mentioned results, that both
themost correct isolationmethodology and the actual structure
and chemical composition of the so-called OD are still a matter
of debate.

In this work, both these issues have been addressed. In
particular, we have investigated both the morphology and the
chemical properties of oxidized carbon nanoparticles (CNPs)
directly collected from GO aqueous dispersions by dialysis,
avoiding the use of any basic washing, therefore eliminating
any possible source of degradation or chemical modification
of GO. The use of dialysis membranes with different MW cut-
offs has allowed us to select different populations of CNPs.
Through the proposed method, low MW particles can be eas-
ily isolated and purified, and their properties ascertained.

The isolated CNPs could have important potential applic-
ations, i.e. gas sensors [36], fluorescent sensing and imaging
[37], and solar cells [38].

2. Experimental section/ methods

All reagents and solvents were purchased from Sigma-
Aldrich, Fluka, Alfa Aesar, VWR, TCI and used as received.
Dialysis membranes with cut-offs of 12–14, 3.5–5 and 1 kDa
(Spectra/Por®) were activated using Milli-Q water with a res-
istivity of 18.2 MΩ × cm at 25 ◦C.

Pristine GO (pGO) was synthesized by following an
already-reported procedure [14, 39, 40].

For the workup, a filter paper filtration was applied and
the obtained solid was centrifuged (Fisher Scientific, Sorvall
ST1R Plus) in HCl 1.12 m and Milli-Q water (four times)
at 4000 rpm for 30 min. During these purification steps, the
supernatant was always discharged and replaced with Milli-
Q water. The solid was then transferred in a round-bottom
flask and resuspended with Milli-Q water; in order to ensure
a proper exfoliation, the resulting mixture was stirred for one
night. At this point, the dispersion was sonicated in a water
bath for 30 min and then centrifuged at 3000 rpm for 40 min
in order to separate the graphite oxide still present from the
yellowish supernatant. This procedure was repeated until an

almost colorless supernatant was obtained. Finally, the disper-
sion of pGO was freeze-dried and the resulting solid powder
was stored in a desiccator.

High and low MW fractions of GO were separated via dia-
lysis of the pGO sample. 0.4 g of freeze-dried pGO were dis-
persed in 15 ml of Milli-Q water and subsequently transferred
into the dialysis membrane of the selected cut-off and left
immersed under stirring for a total time of 72 h in 0.6 l Milli-
Q water (1:40 v/v ratio). After the first 24 h and then again at
interval times of 12 h, the water was replaced. The discharged
dialysis waters collected at each time interval were checked by
UV–Vis spectroscopy, which resulted in a flat signal after 72 h,
also after their concentration under vacuum at 35 ◦C using
a rotavapor, indicating that dialysis was complete due to the
absence of nanoparticles. The dialysis waters containing the
low MW fractions were collected and concentrated as stated
before (dy-w x samples, with x = MW cut-off of the mem-
brane used in the dialysis). Finally, the aqueous dispersion of
the dialyzed GO (dGO x samples, with x=MW cut-off of the
membrane used in the dialysis) was freeze-dried and stored in
a desiccator.

All the experimental activity henceforth described was
conducted at room temperature, in order to avoid any pos-
sible chemical reduction effect exerted by heat on the GO
materials [41].

AFM Samples for AFM were obtained by drop-casting
100 µl of each sample dispersion (10 µg ml−1) on mica
slides, which were left to air-dry overnight. AFM images were
acquired with a NanoWizard II (JPK Instruments AG, Berlin,
Germany) equipped with cantilevers with high aspect-ratio
conical Si tips (CSC36 Mikro-Masch, Tallinn, Estonia), with
an end radius of about 10 nm, a half conical angle of 20◦,
and a spring constant of 0.6 N m−1. The difference between
the substrate peak value (set to zero) and the single flake GO
peak allowed to determine the average thickness, as previously
reported [42], while the lateral size distribution was determ-
ined through image analysis (FIJI software) from the square
root of the flakes area.
UV–Vis and Raman spectroscopy: UV–Vis spectra were

recorded with a Cary 50 UV–Vis spectrophotometer at room
temperature using quartz cuvettes with 10 mm path-length.
Raman spectra were recorded at room temperature in backs-
cattering geometry with an inVia Renishaw micro-Raman
spectrometer equipped with an air-cooled CCD detector and
super-Notch filters. An Ar+ ion laser (λlaser = 514 nm) was
used, coupled to a LeicaDLMLmicroscopewith a 20× object-
ive. The spectra were calibrated using the 520.5 cm−1 line
of the Si(100) support and the resolution was set to 2 cm−1.
Raman spectra were acquired in 6–10 different spots on the
surface of the samples with 1% of power, 10 s of spectral
acquisition, and 20 scans.
Fluorescence spectroscopy: spectra were recorded using

a Horiba Jovin-Yvon spectrofluorometer (Fluoromax 2) at
25 ◦C (Peltier-thermostated sample holder from Quantum
Northwest, Liberty Lake, WA, USA, controlled by the TC1
unit via the T-App software from the same manufacturer);
slits: 2.5/2.5 nm; cell: 1.0 × 1.0 cm. All measurements were
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performed on aqueous dispersions with an optical density
below 0.1 at 300 nm. Fluorescence lifetime measurements
were performed with the time correlated single photon count-
ing (TCSPC) technique using an instrument of local design
elsewhere described [43, 44]. Measurements details will be
given at due time. TCSPC data were fitted to a reconvolution
function among the instrument response function and the sum
of three exponentials with the FluoFit software (PicoQuant
GmbH).

FTIR spectroscopy: FTIR spectra were acquired with a
µ-FTIR spectrophotometer (LUMOS II, Bruker) in ATR
mode. Measurements were carried out on the powders of pGO
and dGO 12 deposited onto glass microscope slides, differ-
ently from the dy-w 12 and dy-w 3.5 samples, which were
deposited from their concentrated water dispersions. Each
spectrum was recorded in the 4000–500 cm−1 range with
96 scans and a spectral resolution of 4 cm−1.
X-ray photoelectron spectroscopy (XPS): All samples

were deposited onto H-terminated Si(100) surface. For pGO
and dGO, a 50 µl drop-casting of their corresponding
0.06 mg ml−1 dispersions was carried out, while dy-w 12
and dy-w 3.5 samples were drop-casted from their concen-
trated water dispersions. XPS measurements were carried out
using an Omicron Nanotechnology Multiprobe MXPS system
using a monochromatic Al Kα (hν = 1486.7 eV) x-ray source
(Omicron XM-1000, 14 kV and 16 mA) and an analyzer pass
energy of 20 eV. A take-off angle of 21◦ with respect to the
sample surface normal was adopted. The experimental spec-
tra were curve-fitted using a Shirley function for the second-
ary electrons background and pseudo-Voigt (30% Lorentzian
weight) functions for the elastic peaks, with position and full-
width at half-maximum allowed to optimize within narrow
limits. The oxygen content was determined through the RO/C

ratio obtained after the curve-fitting of the C 1s region, by
means of the following equation [45]:

RO/C =
AC−OH + 1/2AC−O−C +AC=O + 2ACOOH

AC=C +AC−OH +AC−O−C +AC=O +ACOOH
(1)

where the terms Ax represent the OFG peak areas obtained by
curve fitting.

This approach allowed to rule out any possible contribu-
tions in the oxygen content either deriving from contaminants
or from the support material (Si).

Similarly, the relative amount of the different OFGs was
determined through the area of the peaks within the curve-
fitting envelope of the C 1s region, with an uncertainty of
±10%, according to the following equation:

A%OFG =
AC−OH or 1

2AC−O−C orAC=O orACOOH

AC=C +AC−OH + 1/2AC−O−C +AC=O +ACOOH
× 100.

(2)

Electrochemical measurements: For the electrochemical
characterization, 50 µl of 0.06 mg ml−1 GO-derived mater-
ial dispersions were drop-casted onto freshly prepared H-
terminated n-type Si(100) 1.5 cm × 1.5 cm wafers and let
dry at room temperature. These surfaces were used as work-
ing electrodes in an electrochemical cell, where the electrode

window area was roughly the same of the electroactive drop-
casted GO deposit (0.3 cm2). The electrolyte used was an
aqueous 0.1 M phosphate (K2HPO4/KH2PO4) buffered saline
(PBS) solution, with pH = 7.2, and the electrodes were an
Ag/AgCl (sat., reference, E = 0.198 V vs. NHE, all poten-
tial values are referred to this electrode) and a platinum wire
(counter electrode). The samples were reduced by means of
cyclic voltammetry (CV) between open circuit potential (OCV,
typically close to −0.4 V) and −1.50 V, with a potential scan
rate of 20 mV s−1. All electrochemical measurements were
performed using a Bio-Logic SP-150 potentiostat/galvanostat
driven by the Bio-Logic EC-Lab® software.

3. Results and discussion

3.1. AFM characterization

In order to determine the thickness of pGO deposits obtained
following a well-consolidated procedure (see Experimental
Section), AFM measurements were performed. The data col-
lected in figure 1(a) are compatible with the presence of bilay-
ers with a broad distribution of lateral sizes [14, 46]. After
dialyzing the pGO samples for 72 h using a membrane with
a cut-off of 12–14 kDa (dGO 12 samples) the AFM image
(figure 1(b)) reveals the disappearance of the quasi-spherical
nanoparticles present in the pGO samples. To isolate these
CNPs, the corresponding dialysis water, denominated dy-w
12, enriched with species with MW <12–14 kDa was con-
centrated for 24 h (see Experimental Section). The resulting
sample was analyzed by AFM (figure 1(c)) showing species
with shape and lateral dimensions different from the layers of
pGO and with a thickness of up to 20 nm.

Encouraged by these preliminary results, we investigated
the presence of smaller nanoparticles. To this aim, the above
procedure was repeated by using a dialysis membrane with
a lower MW cut-off, namely 3.5–5 kDa; by concentrating
the water coming from this dialysis the corresponding CNP
sample, dy-w 3.5, was obtained. The comparison between the
AFM images (upper panels of figures 2(a) and (b)) taken on
the dy-w 3.5 and dy-w 12 samples reveals the presence of
nanostructures with sizes of 2.6 ± 0.5 nm and 5 ± 1 nm,
respectively. As expected, the statistical analysis reported in
figure 2(b) for the dy-w 12 sample (lower panel) shows a
broader size distribution due to the contribution of the smal-
ler GO fragments successfully isolated via dialysis performed
with a lower cut-offmembrane (dy-w 3.5 sample, figure 2(a)—
lower panel).

3.2. UV–Vis and fluorescence spectroscopy characterization

The UV–Vis spectrum recorded on an aqueous dispersion of
pGO (figure 3(a), black line) shows the main absorption at
232 nm with a shoulder at 300 nm, respectively ascribable to
π–π

∗
and n-π

∗
electron transitions, that is still present in the

dGO 12 sample (figure 3(a), red line) [2, 39, 47, 48].
Conversely, the dialysis waters containing the low MW

fractions (dy-w 12 and dy-w 3.5) display optical properties that
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Figure 1. AFM tapping mode images of (a) pGO, (b) dGO 12, and (c) dy-w 12 samples with the respective height profiles tracked along the
green dashed lines.

Figure 2. AFM-tapping mode images of (a) dy-w 3.5, and (b) dy-w 12 with the respective dimensional statistical analyses.

are significantly different from the layers of GO and depend-
ent on the cut-off of the dialysis membranes used in the puri-
fication procedure (figure 3(b)). In particular, the main differ-
ences can be observed in the region below 400 nm, ascribable
to the variation in the type and number of the carbon-based sp2

domains and OFGs. In the dy-w 3.5 sample (figure 3(b), red
line), a sharp absorption peak at 235 nm can be detected, sug-
gesting that the aromatic C network is partially preserved in
these lowMW fragments. However, the UV–Vis spectra repor-
ted in figure 3(b), resemble those of amorphous CNPs (e.g. car-
bon nanodots) that typically display high optical absorption in
the UV region of the electromagnetic spectrum [49–52].

In order to further characterize the samples obtained by
the procedure proposed in this work, their relevant lumines-
cence properties have been measured by exciting the samples
at different wavelengths. The GO fluorescence is attributed to
electron transitions between the non-oxidized carbon region
and the boundary oxidized carbon atom region (C–O, C=O
and carboxylate groups). As shown in figure 4, pGO and dGO
12 show a barely appreciable luminescence, with intensities
sensibly lower than the corresponding water Raman scattering
peak.

Correspondingly, as observed in figure 5, the concentrated
waters obtained by the dialysis of GO (dy-w samples) show
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Figure 3. (a) Normalized UV–Vis spectra of pGO (black line) and dGO 12 (red line). (b) UV–Vis spectra of dy-w 12 (black line) and dy-w
3.5 (red line). All measurements were performed in water and at room temperature.

Figure 4. Emission spectra of pristine GO (pGO—lower panel) and
dialyzed GO (dGO 12—upper panel) as a function of the excitation
wavelength (see legend). Arrows indicate the relevant water Raman
scattering peaks, while asterisks their respective 2nd and 3rd order
Raman peaks.

a very high intensity of fluorescence emission compared to
the GO-based samples, which suggests an increase in the
amount of oxygenated functional groups, with their maxima
that are function of the excitation wavelength (particularly for
excitation wavelengths higher than 300 nm), as already docu-
mented in the literature [53]. Such an excitation wavelength
dependence is attributed to the so-called red-edge-effect, a
phenomenon bound to the solvation processes occurring dur-
ing the lifetime of the electron excited state [54]. To describe
the luminescence measured for GO derived materials, the
determination of the decay profile of fluorescence signals is
therefore recommended. In our case, it is interesting to note
that the results obtained with pGO (figure S1—inset) are in
very good agreement with those reported in the literature [55],
considering the difference in the instrumental apparatus used.
The GO decay in water at room temperature has been reported

to be the sum of four exponential components, with lifetimes
ranging from 30 ps to 1680 ps [55]. Since the electronics of the
instrument used in this work is sensibly slower than that of the
cited work, in our case the first three exponential components
merged into one that accounted for more than 90% of the pGO
decay, leaving an 8% of the decay described by an exponen-
tial component with a lifetime of 1.70 ns (figure S1—inset),
in perfect agreement with the slower component found in the
already cited [55].

To strengthen the fluorescence lifetime experiments, we
performed an additional treatment of pGO with a dialysis
membrane with a lower cut-off, 1.0 kDa, that also affords a
sample with a luminescence dependent from the excitation
wavelength (figure S2).

Compared to pGO (figure S1—inset) the luminescence life-
time of the concentrated dialysis water samples, dy-w 1.0,
dy-w 3.5 and dy-w 12 (figure S1—main panel), is sensibly
slower, therefore leading to an enhancement of the red-edge-
effect on decreasing the dialysis membrane cut-off. As can be
seen from figure S1, the differences among the three samples
are truly modest. The fitting of the decays requires three expo-
nential components, and the obtained lifetimes are in agree-
ment with those found in the literature for GO sheets sep-
arated by centrifugation [56]. The corresponding lifetimes
were indeed extremely close for the three different samples;
therefore, the three decays have been globally fitted as the
sum of three exponentials sharing the same time-decay con-
stants (table S1). With this approach the fitting shown in the
main panel of figure S1 (continuous red lines) were obtained,
with random distributed residuals and χ2 values close to unity
(table S1).

Assigning these three components to specific fluorophores
is beyond the scope of this work, assuming it was possible,
given the complexity of the GO excited-state energy scenario
[56]. One possible interpretative key could be to consider the
origin of the different components as a consequence of the
size heterogeneity of the CNPs present in the samples. If this
were the case, it would be more correct to describe the kinet-
ics of the decay process in terms of average kinetic constants
(and, therefore, average lifetimes), each one characterized by a

6



Nanotechnology 36 (2025) 185602 F Amato et al

Figure 5. Excitation wavelength dependence (see legend) of the emission spectra of concentrated dialysis waters samples, (a) dy-w 12 and
(b) dy-w 3.5. The colored arrows indicate, for each spectrum, the corresponding water Raman scattering peaks, with their 2nd order
emissions barely visible for some excitation wavelengths (asterisks).

mean value with its relevant variance. From a practical point of
view, this would correspond to fitting the data with a function
that considers the mean lifetime value and the corresponding
variance. Further work is necessary to address the correlation,
if any, among the temporal profiles of the GO-derived CNP
fluorescence and their dimensional polydispersity.

3.3. XPS characterization

XPS spectroscopy has disclosed the surface chemical com-
position of the GO-based and CNP materials. The efficiency
of dialysis with respect to the basic purification steps, i.e. fil-
tration and centrifugation, is evident in the comparison of the
XPS survey spectra of the pGO and dGO 12 samples (figure
S3). In fact, in the former spectrum the presence of impurit-
ies from the synthetic procedure is evident, i.e. sodium, sul-
fur, and nitrogen. These impurities almost disappear in dia-
lyzed GO (dGO 12). The curve-fitted C 1s spectra of pGO and
its purified derivatives, as well as the CNPs contained in the
concentrated waters coming from the dialysis, are reported in
figure 6. The C 1s spectrum of pGO (figure 6(a)) displays two
main peaks, respectively ascribable to localized C sp2 domains
at 284.8 eV (red curve) and a convolution of C–O bonds from
hydroxyl (286.4 eV, blue curve) and epoxide (287.0 eV, green
curve) groups [57–59].

The peak tail at higher binding energy (BE) can be
deconvoluted into two components, assigned to carbonyl/-
carboxylate groups (288.1 eV, purple curve in figure 6(a)),
and to the less abundant carboxyl moieties (289.2 eV, orange
curve in figure 6(a)); the assignment of the various compon-
ents to specific oxygenated functional groups has been suppor-
ted by the theoretical work reported in the literature [59]. By
using equation (1) (see Experimental Section), an O/C ratio
(RO/C) of 0.41 was calculated. Purification of pGO through
dialysis with a 1.0 kDa cut-off membrane (dGO 1.0 sample,
figure 6(b)) does not significantly affect the surface composi-
tion of the layers. In fact, the RO/C value remains constant (see

table 1), probably due to the too low amount of removed tiny
fragments.

When a higher cut-off (12–14 kDa) membrane is used
for dialysis (dGO 12 sample, figure 6(c)), the removal of a
higher amount of light fragments results in a slightly lower
RO/C value (0.39), suggesting a partial loss of overoxid-
ized GO layers as a consequence of the purification pro-
cess. In particular, the relative concentration of hydroxyl
groups calculated by using equation (2) (see Experimental
Section) significantly decreases, passing from 17.2 to 15.6
and to 11.5%, along the sequence pGO, dGO 1.0, dGO 12
(see table 1).

Notably, the CNPs isolated by concentrating the dialysis
waters (dy-w 12 and dy-w 3.5 samples, figures 6(d) and (e))
are especially rich in hydroxyl and carboxyl groups, at the
expenses of epoxide moieties. In fact, compared to pGO,
spectrum d of figure 6 (dy-w 12) displays a modified line
shape, with a sizeable increase of the C–OH (286.3 eV,
blue curve) and COOH (286.3 eV, orange curve) contri-
butions paralleled by the decrease of the epoxy one, with
percentage amounts of 33.4, 7.6 and 3.0%, respectively for
C–OH, COOH and C–O–C. Consequently, the RO/C value
rises up to 0.53 for the dy-w 12 sample, coherently with
the expected higher oxygen content reported for the OD
debated in the literature [23]. Finally, the dy-w 3.5 sample
(figure 6(e)), constituted by fragments with MW < 3.5 kDa,
is characterized by the total suppression of epoxy functional
groups, paralleled by intense C–OH (26.9%) and COOH
(4.8%) contributions (see table 1), resulting in a RO/C value
of 0.39.

Remarkably, the BE position of the C–OH component is
found to decrease from 286.6 eV of pGO and dGO samples
to 286.3 eV of the CNP dy-w samples. This shift is compat-
ible with a variation in the nature of the GO C atoms bound to
the—OH group, since the former BE position is more typical
of basal C–OH groups (involving sp3-C atoms), while the lat-
ter can be assigned to phenol-like groups at the edges of GO
(with sp2-C atoms) [59]. According to our XPS results, the
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Figure 6. XPS spectra in the C 1s region of (a) pGO, (b) dGO 1.0,
(c) dGO 12, (d) dy-w 12 and (e) dy-w 3.5. Experimental data are
reported in dots, while curve-fitting results are reported with
continuous colored lines, corresponding to different oxygenated
functional groups (see legend).

Table 1. Percent amounta of relevant oxygenated functional groups
in GO samples obtained from XPS C 1s spectrab.

Sample C=C C–OH C–O–C C=O COOH RO/C
c

pGO 55.8 17.2 18.3 4.1 4.6 0.41
dGO 1.0 55.9 15.6 16.4 8.4 3.7 0.41
dGO 12 56.3 11.5 19.6 8.5 3.9 0.39
dy-w 12 53.2 33.4 3.0 2.8 7.6 0.53
dy-w 3.5 65.2 26.9 — 3.0 4.8 0.39
a Calculated according to equation (2), see Experimental Section.
b Associated error is ±10%.
c Calculated according to equation (1), see Experimental Section.

low MW GO fragments obtained with the mild approach here
proposed, that may roughly correspond to the OD reported in
the recent years in the literature, are constituted by layers with

nearly unoxidized aromatic C basal planes whose edges are
particularly rich in C–OH (phenols) and COOH (carboxyls)
functional groups. Furthermore, the higher RO/C value found
in the dy-w 12 sample compared to pGO, together with the
general OFG enrichment at the edges of the layers for both
dy-w samples is consistent with their enhanced luminescence
properties.

3.4. Electrochemical characterization

In figure 7, the cyclic voltammograms (CV) corresponding to
the samples investigated with XPS (see above) are reported,
except for the case of the dy-w 1.0 sample, which was present
in such a low amount that its current signal was hardly detect-
able. The CV profile of pGO (figure 7(a)) displays a series of
reduction features that can be associated to epoxy (I), carbonyl
(II) and basal hydroxyl (III) groups (see table 2 for their reduc-
tion potential values). Feature IV does not stem from a func-
tional group of GO, but is more likely associated with water
reduction adsorbed ontoGOor intercalatedwithin its layers, as
we recently reported [59]. After feature IV, reduction of bulk
water with continuous H2 evolution is seen. Stepping to the
dGO 1.0 sample (figure 7(b)), only small differences can be
detected, since all the three features related to the OFGs in GO
are found, while feature IV appears to decrease. This decrease
turns out to be total in dGO 12 (figure 7(c)), where only fea-
tures I, II and III can be detected, with the first two somewhat
convoluted into a single broad component, and the third still
quite intense.

Regarding the CV of the low MW sample dy-w 12
(figure 7(d)), we managed to obtain a fairly concentrated
amount of it via drop-casting onto the Si electrode. Even
though the detected current was much lower than the other
samples (see the relevant current scale bars), the resulting
voltammogram is still legible, displaying a single faint com-
ponent in the region with the I and II features, and no signal
from the component III.

Overall, the results from the electrochemical characteriza-
tion via CV appear to match the outcome of XPS spectra. In
fact, in pGO and dyalized GO samples little changes can be
found related to OFGs. The most striking difference revealed
by CV is the gradual disappearance of component IV from
pGO to dGO 12 sample. Therefore, it is apparent that phys-
isorbed and/or H-bound water molecules are more character-
istic of the low MW fraction of GO, with which they inter-
act more strongly, making these small fragments inherently
highly hygroscopic, as actually visually experienced in this
study. Since feature IV is anyway absent in the CV of dy-w 12
sample, we hypothesize that in pGO the small fragments are
intercalated within the stacked layers of GO deposited onto
the electrode, with the adsorbed water molecules behaving
like electroactive functional groups of GO. On the other hand,
when a CV is run on the isolated CNPs (dy-w 12 sample),
the adsorbed water molecules are in direct contact with the
bulk water and their electroactivity converges at more negat-
ive potentials to that of the hydrogen evolution reaction.

Furthermore, also the component III disappears in the dy-
w 12 sample CV profile. According to XPS (see spectra in
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Figure 7. Cyclic voltammograms of (a) GO, (b) dGO 1.0, (c) dGO 12 and (d) dy-w 12 samples. Roman numerals indicate the relevant
features discussed in the text. Measurements were run in 0.1 M PBS buffer solution (pH = 7.2) at a 20 mVs−1 potential scan rate. CVs in a,
b and c panels are to scale (see black current scale bar), while CV in d panel is magnified for the sake of clarity (see green current scale bar).

Table 2. Reduction potential values (V) of the features resulting from cyclic voltammetry of the sample addressed in this work.

I (epoxy) II (carbonyl) III (hydroxyl)a IV (adsorbed water)

pGO −0.84 −1.04 −1.27 −1.39
dGO 1.0 −0.83 −1.00 −1.30 −1.39
dGO 12 −0.92 −1.24 —
dy-w 12 −0.94 — —
a sp3-C in the GO basal plane.

figures 6(d) and (e)) the low MW fragments isolated by dia-
lysis are rich in C–OH groups, but these are more compat-
ible to phenol-like moieties confined to the edges of the GO
layers. This finding is coherent with the CV trace reported
in figure 7(d), since phenol C–OH groups are hardly elec-
trochemically reducible, at least within the potential win-
dow explored [59]. Therefore, both XPS and CV techniques
provide an unambiguous interpretation of the structure of the
low MW CNPs: poorly oxidized aromatic C basal planes with
edges particularly rich in phenolic and carboxylic functional
groups (see figure 8 for a pictorial representation). The pres-
ence of OFGs in both GO-based samples and CNPs collected
through dialysis is further supported by FT-IR spectroscopy
(figures S4(a) and (b)), while the presence of graphitic areas

and defects in the GO layers have been confirmed by Raman
spectroscopy (figure S5).

4. Conclusions

To our knowledge, for the first time we have isolated and thor-
oughly characterized zero-dimensional nanoparticles obtained
using a very mild approach for the purification of GO syn-
thesized with the Hummers protocol. The proposed method is
based on dialysis and has the outstanding advantage of avoid-
ing any chemical process possibly affecting the composition of
the GO layers, such as base washing. Consequently, through
a multi-technique characterization approach, including AFM,
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Figure 8. Pictorial representation of the isolation of the different GO components throughout the dialysis process. (Left) The pristine
compound is characterized by the coexistence of large oxidized flakes and small edge-oxidized layers. In the solid pGO, these small layers
are bound to large flakes via intercalated water molecules. (Right) after dialysis, the small layers are separated from the large flakes and in
the solid state they tend to form CNPs, probably via π–π stacking and H–bonds, with lateral dimensions of 2–5 nm.

XPS, cyclic voltammetry and fluorescence spectroscopy, we
have successfully demonstrated that the purified CNPs have
dimensions in the 2–5 nm range and display an intense
excitation-dependent fluorescence. They are constituted by
GO layers, mostly oxidized at the edges with hydroxyl and
carboxyl groups, which are likely stacked due to π–π interac-
tion among their aromatic basal planes and H–bonded via their
oxidized groups. In addition, we have shown that the solid-
state pGO obtained from the Hummers synthesis is a compos-
ite material in which the CNPs are bound to the larger flakes
through the presence of intercalated water molecules.

Purifying GO by dialysis consumes a moderate amount of
water, but is easy and avoids the use of harmful chemicals.
Furthermore, the dialysis procedure can be potentially scaled
up to a medium laboratory scale.

Not only we do propose the dialysis method as an indis-
pensable step towards more controlled and homogeneous GO

samples, but also for the obtainment and potential valoriza-
tion of GO luminescent nanoparticles. Indeed, dialyzed GO
is expected to promote more reproducible functionalization
processes due to a more homogeneous structure and a lower
impact of competitive reactions. Furthermore, the separated
CNPs could be turned into a high value side-product, in applic-
ations such as fluorescent sensing and imaging and sensitizers

for solar cells. At the same time, the results here presented con-
stitute a step forward in the comprehension of the GO structure
at varying dimensions of its constituent layers.
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