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Nitrogen-doped graphene quantum dots (NGQDs) prepared by hydrothermal treatment of

citric acid and urea were used as an effective support for platinum nanoparticles synthe-

sized by carbon monoxide reduction of Pt(IV) in water. TEM measurements showed that

the platinum nanoparticles were 2.03 ± 0.43 nm in diameter, and wrapped with one layer of

NGQDs, as compared to results from AFM measurements. XPS measurements confirmed

the formation of metallic platinum and the incorporation of nitrogen dopants within the

graphitic molecular skeleton, and the shifts of Pt 4f binding energy suggested that charge

transfer from Pt to NGQDs was facilitated by the more electronegative nitrogen dopants, as

compared to platinum nanoparticle supported on undoped GQDs (Pt-GQDs). Because of

this, the Pt-NGQDs nanocomposites showed markedly enhanced catalytic activity towards

oxygen reduction reactions in alkaline media, as compared to Pt-GQDs, with a specific

activity more than three times that of commercial Pt/C. Further comparison with NGQDs-

supported gold nanoparticles showed that the platinum nanoparticles, rather than the

NGQDs, played a dominant role in determining the ORR activity.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Alkaline anion-exchange membrane fuel cells have been

attracting extensive attention due to high activity and

durability of metal nanoparticle catalysts in alkaline media,

where platinum has been recognized as the best single-
en).

ons LLC. Published by Els
metal catalyst for oxygen reduction reaction (ORR) at the

cathode [1,2]. Yet a large loading of Pt is generally required

due to the sluggish kinetics of ORR, which results in high

costs. In order to further enhance the catalytic efficiency of

Pt (and thus reduce the loading of Pt), it is generally believed

that the interactions between Pt and oxygen species need to

be weakened slightly, according to the so-called volcano plot
evier Ltd. All rights reserved.
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[3]. In other words, the binding should be strong enough to

activate the dissociation of O2 but not too strong to release

the final products (OH�) from the catalyst surface [4]. To-

wards this end, substantial progress has been made in the

development of platinum-based ORR catalysts, and it has

been found that the electronic interactions between Pt

nanoparticles and the supporting substrates may be

exploited as a powerful variable in the manipulation of the

electronic structure of Pt and the eventual catalytic perfor-

mance [5e8].

Of these, graphene derivatives have been used rather

extensively due to high electrical conductivity, large surface

area and good dispersion of nanoparticle catalysts [9e12]. In a

series of recent studies, functional nanocomposites based on

metal nanoparticles supported on graphene quantum dots

(GQDs) have been prepared and the electronic interactions

between GQDs and metal nanoparticles are found to modify

the electronic structures of the metal nanoparticles and the

eventual catalytic activity. For instance, GQDs have been

prepared by acid oxidation and exfoliation of the nanometer-

sized sp2 domains of pitch carbon fibers, and used as substrate

supports for the dispersion of platinum nanoparticles

(2.5e3.5 nm in diameter) synthesized by a facile hydrothermal

reduction method [6,13]. Note that the optimal size of plat-

inum nanoparticles for ORR was predicted to be 2.3 nm, based

on the calculations of oxygen binding energy for nanoparticles

of varied sizes within the context of edge site concentration

and coordination number [14]. Despite the larger size of the

platinum nanoparticles, the resulting Pt/GQD composite

exhibited much enhanced ORR activity, even compared to

commercial Pt/C. This was accounted for by the GQD struc-

tural defects that induced charge transfer from Pt. Signifi-

cantly, the ORR activity was found to reach a maximumwhen

the concentration of the structural defects was about 20%. In

these earlier studies, the structural defects primarily entailed

oxygenated moieties in GQDs. Formation of defects may also

be achieved by controlled doping with heteroatoms into the

graphitic molecular skeletons. For instance, with a higher

electron affinity, the incorporation of nitrogen dopants may

impart a positive charge on neighboring carbon atoms

[15e17], which is anticipated to further enhance charge

transfer from the supported platinum nanoparticles and

facilitate the control of the binding of oxygen intermediates to

Pt surface, a critical process in the enhancement and optimi-

zation of the electrocatalytic activity of Pt nanoparticles for

ORR [15,18].

Herein, smaller platinum nanoparticles of ca. 2 nm in

diameter were prepared by CO reduction of Pt(IV) precursors

in the presence of N-doped GQDs (NGQDs) that were synthe-

sized by hydrothermal treatment of citric acid and urea. Re-

sults from TEM and AFM measurements showed that the

platinum nanoparticles were capped by one single layer of

NGQDs. Electrochemical studies showed that the electro-

catalytic activity towards ORRwas ca. 3 times higher than that

of commercial Pt/C. In comparison to the Pt nanoparticles

supported on undoped GQDs and gold nanoparticles sup-

ported on NGQDs, the results highlight the significance of

heteroatom doping of graphene support in the manipulation

of the electronic structures of nanoparticle catalysts and

optimization of the ORR activity.
Experimental section

Chemicals

Platinum(IV) chloride (PtCl4, 99%, ACROS), gold(III) chloride

(AuCl3, 99%, ACROS), citric acid monohydrate (99.5%, Fisher

Scientific), urea (99%, Fisher Scientific), pitch carbon fibers

(Fiber Glast Development Corporation), sodium carbonate

(Na2CO3, �99.5%, Fisher Scientific), potassium hydroxide

(KOH, Fisher Scientific), sulfuric acid (H2SO4, Fisher Scientific),

nitric acid (HNO3, Fisher Scientific), and Pt/C catalysts (20 wt%,

Alfa Aesar) were used as received. Water was supplied by a

Barnstead Nanopure water system (18.3 M U cm). Carbon

monoxide (CO) was purchased from Airgas USA LLC. All sol-

vents were purchased at their highest purity and used as

received.

Synthesis of NGQDs

NGQDs were prepared by adopting a procedure published

previously [19,20]. In brief, 0.21 g (1 mmol) of citric acid and

0.18 g (3 mmol) of urea were dissolved in 5 mL of Nanopure

water and then transferred into a 20 mL Teflon-lined auto-

clave. The sealed autoclave was then heated at 160 �C for 4 h.

After it was cooled down to room temperature, the resulting

solution was dialyzed for 3 d, affording purified NGQDs that

were readily dispersible in water.

Synthesis of (undoped) GQDs

GQDs were synthesized by exfoliation of pitch carbon fibers in

concentrated acid, as described previously [21]. In brief, pitch

carbon fibers (0.3 g) were added to a mixture of concentrated

HNO3 (20 mL) and H2SO4 (60 mL) in a round-bottom flask and

sonicated for 2 h to allow for dispersion in the acids. The so-

lution was then thermally refluxed at 100 �C for 24 h. After

being cooled down to room temperature, the solution was

neutralized with diluted NaOH and Na2CO3 solutions. The

mixture was then purified by dialysis in Nanopure water for

3 d. The final products, GQDs, were collected by rotary evap-

oration, which were also highly dispersible in water.

Synthesis of NGQDs or GQDs supported metal nanoparticles

Pt-NGQDs and Pt-GQDs nanocomposites were prepared by CO

reduction of Pt(IV) precursors in the presence of NGQDs and

GQDs, respectively [22,23]. In a typical experiment, 0.1 mmol

of PtCl4 was first dissolved in 5mL of H2O in a 20mL glass vial.

19.5 mg of the NGQDs prepared above was then added to the

solution at a metal:carbon mass ratio of 1:1, and the mixture

was bubbled with CO for 30 min under magnetic stirring. The

vial was then sealed and under stirring overnight. The pre-

cipitates producedwere collected by centrifugation and rinsed

with water. The purified product was denoted as Pt-NGQDs.

As control experiments, NGQDs-supported Au nanoparticles

(Au-NGQDs) and GQDs supported Pt nanoparticles (Pt-GQDs)

were prepared in the same manner. Both Pt-NGQDs and Pt-

GQDs were readily dispersible in the mixture of ethanol and

water (10:1 v/v) showing a red purple color, but not in pure

https://doi.org/10.1016/j.ijhydene.2017.10.078
https://doi.org/10.1016/j.ijhydene.2017.10.078


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 2 9 1 9 2e2 9 2 0 029194
water, whereas Au-NGQDs could only be suspended in the

ethanol/water mixture, as shown in Fig. S1.

Structural characterizations

TEM studies were carried out with a JEOL JEM-2010 TEM mi-

croscope operated at 200 kV. X-ray photoelectron spectra

(XPS) were recorded with a PHI 5400 XPS instrument equipped

with an Al Ka source operated at 350 W and at 10�9 Torr. Dy-

namic light scattering (DLS) measurements were carried out

with a Wyatt Protein Solution Dynapro Temperature

Controlled Microsampler. Raman spectra were recorded on a

LabRAM HR Evolution with a 514.5 nm laser. AFM measure-

ments were carried out under ambient conditions with a

Molecular Imaging PicoLE SPM instrument. FTIR spectra were

obtained with a Perkin-Elmer FTIR spectrometer (Spectrum

One, spectral resolution 4 cm�1), where the samples were

prepared by casting the sample solutions onto a ZnS disk.

UVevis absorption spectra were collected with a PerkinElmer

Lambda 35 UVevis spectrometer.

Electrochemistry

Electrochemical studies were carried out in a standard three-

electrode cell connected to a CHI-710 electrochemical work-

station, with a Pt foil counter electrode and a reversible

hydrogen electrode (RHE) reference electrode at room tem-

perature (21 �C). The working electrode was a rotating ring-

disk electrode (RRDE, with a glassy carbon disk and a gold

ring, Pine Instrument). In a typical measurement, a calculated

amount of the nanocomposites prepared above (at ca. 1 mg of

metal content), 3.4 mg of Vulcan XC72 carbon powders, and

10 mL of a Nafion solution were ultrasonically mixed in 1mL of

an ethanol/water mixture. Then 10 mL of this solution was

dropcast onto the glassy-carbon disk (5.61 mm in diameter)

with a 10 mL autopipette. As soon as the electrode was dried, a

dilute Nafion solution (0.1 wt%, 3 mL) was added onto it, and

the electrode was immersed into electrolyte solutions for

voltammetric measurements. The metal loading on the elec-

trode was estimated to be 10 mg in all samples.
Results and discussion

Structural characterization

Fig. 1 shows the representative TEM images of (A, B) Pt-NGQDs

and (C, D) Pt-GQDs nanocomposites. It can be seen that in both

samples, the platinum nanoparticles are dispersed rather

homogeneously without significant agglomeration. For Pt-

NGQDs, the majority of the Pt nanoparticles are in the range

of 1.0e3.0 nmwith an average of 2.03 ± 0.43 nm in diameter, as

manifested in the core size histogram in the inset to panel (A).

Furthermore, from high-resolution TEM image in panel (B),

lattice fringes can be identified with a spacing of 0.199 nm,

which is consistent with the (200) crystalline planes of fcc Pt

(PDF 04-0802). Similar characteristics can be seen with the Pt-

GQDs counterparts, as depicted in panels (C) and (D), where

the majority of the nanoparticles are within the range of

1.2e3.7 nm, with an average diameter of 2.29 ± 0.50 nm. It
should be mentioned that the sizes of these Pt nanoparticles

are close to the optimal core size (2.3 nm) of Pt nanoparticles

predicted by theoretical calculations [14] but somewhat

smaller than those of Pt-GQDs nanocomposites (ca. 3 nm in

dia.) prepared previously by hydrothermal reduction of Pt(II)

[6,24], and commercial Pt/C (3.30 ± 0.42 nm) [25]. As for the Au-

NGQDs nanocomposites (Fig. S2), the gold nanoparticles were

markedly larger in a broad range of 20e70 nm,with an average

diameter of 38.85 ± 10.72 nm, and displayed well-defined lat-

tice fringes with an interplanar spacing of 0.235 nm that is

consistent with the Au(111) planes (PDF 04-0784).

Due to the low crystallinity and electron-density of NGQDs

and GQDs, it was difficult to resolve the graphene derivatives

in TEM measurements. Yet, the formation of a composite

structure was confirmed in AFM and DLS measurements.

From the AFM topographs in Fig. 2(A1) and (B1), one can see

good dispersion of both samples, consistent with results from

TEM measurements (Fig. 1), and line scans in panels (A2) and

(B2) showed no obvious difference of the thickness of the two

composites, mostly between 3 and 4 nm. Statistical analysis

based on more than 100 nanoparticles showed the average

thickness was 3.81 ± 1.43 nm for Pt-NGQDs and 3.84 ± 1.18 nm

for Pt-GQDs, as depicted in panels (A3) and (B3), respectively.

Since the metal core diameters were 2.03 ± 0.43 nm for Pt-

NGQDs and 2.29 ± 0.50 nm for Pt-GQDs (Fig. 1), this suggests

that in the composites, the Pt nanoparticles were stabilized

with a capping layer of ca. 0.9 nm and 0.8 nm, respectively,

very close to the average thickness of NGQDs (0.97 ± 0.51 nm)

[19] and GQDs (0.99 ± 0.34 nm) (Fig. S3). It is likely that such a

capping layer of NGQDs or GQDs rendered the corresponding

nanocomposites readily dispersible in the mixture of water

and ethanol (Fig. S1). Consistent results were obtained in DLS

measurements, where the average hydrodynamic radii of Pt-

NGQDs and Pt-GQDs were estimated to be 20.3 and 12.0 nm,

respectively, markedly higher than those of NGQDs (1.68 nm)

and GQDs (5.24 nm).

The optical properties of the nanocomposites were then

examined by UVevis measurements. From Fig. 3, it can be

seen that in comparison with the largely featureless profile of

GQDs, an absorption band emerged at 335 nmwith the NGQDs

sample, which can be assigned to the n / p* transition of

conjugated CeN/C]N moieties [19]. This peak can also be

observed with the Pt-NGQDs sample, but the intensity was

markedly reduced, likely due to the preferential deposition of

Pt nanoparticles onto the defect sites (i.e., oxygenated and

nitrogen dopantmoieties) [6]. Additionally, a broad absorption

band can be seen at ca. 530 nm for both Pt-NGQDs and Pt-

GQDs composites, which might be ascribed to residual CO

species adsorbed on the platinum particle surface [26],

consistent with results from FTIR measurements (Fig. S4). For

the Au-NGQDs sample, a strong absorption peakwas observed

at 550 nm (Fig. S5), most probably a combined contribution

from the surface plasmon resonance of the gold nanoparticles

and adsorbed CO species [27].

The chemical composition and valence states of Pt-NGQDs

and Pt-GQDs nanocomposites were further examined by XPS

measurements. Fig. 4(A) depicts the survey spectra of Pt-GQDs

and Pt-NGQDs, where three main peaks can be identified at

around 75, 285 and 532 eV, corresponding to the Pt 4f, C 1s and

O 1s electrons, respectively, for both Pt-GQDs and Pt-NGQDs,
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Fig. 1 e Representative TEM images of (A, B) Pt-NGQDs and (C, D) Pt-GQDs. The insets to panels (A) and (C) are the

corresponding core size histograms.
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while an additional peak can be seen at around 400 eV for Pt-

NGQDs that is ascribed to the N 1s electrons (the two peaks

within the range of 100e150 eV are ascribed to the Si 2p and Si

2s electrons from the silicon wafer substrate). The high-

resolution scans of the C 1s electrons are depicted in

Fig. 4(B) and (E) for Pt-GQDs and Pt-NGQDs, respectively. It can

be seen from Fig. 4(B) that the C 1s spectrumof Pt-GQDs can be

deconvoluted into three peaks at 284.0 eV, 284.8 eV, and

287.2 eV, whichmay be assigned to sp2 hybridized carbon (C]

C), sp3 hybridized C (CeC) and oxidized carbon (C]O),

respectively, indicating that GQDswere indeed decoratedwith

oxygenated moieties, as observed previously [20,28,29]. These

three carbon species can also be identified with Pt-NGQDs in

panel (E), but at slightly higher binding energies of 284.3 eV,

285.1 eV, and 287.6 eV [20,28,29], likely due to electron with-

drawing from the more electronegative nitrogen dopants [16].

In fact, from the N 1s spectrum of Pt-NGQDs (panel D), three

major components can be identified by deconvolution at ca.

398.1 eV, 399.6 eV and 401.0 eV, which can be assigned to the

pyridinic, pyrrolic, and graphitic N, respectively [19,30]. This

suggests that nitrogen was indeed doped into the graphitic

matrix. The Pt 4f spectrum was depicted in panel (C), where

the binding energies of Pt 4f electrons can be found at 71.5 and
74.8 eV for the Pt-GQDs composite, consistent with those of

metallic platinum [24,31]. In contrast, the Pt 4f binding en-

ergies were somewhat higher at 71.8 and 75.1 eV for Pt-NGQDs

(panel F), suggesting increasing charge transfer from Pt to the

supporting NGQDs. Note that in computational studies based

on DFT calculations, the carbon atoms adjacent to nitrogen

dopants have been found to possess a positive charge density,

due to the strong electronic affinity of the nitrogen dopant

[32,33]. Since these structural defects are the preferential

anchoring sites for platinum nanoparticle deposition [6], the

resulting intimate interactions most likely facilitated electron

transfer from the Pt nanoparticles, leading to an increase of

the Pt binding energy. In fact, this is consistent with results

from FTIR measurements (Fig. S4), where the vibrational en-

ergy of residual CO was higher with Pt-NGQDs than with Pt-

GQDs, because a decreased Pt electron density in the former

diminished back-donation of the metal d electrons to the CO

p* orbital, leading to an enhanced bonding order of CO.

In addition, based on the integrated peak areas, the total

concentration of N dopants was calculated to be 12.1 at.% in

Pt-NGQDs, of which 20.9% was pyridinic N, 46.8% was pyrrolic

N and 32.3% was graphitic N. That is, p-type doping (pyridinic

and pyrrolic N) accounts for the majority of the N dopants
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Fig. 2 e Representative AFM topographs of (A1) Pt-NGQDs and (B1) Pt-GQDs. Panels (A2) and (B2) depict the height profiles

along the lines in (A1) and (A2), respectively. The corresponding thickness distributions are shown in panels (A3) and (B3).
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[34e37]. Consistent results were obtained with Au-NGQDs

(Fig. S6). The mass loading of Pt in Pt-NGQDs and Pt-GQDs

was found to be very close at 61.0 wt% and 62.3 wt%, respec-

tively, whereas the gold content was somewhat lower at

16.6 wt% in Au-NGQDs. Furthermore, of all carbons, sp2 car-

bons accounted for 56.3% in Pt-NGQDs, and 50.9% for Pt-GQDs,

indicating that the graphene supports were actually rather

defective. This is in good agreement with results from Raman

measurements, where both Pt-NGQDs and Pt-GQDs exhibited

well-defined D and G bands (Fig. S7), characteristic of gra-

phene derivatives. Yet, the vibrational energies are somewhat

different, at 1380 and 1588 cm�1 for Pt-GQDs and 1381 and

1608 cm�1 for Pt-NGQDs, where the blue shift (ca. 20 cm�1) of
Wavelength (nm)
300 400 500 600 700 800 900

Ab
so

rb
an

ce

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Pt-GQDs 
Pt-NGQDs 
GQDs 
NGQDs 

Fig. 3 e UVevis absorption spectra of Pt-NGQDs and Pt-
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the G band energy in the latter as compared to the former is

consistent with nitrogen doping that modified the electronic

structure of the graphitic skeletons [38e40]. In addition, the

ratio of the integrated areas of the D and G-bands was esti-

mated to be 0.90 and 1.66 for Pt-NGQDs and Pt-GQDs,

respectively, signifying that NGQDs were less defective than

GQDs, in good agreement with results from XPS

measurements.

Electrochemical study

The electrocatalytic activity of the Pt-NGQDs, Pt-GQDs and

Au-NGQDs nanocomposites towards ORR were then exam-

ined and compared, with Pt/C as the benchmark materials.

Fig. 5 shows the steady-state cyclic voltammograms of a

glassy carbon electrodemodified with a certain amount of the

series of catalysts in a nitrogen-saturated 0.1 M KOH solution.

All samples exhibited the typical voltammograms of plat-

inum. From the figure, one can see that a pair of broad vol-

tammetric peaks appeared within the potential range of þ0.6

to þ1.0 V. These are due to OH adsorption on Pt in the anodic

scan forming PtOx and oxide reduction in the return sweep.

For Pt-NGQDs, the peak potential for PtOx formation was ca.

þ0.84 V, which was more positive than that for Pt-GQDs

(þ0.82 V) and Pt/C (þ0.83 V). A similar variation can be seen

in the peak potential for oxide reduction in the anodic scan.

This suggests that the oxygen affinity decreased in the order

of Pt-GQDs � Pt/C > Pt-NGQDs, a feature that would have

significant implication in their ORR performance (vide infra). In

addition, two more pairs of voltammetric peaks appeared

between þ0.15 and þ0.50 V, due to hydrogen adsorption/

desorption on the platinum surface, and based on the inte-

grated areas, the effective electrochemical surface area (ECSA)

of the nanoparticle catalysts was estimated to be 15.7 m2/gPt
for Pt/C, 12.7 m2/gPt for Pt-GQDs and 15.2 m2/gPt for Pt-NGQDs.
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The electrocatalytic activity in oxygen reduction was

then examined by rotating (ring) disk voltammetric mea-

surements with the KOH solution saturated with oxygen.

Fig. 6(A) depicts the representative RDE voltammograms of

the glassy carbon disk electrode modified with commercial

Pt/C, Pt-GQDs, Pt-NGQDs or Au-NGQDs composites at the

rotation rate of 1600 rpm within the potential range of

þ0.4e1.1 V (vs. RHE). It can be seen that when the potential

was swept negatively, nonzero currents started to emerge at

all samples, suggesting apparent electrocatalytic activity

towards ORR. Yet the half-wave potentials are markedly

different, at ca. þ0.84 V for Pt/C, þ0.85 V for Pt-GQDs, þ0.90 V
E (V vs RHE)
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Fig. 5 e Cyclic voltammograms of an RRDE electrode

modified with Pt/C, Pt-GQDs and Pt-NGQDs in a nitrogen-

saturated 0.1 M KOH solution. Potential scan rate 20 mV/s.

Pt loadings were 10.0 mg (Pt/C), 12.4 mg (Pt-GQDs) and

12.2 mg (Pt-NGQDs).
for Pt-NGQDs, and þ0.74 V for Au-NGQDs; furthermore, the

limiting currents also varied substantially, at 1.24 mA,

0.75 mA, 1.38 mA, and 0.84 mA, respectively. A similar

behavior can be observed with the kinetic current densities

(specific activity), which were quantitatively estimated by

normalizing the kinetic currents obtained from the y-axis

intercepts of the linear regressions of the Koutecky-Levich

plots (Fig. S8) to the corresponding ECSA. From the Tafel

plot in Fig. 6(B), one can see that at all samples the specific

activity increased with increasingly negative potential.

Apparently, the specific activity of Pt-NGQDs is significantly

higher than those of the other samples within the entire

potential range (þ0.7 to þ1.0 V). For instance, at þ0.90 V, the

specific activity was estimated to be 1.03 A/m2 for Pt/C, 1.03

A/m2 for Pt-GQDs, 4.22 A/m2 for Pt-NGQDs, and undetectable

for Au-NGQDs. That is, the specific activity of Pt-NGQDs was

4.1 times higher than that of Pt/C. A consistent variation can

be observed at þ0.85 and þ0.95 V, as depicted in panel (C). In

terms of mass activity, both Pt-NGQDs and Pt-GQDs were

also markedly better than commercial Pt/C, with Pt-NGQDs

remaining the best among the series (Fig. S9). Neverthe-

less, the Tafel slopes were found to be almost invariant at

116 mV/dec for Pt/C, 106 mV/dec for Pt-GQDs, 131 mV/dec

for Pt-NGQDs, and 126 mV/dec for Au-NGQDs, indicating

that the first electron transfer to oxygen was likely the rate

determining for all composite catalysts [11,24].

Moreover, by setting the ring potential at þ1.5 V, the ring

currents were collected (Fig. S8) to quantitatively estimate the

amounts of peroxide intermediates produced. This is man-

ifested in the number of electron transfer (n) during oxygen

reduction, n ¼ 4Idisk
IdiskþIring=N

, where Idisk and Iring are the voltam-

metric currents at the disk and ring electrode, respectively,

and N is the collection efficiency (40%) [11]. As depicted in
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Fig. 6 e (A) RDE voltammograms of the Pt/C, Pt-GQDs, Pt-NGQDs and Au-NGQDs nanocomposites in oxygen-saturated 0.1 M

KOH at the electrode rotation rate of 1600 rpm. (B) Tafel plots of the nanocomposites. (C) Comparison of the specific activities

(kinetic current densities) at þ0.85, þ0.90 and þ0.95 V (vs RHE) among the catalysts. (D) Variation of the number of electron

transfer (n) with electrode potentials.
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Fig. 6(D), Pt-NGQDs, Pt-GQDs, and Pt/C all exhibited n z 4 at

potentials below þ0.9 V, indicating complete reduction of O2

to OH�, whereas the n values were somewhat lower at 3.6 to

3.8 for Au-NGQDs.

Taken together, these results indicate that the Pt-NGQDs

composite stood out as the best ORR catalyst among the se-

ries, and the performance was actually highly comparable to,

or even better than, leading results reported in recent litera-

ture with relevant catalyst systems based on platinum nano-

particles supported on graphene derivatives and commercial

Pt/C (Table S1), within the context of onset potential, specific

activity, andmass activity. In addition, onemay notice that Pt-

NGQDs performed much better than Pt-GQDs, suggesting that

nitrogen doping might be exploited as additional structural

defects in the manipulation of Pt electron density and hence

the interactions with oxygen species [41], consistent with re-

sults from XPS (Fig. 4) and FTIR (Fig. S4) measurements.

Furthermore, the fact that the ORR activity of Pt-NGQDs was

markedly better than that of Au-NGQDs indicates that Pt

nanoparticles, rather than the N-doped GQDs, played a

dominant role in determining the electrocatalytic perfor-

mance. This has also been observed previously with Pd

nanoparticles supported on nitrogen-doped GQDs [11]. Note

that such a remarkable performance was achieved with the

size of the platinum nanoparticles close to the optimal value

predicted by theoretical calculations [14], where the reduced

size might facilitate metal-support interfacial interactions

[42,43].
Conclusions

In this study, nanocomposites based on platinum nano-

particles (2.03 ± 0.43 nm in diameter) supported on NGQDs

were successfully prepared by carbon monoxide reduction of

PtCl4 in the presence of NGQDs. The resulting Pt-NGQD nano-

composites exhibited markedly enhanced electrocatalytic ac-

tivity in oxygen reduction as compared to the undoped

counterparts (Pt-GQDs), gold nanoparticle-NGQDs nano-

composites, aswell as commercial Pt/C. Significantly, whereas

oxygenwas found to undergo four electron reduction toOH� at

all Pt-based catalysts, the Pt-NGQDs composites exhibited a

most positive half-wave potential at þ0.90 V, and a specific

activity that was more than 4 times that of Pt/C. This remark-

able performancewas accounted for by charge transfer fromPt

to the positively charged carbon atoms in NGQDs that was

facilitated by the more electronegative nitrogen dopants,

which led to a decrease of the binding energyof oxygen species

to Pt surface. The results further highlights the significance of

interfacial electron transfer in the manipulation and optimi-

zation of nanoparticle catalytic activity towards ORR [8].
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