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ABSTRACT: Singly and multiply doped graphene oxide quantum dots have
been synthesized by a simple electrochemical method using water as solvent.
The obtained materials have been characterized by photoemission spectros-
copy and scanning tunneling microscopy, in order to get a detailed picture of
their chemical and structural properties. The electrochemical activity toward
the oxygen reduction reaction of the doped graphene oxide quantum dots has
been investigated by cyclic voltammetry and rotating disk electrode
measurements, showing a clear decrease of the overpotential as a function of
the dopant according to the sequence: N ∼ B > B,N. Moreover, assisted by
density functional calculations of the Gibbs free energy associated with every
electron transfer, we demonstrate that the selectivity of the reaction is
controlled by the oxidation states of the dopants: as-prepared graphene oxide
quantum dots follow a two-electron reduction path that leads to the formation
of hydrogen peroxide, whereas after the reduction with NaBH4, the same materials favor a four-electron reduction of oxygen to
water.

KEYWORDS: graphene, graphene oxide quantum dots, doped-quantum dots, multidoping, electrochemical preparation,
oxygen reduction reaction, density functional theory

1. INTRODUCTION

Graphene (G) is the most fundamental archetype of carbon
nanostructures, and it has gained a clear standing among
materials due to its exceptional properties (superb carrier
mobility, good transparency, excellent thermal conductivity,
etc.). Nowadays, the forefront of research has moved from the
study of the basic properties of pure G to the investigation of
chemically modified G (CMG) systems,1 i.e. doped or
functionalized G, and of their composites with other nano-
objects, such as nanoparticles and complex molecules. In
contrast to the chemical inertness of G, CMGs present a
remarkable reactivity, which stems either from defects or from
new chemical functionalities. Among CMGs, G oxide (GO)2

has gained a central role in G technology because it exhibits a
tunable electric conductivity3 and it can be easily obtained by
the oxidation/exfoliation of graphite and processed to obtain
wafer scaled devices.4 Moreover, its solubility in water and facile
functionalization make it a workhorse for wet chemistry
applications.3

Together with GO, N-doped G is the other main player in
the CMG arena. To prepare this material, several preparation
methods were developed:5 e.g., electrochemical reaction with
NH3,

6 exposure to nitrogen plasma,7 chemical vapor deposition
on metals (Cu and Ni) using a mixture of hydrocarbons,
hydrogen, and nitrogen-containing molecules (NH3,

8 pyridine,9

triazine10), pyrolysis of polymers,11 solvothermal synthesis,12

and the chemical reaction between GO and melamine.13 N-
doped G immediately aroused a great deal of attention because,
differently from pure G, it shows promising activity as a metal-
free electrocatalyst in the oxygen reduction reaction
(ORR).5,8,14

Recently, other doped G sheets were prepared by different
routes:15,16

(i) S-doped G by reaction of GO with benzyl disulfide17 or
by thermal exfoliation in sulfur-containing gases18

(ii) B-doped G by arc discharge of graphite electrodes in the
presence of a H2 and B2H6 mixture

19 or by annealing GO
with B2O3

20 or even other methods21,22

(iii) F-doped G by CF4 plasma treatment of pure G23 or by
arc discharge of graphite fluoride24

Lately, most advanced synthetic strategies have focused on
the introduction of a combination of heteroatoms in G, leading
to the preparation of B−N,25−27 S−N,28,29 and P−N14 dually
doped materials. These doped G systems exhibit quite
interesting properties in terms of electroactivity, in particular
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in the case of the ORR,16,26,27 but also for alcohol oxidation and
hydration reactions.30,31

Very recently, amidst CMGs, G quantum dots (GQDs) have
emerged as a new class of materials with outstanding properties.
They can be considered as small G patches, with a thickness of
one or a few layers and with lateral dimensions below 10 nm.
Differently from standard G materials, they are better described
as macromolecules and are typically semiconductive with a clear
separation between the HOMO and LUMO, which is strongly
dependent on the geometrical size. Therefore, they also exhibit
active optical properties such as photo- and electrolumines-
cence and light upconversion, opening the door toward
applications in photonics, optoelectronics, and photocatalysis.32

Moreover, due to their small dimension, GQDs can be easily
interfaced to other nano-objects in order to build more
complex systems. Similarly to other CMGs, GQDs can also be
doped with heteroatoms or functionalized with specific
chemical species. This high versatility in the design of complex
systems and the easy tunability of their physical properties have
generated an immediate interest in the scientific community.
GQDs have quickly found application as nanolights for
bioimaging32,33 and sensitizers for photocatalytic systems,34

and they are envisaged to support a full gamut of practical
applications, ranging from road signs and fluorescent clothing
to biological markers in medical research.35

In a recent paper we have demonstrated that, using a simple
electrochemical (EC) procedure starting from GO electrodes,
GOQD solutions can be easily prepared.36 Here we report a
further development of this method providing a systematic
description of the preparation and characterization of singly (B
and N) and multiply doped (N and B) GOQDs. We studied
their chemical reactivity toward ORR, observing a clear
improvement of the catalytic activity in the presence of the
single dopants, which is further boosted when both B and N are
present. Furthermore, DFT calculations were performed in
order to rationalize and shed new light on the observed
reactivity toward the reduction of oxygen. We found that the
ORR selectivity in GOQDs can be switched quite easily from a
2e− to a 4e− path simply by chemically reducing the doped
materials. The presence of oxygen functional groups therefore
represents a pivotal factor for controlling the chemical
selectivity, which so far has been completely overlooked. This
work therefore provides a basic understanding for a rational
design of ORR electrocatalysts operating at very small
overpotential that can either selectively reduce oxygen to
water or, when oxidized, efficiently produce hydrogen peroxide.

2. EXPERIMENTAL SECTION

Only basic information is reported in the present section. See
the Supporting Information for more details.

The preparation of GO microflakes was performed using the
modified Hummers oxidation reaction.37,38 The character-
ization of the starting GO material was carried out by X-ray
photoemission spectroscopy (XPS), Fourier transform infrared
reflectance absorption spectroscopy (FT-IRAS), UV−vis
absorption spectroscopy, and Raman microscopy (Figure S1,
Supporting Information). The lateral dimensions of the GO
sheets were determined by scanning electron microscopy
(SEM) measurements with the GO sheets deposited by means
of anodic electrophoretic deposition on P:Si (100) wafers.36

The statistical analysis of GO microflake size is characterized by
a wide distribution, which ranges from 1 to 5 μm. The SEM
results obtained on the GO single layers and on the GO thin
films are reported in Figure S2 (Supporting Information).
The EC preparation of GOQDs36,39,40 was carried out at 25

°C in a standard three-electrode EC cell, using a Pt ring as the
counter electrode (CE) and a saturated Ag/AgCl/Cl− electrode
as the reference electrode (RE), cycling the potential between
±3.000 V (−2.803 to +3.197 V vs SHE) at a scan rate of 500
mV/s (see Figure S3, Supporting Information).
The working electrodes (WEs) were built by depositing a

GO thin film (Figure S1, Supporting Information) on a
polished glassy-carbon (GC) substrate. The EC syntheses of
doped GOQDs were carried out by adding to a 0.1 M
phosphate buffer solution (PBS) the molecular precursor
chosen as the dopant source.
The pure and doped GOQDs were then collected after about

2000 potential cycles. Table 1 reports the experimental
conditions for the different syntheses.
More details on the procedures and methods are reported in

the Supporting Information. Thin films of GOQDs drop-cast
on polycrystalline copper foils were used for the SEM and XPS
characterizations. Technical details are provided in the
Supporting Information.
The electrochemical activity measurements toward the ORR

were carried out by cyclic voltammetry (CV) and rotating disk
electrode (RDE) voltammetry. A conventional three-electrode
configuration consisting of a Pt wire as the CE and a saturated
Ag/AgCl/Cl−(sat.) as the RE was used (standard electrode
potential E°Ag/AgCl(sat.) = 0.197 V with respect to the standard
hydrogen electrode, SHE). All potentials reported in this work
are referenced to the SHE.
In order to prepare the catalyst ink, 4 mg of the pure or

doped GOQD was dissolved in 1 mL of doubly distilled water;
after the addition of perfluorinated Nafion alcoholic solution
(5%, Aldrich), the obtained solution was ultrasonicated for 30
min. Then, the WE was prepared by depositing 15 μL of the
ink onto a polished GC disk mounted on a RDE tip (Autolab
RDE-2), which exposed an area of 0.071 cm2 to the electrolyte.

Table 1. Experimental Conditions for the Synthesis of Doped GOQDs

electrolyte dopant moleculea final pHb label

GOQDs PBS 0.1 M (pH 6.86) 6.86 A
B-GOQDs PBS 0.1 M (pH 11.20)c 1,4-phenylenebis(boronic acid) (1) (100 mM) 11.20 B
N-GOQDs PBS 0.1 M (pH 6.86) (a) ethylenediamine (2) (100 mM) 11.30 C

PBS 0.1 M (pH 1.85)d (b) 1,10-phenanthroline (3) (100 mM) 1.85 D
B,N-GOQDs PBS 0.1 M (pH 6.86) ethylenediamine (100 mM) + 1,4-phenylenebis(boronic acid) (100 mM) 11.30 E

aSee Figure 1. The quantity of the dopant added was determined in order to obtain a final dopant volumetric concentration of 100 mM. bThe pH
was measured after the addition of the dopant molecule to the 0.1 M buffer solution. cThe pH was increased by adding a few drops of a 10 M NaOH
solution, in order to solubilize the doping molecules. dThe pH was decreased by adding a few drops of concentrated H3PO4 (85%), in order to
solubilize the 1,10-phenanthroline (by protonation of the pyridine nitrogens).
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Finally, the drop-casted film was dried in air at room
temperature for about 12 h.
All calculations were performed with the GAUSSIAN0941

(G09) package and the B3LYP42,43 functional. Spin polarization
was taken into account in the case of open-shell systems. The
model for pure G QDs is a circumcoronene molecule (C54H18).
The orbitals were described with the Gaussian basis function 6-
311+G* for the inner five C atoms, the B and N atoms, and the
O and H atoms involved in the water formation; the basis
function 6-31G* was used for the rest of the model. All atoms
were allowed to relax during the geometry optimization without
any symmetry constraint.
Vibrational frequencies in the harmonic approximation were

calculated for all optimized structures and used, unscaled, to
compute zero -point energies, enthalpies, and Gibbs free
energies.
The conventional theoretical reference electrode is the

standard hydrogen electrode, SHE.44 At pH 0 and at the
potential U = 0 V vs SHE, the reaction H+ + e− ↔ 1/2H2 is in
equilibrium at 1 bar of H2(g) at 298 K; thus, G(H+ + e−) =
G(1/2H2). The free energy difference of the full ORR with the
present setup is −4.64 eV, which we consider to be in more
than satisfactory agreement with the experimental value of
−4.92 eV. The free energy of OH− is derived as G(OH−) =
G(H2O(l)) − G(H+), where G(H+) is corrected by −kT ln 10
× pH, to account for the pH conditions. However, for a direct
comparison with experiments, the potential U values discussed
later in the text (section 3.4) are referenced to the saturated
Ag/AgCl/Cl−(sat.) reference electrode.
The contribution of bulk solvent (water) effects to the Gibbs

free energy (Gsol) was computed using the polarizable
continuum model (PCM) in the SMD version45,46 imple-
mented in the Gaussian09 package.

3. RESULTS AND DISCUSSION

3.1. Preparation. In this work, in order to avoid
misinterpretation, we will use the following nomenclature:
“graphene oxide quantum dots” (GOQDs) to indicate the as-
prepared, oxidized materials, “reduced GOQDs” (red-GOQDs)

to refer to the chemically reduced materials, and “graphene
QDs” (GQDs) as a general term that can indicate both types,
reduced and oxidized, of quantum dots.
The electrochemical etching of an electrode constituted by G

can produce a solution of highly luminescent GQDs.39,53 A
suitable change of the experimental conditions (i.e., solvent,
supporting electrolyte, etc.) allows the preparation of doped Gs
or GOQDs.47,51 In particular, the use of an aqueous
environment for the synthesis of GOQDs is more economical
and environmentally friendly and poses fewer problems
regarding the purification of the final product.48 To the best
of our knowledge, only the present study (along with the recent
work on B-doped G quantum dots (GQDs) by Fan et al.49)
reports the electrochemical synthesis of doped and codoped
GOQDs by adding a molecular dopant precursor to an aqueous
electrolytic medium. For the synthesis of doped GOQDs (as
described in Table 1 and the Supporting Information), a
dopant molecule (e.g., 1,4-phenylenebis(boronic acid), ethyl-
enediamine, 1,10-phenanthroline) was added to the electrolyte
solution to provide the doping heteroatoms. Similarly, to
prepare codoped systems as B,N-GOQDs, a mixture of dopant
molecules was introduced into the electrochemical cell.
The electrochemically assisted formation of GOQDs involves

the oxidation of the C−C bonds and the intercalation of the
electrolyte ions into the structure of the GO electrode, with the
consequent release in solution of the GOQDs.36,48,50

Since the synthesis occurs under drastic conditions (i.e.,
corresponding to an applied potential when water is dissociated
into molecular oxygen and hydrogen (eqs 1 and 2), a huge
amount of highly reactive radicals is formed, either on the WE
surface (eqs 3−5) or on the dopant molecules within the
electrical double-layer region (Figure 1, step 1), as a result of
their interactions with radicals from the dissociation of
water:49,50

⎯ →⎯⎯⎯ + ↑
− +

−

H O 2H / O2
2e

OX

1
2 2 (1)

⎯ →⎯⎯ · +
− +

−

H O OH H2
e

OX (2)

Figure 1. Pictorial model of the doping mechanism occurring during the synthesis of doped GOQDs, reporting the molecular structures of the
dopant molecules used in this work (1,4-phenylenebis(boronic acid), ethylenediamine, and 1,10-phenanthroline).
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The pivotal role played by radicals is fully supported by
experiments carried out at lower potential, where water is not
dissociated (−0.733 to +1.067 V) and therefore no radical
species are formed (Figure S4 in the Supporting Information).
Actually, under these conditions the GOQDs are not released
in the electrolyte.
The huge amount of radicals within the electrical double

layer can possibly break up the intramolecular bonds in the
dopant molecules, with the formation of several types of
functional groups, as evidenced by XPS measurements (see
section 3.2). These molecular fragments can eventually be
covalently bound to the WE (Figure 1, step 1), where they can
also undergo further reactions.
As is well reported in the literature, during the electro-

chemical cycling (Figure 1, step 2) the formation of linear
chains of epoxy groups and carbonyl pairs51−53 determines the
unzipping of GO through the breaking of C−C bonds, with the
consequent release in solution of doped GOQDs decorated at
the edges by oxygen groups (Figure 1, step 3).36,53 Figure 1
reports a schematization of the overall process, together with a
digital picture of final GOQD solutions obtained from the
electrochemical etching of the GO WE, in the presence of the
different dopant molecules.
3.2. Chemical and Structural Characterization. XPS

measurements were performed to determine the chemical
composition of the doped GOQDs. The XPS survey spectra
reported in Figure S5 (Supporting Information) show a
predominant graphite C 1s photoemission line at a binding
energy (BE) of 284.6 eV and an O 1s photoemission peak
centered at 531.6 eV. The C/O atomic ratios are almost
equivalent, with slight differences, for all doped GOQDs, and
they are equal to 4.3. The pure GOQDs show a slightly lower
C/O atomic ratio, which is equal to 3.8. Figure S5 (Supporting
Information) shows the presence of B and N 1s photoemission
lines in the survey spectra of B- and N-doped GOQDs
(hereafter B- and N-GOQDs), respectively. On the other hand,
both B and N 1s peaks are visible in the survey spectrum of
B,N-co-doped GOQDs (hereafter B,N-GOQDs). These find-
ings confirm the successful introduction of heteroatoms into
the GOQDs by electrochemical etching of the GO WE in the
dopant-containing electrolyte. Table 2 reports the elemental
compositions (atom %) for all of the prepared systems, which
are similar in terms of dopant concentration to those already
reported in the literature for analogous materials.54a,b,55

In order to have a better understanding of the different
chemical species introduced by the doping, the photoemission

spectra of carbon and dopants were separated into single
chemically shifted components, as reported in Figure 2.
The multipeak analysis of the C 1s photoemission line of

pure GOQDs (Figure 2a) indicates the presence of a graphite
sp2 core (284.6 eV), whose edges are decorated by several
oxygen functional groups, such as C−O (286.4 eV), CO
(288.1 eV), and O−CO (289.2 eV).53,56

In the case of B-GOQDs, the B 1s fit reveals (see Figure 2b)
the presence of three different B-based chemical defects. The
first component (1), centered at 189.6 eV, is related to B
substituting C in the sp2 network.19,49 This component has its
direct counterpart in the C 1s fit reported in Figure 2a (the
component associated with B−C(sp2) bonds is localized at
283.5 eV).19,26,49,77 The other two B 1s components are related
to B−O bonds (Figure 2b: namely, G-BO (2; 190.6 eV) and G-
BO2 (3; 192.0 eV).19,49,77,78 The presence of these oxidized
groups is connected to the interaction between the dopant
molecule (or, as discussed above, its unstable molecular
fragments) and the oxygen functional groups that decorate
the GO surface30 or that are introduced by the oxidation of
water during the anodic sweep up to +3.0 V.36 The present
method allows the introduction of a high percentage of
substitutional B atoms in the graphite core of the GOQDs
(whose component counts for 27% of the total B 1s
photoemission area). With regard to the N-GOQDs, from a
comparison between the C 1s spectrum of pure and N-doped
GOQDs (Figure 2a), a component connected to C−N groups
can be identified at 285.8 eV.40,57 The multicomponent fit of
the N 1s photoemission line, reported in Figure 2c, shows four
different chemical components centered at BE values of 398.6,
399.9, 401.1, and 402.4 eV, which correspond to pyridine (1),
pyrrole (2), graphite (3), and pyridine oxide groups (4),
respectively.58−61

The main component of the N 1s photoemission line in the
case of the synthesis with ethylenediamine (in parentheses data
for 1,10-phenanthroline) is constituted by the pyrrolic N group
(2), which counts for 41% (48%) of the total N 1s
photoemission area; for both doping sources, pyridine (1)
and graphite N (3) species are equivalently present in the N 1s
spectrum, accounting for 25% (24%) and 27% (20%),
respectively. Only 10% (5%) of the total N is present as an
oxidized species, in which N is directly bonded to an O atom
(4).
Interestingly, the use of a primary alkyl amine (ethylenedi-

amine) or of an aromatic π-conjugated amine (1,10-
phenanthroline) does not strongly influence the chemical
state of nitrogen atoms transferred to the GOQDs.
This result is in agreement with the mechanism proposed for

the preparation of doped GOQDs, which is mainly mediated by
highly reactive radicals. This implies that the obtained doped
GOQDs do not keep “chemical memory” of the particular
structure of the parent dopant, and the number and the type of
the functional groups introduced during the EC synthesis in the
GOQDs depend only on the formation kinetics of the dopant
radicals.
Since synergetic effects between different heteroatoms

present in the graphite networks can promote an enhanced
catalytic activity in several electrochemical reactions (and, in
particular, in the ORR),26,28,54,62 we employed a combination of
ethylenediamine/phenyldiboronic acid in order to prepare B,N-
GOQDs. The C 1s multicomponent fit (reported in Figure 2a)
shows the presence of both C−N and B−C(sp2) bonds (whose
components are centered at 285.7 and 283.6 eV, respectively).

Table 2. Elemental Composition (Calculated from XPS
Quantitative Analysis) for the Doped and Codoped Systems
Studied in This Work

B (atom %) N (atom %)

B-GOQDs 5.3
N-GOQDs 5.1
B,N-GOQDs 5.2 4.7
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Similarly, the B 1s photoemission spectrum reported in Figure
2b shows the presence of the B−C(sp2) bond component (1)
centered at 189.6 eV.19,26,49,77 The B,N codoping affects the
relative amount of the B−C(sp2) bond, which changes from
27% in the case of B-GOQDs to about 38% in the case of B,N-
GOQDs. With regard to the second component, centered at
190.6 eV (2), the small difference in the electronegativity
between N and O (0.4) does not allow discriminating between
the G-BO and the G-BN groups. Then, this component has to
be identified as the envelope of the two single G-BO and G-BN
components. This observation will be further supported by the
photoemission data in section 3.3.2. The new peak, centered at
191.1 eV (3), is assigned to G-BNO groups: that is, boron
atoms bonded to both nitrogen and oxygen.78 This observation
is also highlighted by the difference spectra reported in Figure
S6 (Supporting Information), for the B and N 1s photo-
emission peaks. This directly proves that the codoping is not
the simple sum of the two heteroatoms but involves a direct
interaction between the two distinct dopants.54,62 Figure 2b and
Figure S6 show that the intensity of the B 1s photoemission
peak in the case of the B,N-GOQDs is stronger at high BE with
respect to the B-doped system. Similarly, an opposite
phenomenon is observed in the N 1s photoemission peak, in
which a clear shift toward low BEs takes place as a result of the

B−N bond formation. This can be explained by the large
difference in the electronegativity of B and N (i.e., 1.0), which
implies that the generation of direct B−N bonds causes an
upshift of the B 1s peak (Figure S6a) and the concomitant
downshift of the N 1s peak (Figure S6b), with respect to the
signals of the singly doped systems.
The chemical state of N in B,N-GOQDs is elucidated by the

identification of the chemically shifted components in the
photoemission spectrum, as reported in Figure 2c. The
formation of C−BN groups, observed in the B 1s data, is
confirmed by the presence of a highly intense C−BN
component in the N 1s spectrum, centered at 397.5 eV,62,63

which represents 31% of the whole peak area. By making
reference to the discussion reported above on N-GOQDs, we
can also identify other four different chemically shifted
components centered at 398.6, 400.0, 401.1, and 402.4 eV,
which correspond to pyridine (1), pyrrole (2), graphite (3),
and pyridine oxide groups (4), respectively. It is noteworthy
that the B,N codoping seems to trigger a higher selectivity for
the formation of pyridine groups (1) in the B,N-GOQDs, in
comparison to the N-GOQDs. In fact, the pyridine component
passes from 25% (in the case of N-GOQDs) to 39% (in the
case of B,N-GOQDs). This could have important consequences
in the catalytic properties of this material, since the carbon

Figure 2. (a) Multicomponent fits of the C 1s XPS peaks for pure and B-, N-, and B,N-doped GOQDs. (b, c) Relative dopant photoemission line fits
for B 1s and N 1s, respectively.

Figure 3. STM topographies (10 × 10 nm) of pure (a) and doped (b−d) GOQDs at the HOPG/air interface: (a) GOQDs (E = 0.08 V, I = 100
pA); (b) B-GOQDs (E = 0.15 V, I = 150 pA); (c) N-GOQDs (E = 0.15 V, I = 100 pA); (d) B,N-GOQDs (E = 0.10 V, I = 250 pA). The scale bar is
2 nm.
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atoms close to pyridine groups are considered to be the active
sites for the ORR,64 especially under alkaline conditions.54,65 At
the same time, we observe a depletion of the content of pyrrole
groups (2), (which passes from 41% in the case of N-GOQDs
to 19% in the case of B,N-GOQDs) and in the content of N-
graphite defects (3) (reduced from a value of 24% in the case of
N-GOQDs to 9% in the case of B,N-GOQDs). Finally, the B,N
codoping can efficiently reduce the amount of oxidized N
groups (4), which decreases from 10% to 2% of the total peak
area, with respect to the singly doped N-GOQDs.
STM measurements on diluted drop-casted solutions of

GOQDs provide direct evidence of the presence of nano-
fragmented GO. After the evaporation of the solvent, GOQDs
can be adsorbed in a flatly lying geometry on a HOPG
substrate, mainly due to π−π interactions.66 As experimentally
observed, the surface diffusion of single GOQD units is
relatively easy at room temperature, probably because the
irregular structure of the GOQD edges weakens an effective
interaction with the substrate. For this reason, mild tunneling
conditions were used to limit unwanted tip-induced diffusion.
Generally, no lateral order is detected and single randomly
scattered GOQDs are found. High-resolution topographies
(Figure 3) indicate that the pure GOQDs display a quasi-
circular shape (Figure 3a), whereas the B- and N-GOQDs
(Figure 3b,c) show straight edges resembling triangular shapes.
Straight and round mixed edges instead are visible on B,N-
GOQDs (Figure 3d). These features are attributed to the
exposure of specific graphite crystal faces67,68 as a consequence
of the unzipping reactions that originated the nanofragments.

All of the observed pure, doped, and codoped GOQDs fall into
a 1 nm sharp size dispersion centered at 2 nm, with heights in
the 0.4−0.6 nm range, confirming that the prepared GOQDs
have a thickness of a single layer.69 The STM contrast is
substantially unaffected by variations in sign or magnitude of
the applied voltage, and no atomic resolution could be achieved
on the GOQDs. This is due to the close proximity of the edges
and to the presence of different types of defects, which scatter
the electron wave functions.67,70a,b This phenomenon may be
also the reason for the experimental observation of the
invariance of the STM contrast with respect to the applied
voltage. To our knowledge, so far there have been no reports of
direct visualization of defects (or dopant) on GQDs or on
GOQDs by either STM or TEM, because of the intrinsic high
complexity and defectivity of these materials. This is at variance
with the investigation on large (100 nm width) doped G sheets
obtained by chemical vapor deposition, where advanced
microscopic investigations provided a direct visualization of
dopant atoms and defects.71a,b,72,73

3.3. Oxygen Reduction Reaction Catalytic Activity of
Pure and Doped GOQDs. Apart from their unique
photophysical properties (which will be addressed in another
work), doped GOQDs are also expected to possess electro-
catalytic activity toward the ORR, as widely reported in the
literature. In particular, B-,54,92 N-,47,59,60,74,75,92 and S-
doped17,54,76,92 and B,N-codoped14,25−27,77−79 G-based materi-
als have shown high activities toward the reduction of oxygen,
but these studies have been focused on 3D materials.40,47,74,80

According to the best of our knowledge, only the work of Li et

Figure 4. Possible ORR pathways in alkaline medium: (a) 2e− pathway; (b,c) 4e− reactions. Asterisks indicate the adsorbed species.

Figure 5. CVs of pure GOQDs (a) and B- (c), N- (e), and B,N-GOQDs (g) in O2-saturated 0.1 M KOH solution, at different potential scan rates
(10 (red curve), 20, 50, and 100 mV/s) and the corresponding CVs (b, d, f, h; scan rate 50 mV/s) acquired in Ar-saturated (thick curves) and O2-
saturated 0.1 M KOH solutions.
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al.81 reports the study of the catalytic properties of genuine
GQDs per se, considered as distinct molecular units. Therefore,
a study of the catalytic performances of the pure and doped
GOQDs is still missing in the literature.
The reduction of oxygen catalyzed by graphite and G-based

materials in alkaline electrolytes follows the reaction mecha-
nism proposed by Strelko et al.,82,83,92 reported schematically in
Figure 4.
As is well-known in the literature,65,83,92 ORR can occur, in

accord with the scheme reported in Figure 4, either by a two-
electron reaction (2e−, Figure 4a), with the formation of an
OOH− intermediate, or by a more efficient direct four-electron
mechanism (4e−, Figure 4b,c).
Since the rate-determining step is represented by the

desorption rate of OOH* or OH* species (which characterizes
the selectivity of the catalytic material toward the 2e− or 4e−

pathway, respectively),83 it is clear that the increase in the
kinetics of this electronic transfer plays a fundamental role in
the catalytic performances toward the ORR.
To investigate the catalytic properties of our doped GOQDs,

100 nm films were drop-casted from concentrated aqueous
solutions onto clean glassy carbon (GC), using Nafion84 as the
binder polymer to enhance both the mechanical stability and
proton and OH− permeability of the material.84 SEM
micrographs of the prepared films are reported in Figure S7
(Supporting Information).
Following this procedure, it was possible to investigate the

real electrochemical response of the doped GOQDs without
performing any further preparation, different from what has
been currently reported in the literature,40,47 which may change
the chemical nature or the molecular structure of the quantum
dots themselves.
Figure 5 reports the polarization curves for the O2 reduction

on pure GOQDs (a) and B- (b), N- (c), and B,N-GOQDs (d),
acquired in O2-saturated KOH 0.1 M solution. Every system
shows a well-defined cathodic feature for the irreversible
reduction of O2. As reported in Table 3, the doped systems
display a positive shift of the onset potential with respect to
pure GOQDs, indicating that the introduction of the
heteroatoms promotes the catalytic activity for ORR as already
reported in the literature.40,47,54,58,60,74

In the case of boron doping, the presence of substitutional
atoms has a dual effect: on the one hand, since the
electronegativity in boron is lower than that in carbon, the
positively polarized boron atoms in the graphite lattice attract
the nucleophilic oxygen molecules leading to efficient
chemisorption; on the other hand, boron sites can also act as
electron shuttles for the electron density of the graphite π-

electron system going through the pz orbital of boron to the
chemisorbed O2 molecule.

85,86 With regard to the N-GOQDs,
although it is well-established that the introduction of N doping
can boost the ORR catalytic activity of carbon-based
materials,40,47,59,61,74,75,81,87,92 the identity and the exact role
of the electrocatalytically active centers are still a topic of
debate. Recent works by Lai et al.60 and Xing et al.64 suggest
that the carbon atom next to a pyridine nitrogen is involved in
the reaction with oxygen, favoring its adsorption and further
reaction. More generally, it is commonly accepted60,88,89 that
N-based defects in G increase the density of π states near the
Fermi level with the consequent reduction of the work
function. The relatively high electron-withdrawing power of
N atoms reduces the electron density on the adjacent C nuclei,
with a net charge transfer from C to N. Furthermore, N atoms
can back-donate electrons to the adjacent C pz orbitals involved
in the π-conjugated system. The donation and back-donation
processes facilitate the O2 adsorption on the C atoms nearest to
the N atom, and then the subsequent dissociation is in accord
with the scheme reported in Figure 4. This determines a faster
kinetics in the reduction of oxygen and then a lower
overpotential needed for the reaction. To conclude, the loss
of the electroneutrality of graphite materials to create charged
sites favorable for O2 adsorption seems to be a key factor for
enhancing ORR activity,90 regardless of whether the dopants
are B or N atoms.60,61,92

Concerning the codoped GOQDs, they are characterized by
the highest activity for the reduction of oxygen (i.e., lowest
overpotential), in comparison to the performances shown by
the other materials.26,62

The origin of this behavior is quite difficult to trace; however,
the photoemission data clearly indicate that the presence of
nitrogen determines a shift toward higher BE in the centroid of
the photoemission peak of boron, which indicates an average
higher positive charge on boron sites, which therefore can be
more efficient in the adsorption of oxygen. Moreover, in B,N-
GOQD materials there is an increase in the pyridine
component, apparently stabilized by the presence of boron,
supporting the idea that these sites are indeed the most active
players involved in the ORR.

3.3.1. ORR Mechanism for Pure and Doped GOQDs. In
order to obtain the number of the exchanged electrons and, in
this way, to clarify the mechanism of the reduction of oxygen
on the doped GOQDs, we carried out rotating disk electrode
(RDE) measurements.
Linear sweep voltammetry (LSV) curves of the ORR on the

studied systems are reported in Figure 6 for different electrode
rotation speeds. The measured current densities show a typical

Table 3. Potential Onsets (Derived by the Tangent Method), Peak Potentials, and Numbers of Electrons Exchanged during the
Reduction of Oxygen (at Different Potential Values) for the As-Prepared Systems and after Chemical Reduction

na

onseta (V) Ep
a (V) E = −0.103 E = −0.203 E = −0.303 E = −0.403 E = −0.503 E = −0.703 E = −0.903 E = −1.103

GOQDs −0.114 −0.300 2.21 2.23 2.24 2.23 2.22
B-GOQDs 0.003 −0.259 2.31 2.35 2.28 2.26 2.30
N-GOQDs 0.000 −0.246 2.28 2.27 2.24 2.23
B,N-GOQDs 0.035 −0.177 2.50 2.49 2.48 2.62

red-B-GOQDs 0.025 −0.165 3.47 3.61 3.69 3.82
red-N-GOQDs 0.015 −0.157 2.86 3.36 3.42 3.78
red-B,N-GOQDs 0.058 −0.119 3.87 3.91 3.92 3.94

aAll of the potentials are vs SHE. The values are calculated for a potential scan rate of 10 mV/s.
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increase as the electrode rotation rate increases, due to the
enhanced diffusion of electrolytes.91,92 The transferred electron
number per O2 molecule involved in the ORR process and,
therefore, the predominant reaction pathway were determined
using the Koutecky−Levich formalism (details are provided in
the Supporting Information). The parallel and straight fitting
lines, reported in Figure 6 for each system and for different
potential values across the LSV, imply a first-order reaction
with respect to dissolved oxygen.92 Interestingly, the n values
for pure GOQDs and B-, N-, and B,N-GOQDs are close to 2,
as reported in Table 3, with just minor changes as a function of
the potential. Apparently, the production of peroxide-based
intermediates (as described by the 2e− mechanism reported in
Figure 4) is in contradiction with the commonly accepted 4e−

pathway for the reduction of oxygen on doped G and GO
QDs.15,47,54,60,61,74 However, in the cited literature papers, the
G-based QDs were employed merely as a “dopant source” for
3D-structured materials.40,47 On the other hand, the size of the
sp2 lattice influences the ORR behavior.92 It has been reported
in fact that the reduction in the lateral size of N-doped G QDs,
up to the nanometer scale, leads to a significant enhancement
in the hydrogen peroxide production, even in alkaline
electrolytes.81

Moreover, not only the size but also the chemical
composition of the as-prepared pure and doped GOQDs
strongly influences the selectivity toward the reduction of
oxygen. As has been well studied in the literature, the presence
of oxygen functional groups decorating the graphite nano-
platelets influences the catalytic activity and, in particular, the
O2 reduction pathway: oxygen moieties such as quinones,
anthraquinones, and hydroquinones on graphite-based material
(highly oriented pyrolytic graphite (HOPG) and glassy carbon
(GC)) leads to a 2e− reaction pathway, with the consequent
production of hydrogen peroxide.93a−h In contrast, chemically
modified graphite materials with low concentrations of oxygen
groups such as N-doped HOPG show a selective pathway
reduction of oxygen to water.87,94

Thence, our results are in line with these previous data,
showing that the introduction of dopant atoms (N or B)
positively enhances the catalytic activity of the GOQDs. The
high selectivity of the as-prepared pure or doped GOQDs
toward the two-electron reaction path suggests their application
as nanocatalysts for the selective production of H2O2 to be used
in water remediation or organic microflow synthesis.

3.3.2. Role of the Oxygen Functional Groups in the ORR
Mechanism. Chemical Reduction of Doped GOQDs. In order
to point out the role played by the oxygen functional groups,
decorating the edges of the doped GOQDs, on the activity and
selectivity toward the ORR, we have performed a mild chemical
reduction with NaBH4 (for 12 h at room temperature; see the
Supporting Information for details). Figure 7 reports the
multipeak analysis of C 1s and of the dopant core level
photoemission lines for B- and N-GOQDs after the chemical
reduction (hereafter red-B-GOQDs and red-N-GOQDs,
respectively).
In both cases, the chemical reduction treatment determines

an important decrease of the oxidized species, such as G-BO2
and N−O groups present in the B- and N-GOQDs,
respectively. Thus, after the chemical reduction the doped
GOQDs are characterized by a C sp2 core with the presence of
several dopant species (as discussed above), but with a very
limited oxygen content: the C/O ratio passes from 4.3 for the
as-prepared systems to about 10.6 in the case of the chemically
reduced B-, N-, and B,N-GOQDs.
As shown in Figure 8, the removal of the oxygen functional

groups on both systems goes together with an increase in the
activity with respect to the as-prepared systems. In particular, in
the case of B-GOQDs, the onset potential increases by 22 mV
after the chemical reduction. Similarly, the peak potential
undergoes a shift toward less cathodic potential, with a net
overpotential gain of 94 mV after the NaBH4 treatment (see
Table 3).
The beneficial effect of the chemical reduction on the

reactivity is also observed in the case of N doping. Figure 8
shows an oxygen reduction peak centered at −0.157 V in the

Figure 6. RDE linear sweeps for pure GOQDs (a) and B- (b), N- (c), and B,N-GOQDs (d) acquired in O2-saturated 0.1 M KOH solution, for
different WE rotation rates ranging from 500 to 2500 rpm (the red lines are the polarization curves acquired without rotation) and (e−h)
corresponding Koutecky−Levich plots for pure GOQDs (e) and B- (f), N- (g), and B,N-GOQDs (h), for different potentials derived from the RDE
measurements (dots, −0.303 V; squares, −0.503 V; triangles, −0.703 V; stars, −0.903 V; circles, −1.103 V).

ACS Catalysis Research Article

dx.doi.org/10.1021/cs501211h | ACS Catal. 2015, 5, 129−144136

http://pubs.acs.org/doi/suppl/10.1021/cs501211h/suppl_file/cs501211h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501211h/suppl_file/cs501211h_si_001.pdf


case of red-N-GOQDs, which is shifted upward by 89 mV with
respect to the value observed on pristine N-GOQDs. Then, we
can conclude that the removal of oxygen functional groups
from the doped GOQDs represents a facile way to boost the
catalytic activity of these systems: both B- and N-GOQDs
exhibit an overpotential decrease of about 90 mV after the
chemical reduction with NaBH4.
Interestingly, the presence of oxygen groups influences not

only the activity but also the selectivity of these materials

toward the two different paths followed by the ORR. Parts c
and f of Figure 8 show that the number of exchanged electrons
after the chemical reduction of B- and N-GOQDs is close to 4
for both systems. Since n was close to 2 for the as-prepared
doped GOQDs, this confirms that the type of mechanism and
therefore the selectivity of the ORR is driven by the
presence93f,g or absence of the oxygen functional groups that
decorate the doped GOQDs.

Figure 7. XPS analysis and relative fits of the C 1s (a, b) and B and N 1s (c, d) photoemission peaks for the red-B- and red-N-GOQDs, respectively.

Figure 8. Catalytic tests for red-B- (a−c) and red-N-GOQDs (d−f); (a, d) CVs in O2-saturated 0.1 M KOH solution, at different potential scan rates
(10 (red curves), 20, 50, and 100 mV/s) and background polarization curves recorded in Ar-saturated 0.1 M KOH (at 50 mV/s, thick dark curves);
(b, e) RDE linear sweeps acquired in O2-saturated 0.1 M KOH solution, at a WE rotation rate ranging between 500 and 2500 rpm (the red lines are
the polarization curves acquired without rotation); (c, f) Koutecky−Levich plots for different potentials derived from the RDE measurements (dots,
−0.103 V; squares, −0.203 V; triangles, −0.303 V; stars, −0.403 V; circles, −0.503 V).
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This will be further discussed in the next section, where a
theoretical modeling by DFT calculations is presented. In light
of these findings, we have investigated the reduction effect with
NaBH4 on the doubly doped GOQDs, which are the most
active and promising materials,15,54,92 by a similar 4e−

mechanism by eliminating the oxygen species by reduction
with NaBH4. Parts a−c of Figure 9 report the C, B, and N 1s
photoemission lines, separated into chemically shifted

components, for the B,N-GOQDs after the reduction
procedure (hereafter red-B,N-GOQDs). The reduction treat-
ment leaves substantially unchanged the chemical nature of the
B,N-GOQDs, with the only exception of the oxidized
components, which show a drastic decrease as a consequence
of the reduction treatment.
Interestingly, the component labeled as 2 in Figure 9b

exhibits an important intensity increase after the chemical

Figure 9. XPS analysis and catalytic tests for red-B,N-GOQDs: (a−c) multicomponent fits on B, C, and N 1s photoemission lines; (d) CVs in O2-
saturated 0.1 M KOH solution at different scan rates (10, (red curve) 20, 50, and 100 mV/s) and acquired in Ar-saturated 0.1 M KOH solution at 50
mV/s (background measurement, thick dark yellow curve); (e) RDE linear sweeps acquired in O2-saturated 0.1 M KOH solution, at a WE rotation
rate ranging between 500 and 2500 rpm (the red line is the polarization curve acquired without rotation); (f) Koutecky−Levich plots for different
potentials derived from the RDE measurements (dots, −0.303 V; squares, −0.503 V; triangles, −0.703 V; stars, −0.903 V).

Figure 10. Polarization curves for the as-prepared (a) and for the chemically reduced systems (b), obtained in O2-saturated KOH 0.1 M solution, at
a scan rate of 10 mV/s. The headers report the C/O ratios for the different systems, before and after the chemical reduction.
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reduction treatment, whereas the oxidized G-BNO component
(3) decreases. This can be explained by assuming that the G-
BN groups are generated by the reduction of their relative
oxidized precursor (that is, the G-BNO species) and noting that
the B 1s BE is centered at 190.6 eV (overlapping in this way
with the G-BO component, as already mentioned above in
section 3.2). It is very important to note that the fully oxidized
G-BO2 component (4) practically disappears after the NaBH4
treatment. The relative overall decrease of the oxidized species
clearly improves the catalytic activity of the material. This will
be further discussed in the next section of the theoretical
modeling.
As shown in Figure 9d, the onset of the oxygen reduction

peak is at −0.058 V, with a positive shift of 23 mV (with respect
to the onset that characterizes the O2 reduction peak of the
B,N-GOQDs). The Koutecky−Levich linear fittings (Figure 9f)
obtained from the RDE measurements at different rotation
rates (Figure 9e) provide an average n value, over the potential
range from −0.303 V to −0.903 V (see Table 3), of 3.71. This
is in line with the results discussed above regarding the single
B- and N-doping.
Figure 10 reports the polarization curves obtained for the

different studied systems under quasi-steady-state conditions
(scan rate 10 mV/s). For both the as-prepared and chemically
reduced systems, the catalytic activity (as determined by the
onset potential) follows the trend GOQDs < N-GOQDs ≅ B-
GOQDs < B,N-GOQDs, highlighting the synergic effect of the
concomitant boron and nitrogen doping of the graphite
lattice.27,62 Moreover, Figure 10 shows that the increase in
the catalytic activity triggered by the chemical reduction process
is accompanied by a general increase in the current densities.
The slightly higher activity of B-doped materials with respect to
those characterized by N-doping is in line with some other
recent comparative works83,95 and with some recent theoretical
investigations.96 We mention, however, that the peak potential
of N-doped materials is better (i.e., lower in absolute value)
with respect to B-doped systems. Actually some papers reports
that N-doped G performs better than B-doped G.16,97 These
conflicting results can probably be connected to the different
preparation methods used in the different works, which lead to
materials with different chemical identities and therefore varied
reactivities.
3.4. Theoretical Modeling.We have designed a number of

local models for the ORR active sites for both oxidized and
reduced doped and codoped GQDs, on the basis of the
characterization data presented in section 3.2. They are based
on a circumcoronene molecule where oxygen, boron, and
nitrogen atoms are introduced to mimic locally the active sites.
The size and the dopant concentration are close to the
experimental values: 1.2 nm vs 1.5 nm and 2 atom % vs 4−5
atom %, respectively. The most relevant models, which will be
discussed in the following, are presented by their atomic
spheres representations in Figure 11. We consider the following
three categories of doped species.
(a) Oxidized: for the B-doped systems, we propose a model

with a dioxygenated boron (−BO2) at the edge of the
circumcoronene (BedgeO2G), whereas for the B,N-codoped
systems, we propose an analogous model with a next-neighbor
edge pyridine N (BedgeO2GNedge).
(b) Partially reduced: for the B-doped systems, we propose a

model with an oxygenated boron (−BO) at the edge of the
circumcoronene (BedgeOG), whereas for the B,N-codoped

systems, we propose a singly oxygenated species with bonded
B−N atoms (OBedgeNedgeG).
(c) Fully reduced: for the B-doped systems, we propose a

model with a three-coordinated boron (B−C(sp2)) in the
central hexagon of the circumcoronene (BbulkG), whereas for
the B,N-codoped systems, we propose an analogous model with
an additional pyridine N at the edge of the circumcoronene
model27 (BbulkGNedge).
The fully reduced B-doped system (BbulkG) has been the

object of a previous very detailed study, which we refer to for
further details in the methodology and approach.98

As a next step, for each of these model species of GQDs, we
have determined the reaction intermediates and products of the
ORR in alkaline solution, according to the associative reaction
path (asterisks denote active surface sites) for the full 4e−

process (see also Figure 4):

+ * → *O (g) O2 2 (6)

* + + → * +− −O H O e OOH OH2 2 (7)

* + + → * +− − −OOH OH e O 2OH (8)

* + + + → * +− − −O H O 2OH e OH 3OH2 (9)

* + + → * +− − −OH 3OH e 4OH (10)

This was shown to be favored with respect to the dissociative
path in our previous work,95 as a consequence of the highly
demanding steps for the O−O bond dissociation.
The first step of the reaction is the chemical adsorption of

the O2 molecule, which is not observed on undoped reduced
QDs (pure circumcoronene). For all of the doped models
presented above, the O2 molecule preferentially adsorbs on the
positively charged B atom (established by computing NBO
charges).

Figure 11. Atomic spheres representation of oxidized, and partially
and fully reduced B- and B,N-GOQD models considered in this work.
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In Figure 12 we show all the intermediates for the B,N-
codoped circumcoronene models in terms of their atomic-

spheres representation. The corresponding structures for the B-
GQDs are not shown, since they are essentially analogous.
These representations clearly highlight that the chemisorption
of oxygen-containing species (O2, OOH, O, OH) causes some
structural distortion of the systems with the B atom coming out
of the graphite plane. The most distorted species is *O on the
red-B,N-GOQDs (BbulkGNedge). It is interesting to note that the
−BO2 and −OBN fragments (BedgeO2GNedge and
OBedgeNedgeG) are quite capable of binding a third or second
O atom, since the B atom is a highly positive and, thus, acidic
site. It is evident that the chemical natures of the intermediates
(*O2, *OOH, *O, and *OH) for the oxidized and reduced
QDs are very different. This is expected to have a strong effect
on their relative stability with respect to reactants and products
of the ORR.
In order to analyze this aspect in further detail, we have

resorted to the methodology developed by Nørskov and co-
workers44 for the ORR electrocatalysis by metal surfaces. This
approach is based on the construction of free energy diagrams
of reactants, intermediates, and products along the ORR
reaction path, setting the free energy reference level at the value
of the reaction products (* + 4OH−, for the 4e− path under
alkaline conditions). Additionally, within this methodology it is
possible to consider the effect of an applied external bias U by
shifting the free energy of each reduction step by −eU, where U
is the electrode potential and e is the elementary charge. The
value of U = −0.303 V (vs SHE) was chosen to resemble one of
the investigated experimental potentials, as reported in Table 3,
so that a direct link between the theoretical outcomes and the
experimental observations exists. By applying this bias and the
correction for a pH value of 13 (see the computational details
in section 2), we obtain the diagrams in Figure 13. We first
focus our attention on the 4e− path, diagrams for which are

reported on the left side of each panel (black line). At first
glance it is evident that the reaction energy profile for the
oxidized species, of both B (a) and B,N-GOQDs (b), is very
different from the corresponding red-B- and red-BN-GOQDs
(left side of panels (c)−(f)). Note that the degree of reduction
has a very small influence on the profile of the 4e− path; thus,
the left panels of (c) and (d) are very similar to the
corresponding left panels of (e) and (f). For all reduced
species we observe a downhill profile along the four reduction
steps with a very large free energy gain (highlighted by blue
arrows) associated with the second step, which reduces *OOH
to *O, through the release of OH− in solution. Differently, for
the oxidized species of both B- and B,N-GOQD models, the
free energy profiles of the 4e− path are not a cascade, since the
last reduction step, involving the release of the last OH−, is an
uphill process (see blue arrows in left panels (a) and (b)). This
is the major and critical difference between oxidized and
reduced models.
Then, we analyze the 2e− path, which consists of the

following steps (see also Figure 4):

+ * → *O (g) O2 2 (11)

* + + → * + +− − −O H O e OOH OH OH2 2 (12)

* + + → * + +− − − −OOH OH e OOH OH (13)

The oxygen adsorption (eq 11) and the first reduction step (eq
12), forming *OOH, are the same as for the 4e− path (eqs 6
and 7). On the other hand, the second reduction step (eq 13)
along the 2e− path leads to the release of a hydroperoxide
species (OOH−) in solution and can be competitive with eq 8
of the 4e− path, where the O−O bond in *OOH is broken,
releasing OH− in solution and leaving *O on the surface.
The free energy diagrams of the 2e− paths are reported on

the right side of each panel in Figure 13 (red line). In the case
of the fully reduced species (panels (e) and (f)), the two
reduction steps are characterized by a downhill profile.
However, the energy gain for the second reduction step,
releasing OOH− species in solution, is definitely much smaller
than the second reduction step for the corresponding 4e− path.
For this reason we can safely conclude that, in the case of fully
reduced species, the 4e− path is favored with respect to the 2e−

path, in line with the experimental findings reported in the
previous paragraph. Differently, in the case of oxidized species
(panels (a) and (b)), the last reduction steps for both the 2e−

and 4e− pathways are uphill, by about the same amount of free
energy; therefore, we expect that in this case the 2e− path
becomes competitive with the 4e− path, again in line with what
is observed experimentally and discussed in previous para-
graphs.
The free energy diagrams of the 2e− paths are reported on

the right side of each panel (red line). In the case of the fully
reduced species (Figure 13, panels (e) and (f)), the two
reduction steps are characterized by a downhill profile.
However, the energy gain for the second reduction step,
releasing OOH− species in solution, is definitely much smaller
than the second reduction step for the corresponding 4e− path.
For this reason we can safely conclude that, in the case of fully
reduced species, the 4e− path is favored with respect to the 2e−

path, in line with the experimental findings reported in the
previous paragraph. The partially reduced species (panels (c)
and (d)) in most respects are analogous to the fully reduced
species, with the exception of a small barrier for the first

Figure 12. Atomic spheres representation of the ORR intermediates
(top and side views) for the oxidized and partially and fully reduced
B,N-GQD models along the associative reaction path. Asterisks denote
the surface active sites. For the color assignment of the spheres to
atomic species refer to Figure 11.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs501211h | ACS Catal. 2015, 5, 129−144140



reduction step by the B,N-codoped species, as a consequence of
a relative stabilization of the *OO intermediate, which,
however, does not alter the 4e−/2e− selectivity. Differently, in
the case of oxidized species (panels (a) and (b)), the last
reduction steps for both the 2e− and 4e− pathways are uphill,
by about the same amount of free energy; therefore, we expect
that in this case the 2e− path becomes competitive with the 4e−

path, again in line with the experimental findings discussed in
the previous paragraphs. Thus, we may conclude, from the
analysis presented above, that the role of dopants in the GQDs
is more effective under reducing conditions, since they push the
selectivity toward the 4e− path (full ORR) with downhill free
energy profiles, at experimental external applied potentials (i.e.,
−0.303 V vs SHE).

4. CONCLUSION

We have reported a systematic study on the preparation and
electrochemical characterization of singly and doubly doped
GOQDs, together with the DFT investigation of a set of
models consistent with the photoemission analysis.
From a methodological point of view, the use of GOQDs

allowed us to investigate for the first time the most fundamental
defects of G materials: functionalized edges.
We demonstrated that oxidized GOQDs are quite efficient

for the selective production of H2O2 through a bielectronic

reduction of O2. The introduction of dopants can boost the
ORR: in particular, the B−N codoped materials show a very
low overpotential. We rationalized the better performance of
B,N-codoped GOQDs with respect to B- and N-doped
GOQDs as due to (i) the twice higher concentration of active
sites for ORR (B atoms and C atoms neighboring to N) and
(ii) to an enhanced positive charge on B caused by the electron-
withdrawing properties of N. In an upcoming paper we will
demonstrate that the outstanding H2O2 selectivity of the
oxidized doped GOQDs combined with their high activities can
be efficiently exploited for water remediation applications. On
the other hand, the chemical activity of doped GOQDs can be
selectively tuned in order to follow a 4e− reduction path (i.e.,
direct reduction of O2 to water) simply by the chemical
reduction with NaBH4. This treatment has the effect of
eliminating the oxygen species that are responsible for the
competitive bielectronic reaction, as has also been observed in
the literature.93a−h

Since we are dealing with GOQDs that are intrinsically
semiconductive, the reduction process does not significantly
affect the macroscopic electric properties as in micrometric GO
sheets but has just a local effect on the functional groups. This
is a strong indication that a highly conductive 3D structure is
not necessary to achieve a high catalytic activity, whereas the
pivotal point is to reduce the number of oxygenated species in

Figure 13. Free energy reaction profiles for the 4e− (black line) and 2e− (red line) pathways of the ORR reaction in aqueous solution (pH 13) at the
external applied potential U = −0.303 V vs SHE, as catalyzed by B- or B,N-GOQD models in Figure 10. Blue dotted arrows indicate the most
relevant reaction steps determining the 4e−/2e− selectivity, as discussed in the text.
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order to suppress the 2e− reaction path to hydrogen
peroxide.93f,g GOQDs therefore emerge as highly versatile
nanocatalysts with an incredible potential for the realization of
very efficient electroactive systems that, differently from 3D
materials, could be used also for homogeneous catalysis. As a
matter of fact, GQDs represent the extreme frontier of G
nanotechnology, having a thickness of a single layer and being
just a few nanometers wide, therefore exposing a huge fraction
of highly active edges whose chemical nature can be easily
modified to favor a specific functionality.
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