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ABSTRACT: Graphene quantum dot (GQD)-supported platinum (Pt/G) R

nanoparticles were prepared by a simple hydrothermal procedure at controlled 5
temperatures. Transmission electron microscopic measurements showed that the
platinum nanoparticles exhibited a rather consistent core size within the narrow
range of 2.5—3.5 nm in diameter (average core diameters slightly lower than 3.0
nm) when the hydrothermal temperatures were varied between 140 and 180 °C,
whereas at higher temperatures (200 °C) the nanoparticle core size was markedly
larger, as a result of weakened anchoring and passivation of the metal
nanoparticles by the diminishment of the GQD structural defects. Spectroscopic R
measurements based on Fourier-transformed infrared, Raman, and X-ray
photoelectron spectroscopies confirmed the formation of various oxygenated
structural defects on GQDs and the variation of their concentrations with the
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hydrothermal conditions. Interestingly, electrochemical studies showed that the

electrocatalytic activity of the series exhibited a volcano-shaped variation with the GQD structural defects, with the best identified
as the samples prepared at 160 °C for 12 h and at 180 °C for 6 h where the mass activity was found to meet the DOE target for
2017. This remarkable performance was accounted for by the deliberate manipulation of the adsorption of oxygen and reaction
intermediates on platinum by the GQD structural defects through partial charge transfer. The strategy presented herein may offer
a new paradigm in the design and engineering of nanoparticle catalysts for fuel cell electrochemistry.
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B INTRODUCTION

In polymer exchange membrane fuel cells (PEMFCs)," both
the oxidation of fuel molecules at the anode and reduction of
oxygen at the cathode necessitate the use of effective catalysts
so that sufficiently high current density is generated for
practical applications. Of these, oxygen reduction reactions
(ORRs) have long been recognized as a bottleneck that largely
limits the fuel cell performance because of the complex reaction
mechanism and sluggish electron-transfer kinetics. Platinum-
based nanoparticles have been used extensively as the catalysts
of choice for ORR.>~® These catalysts are generally dispersed
onto supporting substrates with high specific surface areas and/
or good electrical conductivity such as carbon black, carbon
nanotubes, zeolite, tungsten carbides, Magneli phases of
titanjum oxides and indium tin oxides.” > In the resulting
composite structures, the substrates are generally thought to
help stabilize the nanoparticles and improve the durability of
the nanoparticle catalysts. Additionally, studies have shown that
the electronic interactions between the metal nanoparticles and
the supporting substrates may also play a significant role in
determining the electrocatalytic activity as a result of the
manipulation of the electronic energy of the metal nano-
particles and hence the interactions with oxygen.'®™""
Recently, graphene derivatives have been attracting particular
interest as a new functional support in fuel cell electro-
catalysis.,zo_23 due to their low cost, high surface area, high
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conductivity, and high chemical inertness that may facilitate
electron-transfer reactions at the electrode surface and hence
improve catalyst stability and durability.”*~>" In these studies,
graphene sheets are generally produced from bulk graphite by
the Hummers method through chemical oxidation and
exfoliation with strong acids and oxidizing reagents.”® There-
fore, the graphene surface is decorated with various oxygen-
containing functional groups (the products are hence
commonly referred to as graphene oxide). Whereas the
oxygen-containing groups on graphene oxide have been
proposed to enhance Pt—support interactions, stabilize the
nanoparticle catalysts, and prevent 7—r stacking between the
graphene sheets, it has been claimed that the higher the
graphitization degree of the carbon supports, the higher the
electrochemical stability for carbon supported Pt catalysts.””>’
Thus, the oxygenated species are generally removed from the
graphitic structures so as to restore the sp> hybridized graphitic
network for enhanced conductivity and stability of the
graphene structures by chemical reduction and/or thermal
treatment.>”>’

Yet, in recent studies based on DFT calculations®* and
experiments,” it was proposed that structural defects of
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Figure 1. Representative TEM micrographs of GQD-supported Pt nanoparticles prepared by hydrothermal treatment at various temperatures for
different periods of time: (A) 140 °C, 6 h; (B) 140 °C, 12 h; (C) 160 °C, 3 h; (D) 160 °C, 6 h; (E) 160 °C, 12 h; (F) 180 °C, 3 h; (G) 180 °C, 6 h;
(H) 180 °C, 12 h; (I) 200 °C, 3 h; (J) 200 °C, 6 h; and (K) 200 °C, 12 h. Scale bars are all 10 nm except for panel (I) where it is 50 nm.

graphene might be exploited to promote charge transfer from
platinum to oxygen as well as to manipulate the binding of
reaction intermediates on the Pt surface, leading to enhance-
ment of the ORR activity. In fact, we demonstrated
experimentally®* that platinum nanoparticles supported on
graphene quantum dots (GQDs) indeed exhibited a markedly
enhanced electrocatalytic performance with a more positive
onset potential, higher specific activity as well as stability, as

compared to commercial Pt/C, which was ascribed to the
intimate electronic interactions between Pt nanoparticles and
nanosized GQDs that manipulated the dissociative adsorption
of oxygen and the binding of reaction intermediates on the Pt
surface. Therefore, one immediate question arises. Is there an
optimal concentration of structural defects within the GQDs
that leads to maximal electrocatalytic activity of the Pt-GQD

dx.doi.org/10.1021/am503388z | ACS Appl. Mater. Interfaces 2014, 6, 14050—14060



ACS Applied Materials & Interfaces

Research Article

Table 1. Summary of the Structures and Properties of Pt/G Nanoparticles Prepared at Different Hydrothermal Temperatures

for Varied Periods of Time”

d (nm) I(D)/1(G) xq (%)
140 °C, 6 h 292 + 0.46 1.49 64.6
140 °C, 12 h 3.18 + 0.51 1.26 54.7
160 °C, 3 h 291 + 0.39 1.35 43.8
160 °C, 6 h 2.83 + 042 1.27 325
160 °C, 12 h 2.87 + 043 1.20 21.6
180 °C, 3 h 2.78 + 0.43 1.32 38.5
180 °C, 6 h 290 + 0.37 1.21 232
180 °C, 12 h 2.85 + 048 1.17 16.9
200 °C, 3 h 823 + 5.61 1.16 29.2
200 °C, 6 h 7.86 + 5.56 1.05 24.0
200 °C, 12 h 10.67 + 7.42 0.93 6.1

ECSA (m%/gp,) onset potential (V) Ji. (A/m? at +0.90 V)

1491 0.87

16.25 0.96

19.16 0.96 2.48
18.34 0.96 0.60
30.87 1.02 29.2
33.51 091

27.29 1.03 24.6
33.56 0.96 2.43
15.83 0.80

14.60 0.83

11.75 0.86

“Average diameters (d, nm), I(D)/I(G) ratio from Raman measurements, fraction of defective carbon (x4 %) from XPS measurements, effective
electrochemical surface area (ECSA, m*/gp,), onset potential (V), and kinetic current density (Ji, A/m?) at +0.90 V.

nanocomposites for ORR? This is the primary motivation of
the present work.

Note that the structural defects of GQDs may be
manipulated by rather simple chemical processes. For instance,
we have shown that hydrothermal treatment may be used to
remove oxygen-contained groups on carbon nanoparticle
surfaces in a controllable fashion, which is manifested by the
enhancement of the nanoparticle photoluminescence as a result
of the removal of surface trap states through dehydration and
decarboxylation processes.®® A similar hydrothermal procedure
was also used in the conversion of graphene oxide to stable
graphene suspension in water.>*”’ In these closed systems of
relatively high temperatures and internal pressures, the degree
of m-conjugation and hence the concentration of structural
defects may be readily engineered by a deliberate control of the
heating temperature and reaction time.

Therefore, in the present study, we adopted a literature
procedure to prepare GQDs from carbon fibers, where the
stacked submicrometer domains of traditional pitch-based
carbon fibers were broken down to nanosized GQDs (1—4
nm with 1—3 layers in thickness) by acid treatments and
chemical exfoliation.®® Then, GQDs were used as supporting
substrates for platinum nanoparticles by hydrothermal
coreduction of GQDs and platinum precursors. The defect
concentrations in GQDs were controlled by varying the heating
temperature and reaction time of hydrothermal treatment and
quantified by Raman and X-ray photoelectron spectroscopic
(XPS) measurements. The electrocatalytic activity of the
resulting nanocomposites (Pt/G) in oxygen reduction was
then examined and compared in acid electrolyte solutions.
Voltammetric measurements showed that while oxygen was
effectively reduced to water at all nanoparticle catalysts, the
electrocatalytic performance of the Pt/G nanocomposites
exhibited volcano-shaped dependence on the defect concen-
tration of the hydrothermally treated GQDs. The results were
accounted for by the manipulation of the electronic interactions
between the Pt nanoparticles and the nanosized GQDs through
the GQD defects and their impacts on the adsorption of oxygen
and reaction intermediates.

B EXPERIMENTAL SECTION

Chemicals. Platinum(II) chloride (PtCl,, 98%, Sigma-Aldrich),
pitch carbon fibers (Fiber Glast Development Corporation), sodium
carbonate (Na,CO;, >99.5%, Sigma-Aldrich), perchloric acid (HCIO,,
70 wt %, ACROS), sulfuric acid (H,SO,, Fisher Scientific), nitric acid

(HNO;, Fisher Scientific), and ultrahigh-purity oxygen (99.993%,
Airgas) were used as received. Water was supplied via a Barnstead
Nanopure water system (18.3 MQ-cm).

Graphene Quantum Dots (GQDs). GQDs were prepared by
following a literature procedure.®® In brief, 1.00 g of carbon fibers was
added into a mixture of concentrated H,SO, (60 mL) and HNO; (20
mL). The solution was sonicated for 2 h and stirred for 24 h at 120 °C.
The mixture was then cooled and diluted with Nanopure water (800
mL) with the pH adjusted to about 8 with Na,CO;. The solution was
then dialyzed in a dialysis bag (cutoff molecular weight 2000 Da) for 3
days, affording purified GQDs. Atomic force microscopy (AFM)
topographic studies showed that the thickness of the GQDs was 0.8—
1.2 nm, corresponding to 2—3 graphene layers (Figure S1, Supporting
Information). These GQDs were then used as supporting substrates
for platinum nanoparticles, as detailed below.

GQD-Supported Platinum Nanoparticles (Pt/G). The proce-
dure has been detailed previously.34'38 In a typical reaction, PtCl, (6.65
mg, 0.025 mmol) was dissolved in 1 mL of hydrochloric acid under
heating. The solution was then added into a 15 mL aqueous solution
with 20 mg of GQDs prepared above under magnetic stirring
(corresponding to a Pt loading of 20 wt %, same as that of commercial
Pt/C catalysts). The pH was adjusted to 10 with NaOH, and the
mixture was transferred to Teflon-lined autoclave and hydrothermally
treated at 140, 160, 180, or 200 °C for 3, 6, or 12 h. Black precipitates
appeared in the flask as a result of thermolytic reduction of Pt(II) and
GQDs to form GQD-supported platinum nanoparticles. The
precipitates were collected, washed extensively with Nanopure water
and ethanol, and dried in a vacuum oven at room temperature for 12 h.
The resulting nanoparticles were denoted as Pt/G-temperature-time.
For instance, Pt/G-160-6h referred to the sample prepared at 160 °C
for 6 h.

Structural Characterizations. High-resolution transmission
electron microscopic (TEM) studies were carried out with a Philips
CM200/FEG transmission electron microscope operated at 200 kV.
Fourier transform infrared (FTIR) measurements were carried out
with a PerkinElmer FTIR spectrometer (Spectrum One) where the
samples were prepared by compressing the materials of interest into a
KBr pellet. The spectral resolution was 4 cm™'. Raman spectra were
acquired with a DeltaNu Advantage 532 Raman system powered by a
532 nm laser. X-ray photoelectron spectra (XPS) were recorded with a
PHI5400 instrument equipped with an Al Ka source operated at 350
W and at 10~ Torr. The spectra were charge referenced to the Si 2p
peak (99.3 eV) of a silicon substrate.

Electrochemistry. Electrochemical measurements were carried out
with a CHI 440 electrochemical workstation using a standard three-
electrode cell with separate anode and cathode compartments. A
platinum foil and a reversible hydrogen electrode (RHE) were used as
the counter and reference electrode, respectively. The working
electrode was a glassy-carbon disk electrode (diameter 5.61 mm) of
a rotating ring-disk electrode (RRDE, with a collection efficiency of
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37%) from Pine Instrument.’® The RRDE electrode was prepared
according to a procedure described by Gloaguen et al.* In a typical
experiment, a calculated amount of Pt/G nanocomposites was mixed
under ultrasound with a Nafion solution (S wt %, Fluka) to form a
well-dispersed catalyst ink. The catalyst ink was then drop-cast onto
the polished glassy-carbon disk electrode at a mass loading of the Pt/G
nanocpmposites of 27.5 g, corresponding to a Pt loading of ca. 3 ug,
as determined by XPS measurements (vide infra). Prior to
electrochemical tests of oxygen reduction, the catalyst films on the
glassy-carbon electrode surface were electrochemically pretreated in a
nitrogen-saturated 0.1 M HCIO, solution by rapid potential cycling at
200 mV/s between +0.05 and +1.10 V until a steady voltammogram
was observed. The electrocatalytic activity for oxygen reduction was
then evaluated in an O,-saturated 0.1 M HCIO, solution. The solution
ohmic drop (i.e, IR drop) was electronically compensated.

B RESULTS AND DISCUSSION

Figure 1 shows the representative TEM images of the Pt/G
nanoparticles prepared at various temperatures for different
periods of time. It can be seen that the dark-contrast objects are
platinum nanoparticles which are dispersed rather homoge-
neously on the graphene surface that appears as a low-contrast
background. Statistical analysis based on more than 200
nanoparticles in each sample, as manifested in the core size
histograms in Figure S2, shows that the majority of the Pt
nanoparticles are in the narrow range of 2.5-3.5 nm in
diameter (with the averages slightly less than 3.0 nm) when the
hydrothermal temperatures were kept within the range of 140—
180 °C, and at the higher temperature of 200 °C the
nanoparticles are markedly larger at 8—12 nm in diameter.
Such a discrepancy of the nanoparticle core size (Table 1)
might be ascribed to the variation of the concentration of GQD
structural defects which can be deliberately controlled by
hydrothermal conditions. Note that the GQD structural defects
likely serve as the anchoring sites for X)latinum precursors and
the growth of platinum nanoparticles.*' At high hydrothermal
temperatures, the diminishment of the concentration of the
structural defects renders it difficult to effectively passivate the
Pt nanoparticles, hence leading to a marked increase of the
particle size.* Furthermore, in high-resolution TEM studies
(Figure S3), clearly defined lattice fringes can be identified, with
a spacing of 0.236 nm. These are consistent with the (111)
crystalline planes of fcc Pt.*

The formation of Pt-GQD nanocomposites was manifested
in FTIR measurements. Figure 2 depicts the FTIR spectra of
the as-prepared GQDs and Pt/G composites prepared under
various hydrothermal conditions. All samples exhibit one broad
peak at about 3430 cm™!, which is attributed to the hydroxyl
groups of the GQDs (and residual water).*> For the as-
prepared GQDs (black curve), several strong peaks can also be
identified at 1685 cm™ (C=0 carboxyl or carbonyl stretching
vibrations), 1350 cm™ (O—H deformation in the C—OH
group), and 1135 cm™' (C—O-C asymmetric stretching
vibration in epoxide), suggesting the presence of various
oxygenated species on the GQD surfaces. In addition, two
strong vibrational bands can be seen at 1606 and 1443 cm™
which were attributed to the C=C stretching vibration of
unoxidized graphitic (sp?) domains.** Almost identical vibra-
tional features can be seen with the Pt/G-140-6h sample (red
curve), signifying that hydrothermal treatment under this
condition did not lead to a marked change of the GQD
structures.

For other Pt/G hybrid nanoparticles, however, apparent
differences can be seen. First, the O—H vibrations diminished

—— GQD as-prep.
-|| =™ 140°C, 6 h
140°C, 12h
180°C, 3 h
—— 180°C, 6 h
——160°C, 12h
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Figure 2. FTIR spectra of Pt/G nanoparticles prepared by
hydrothermal treatments at different temperatures for various periods
of time (specified in figure legend). The spectrum for the as-prepared
GQDs is also included as the black curve.

markedly, and the C=O and C—O-C stretches almost
disappeared, signifying effective removals of these functional
moieties from the GQD surfaces. Second, the C=C stretches
exhibited an apparent red-shift to 1593 and 1410 cm™" (Pt/G-
140-12h, green curve), 1583 and 1405 cm™ (Pt/G-160-3h,
yellow curve), 1593 and 1429 cm™" (Pt/G-160-6h, blue curve),
1587 and 1431 cm™" (Pt/G-160-12h, magenta curve). This may
be accounted for by the restoration and hence growth of the
Csp® domains in GQDs. With a further increase of the
hydrothermal temperature the change was minimal, as the C=
C stretches now appeared at 1602 and 1436 cm™" for Pt/G-
180-3h (aqua blue curve), 1602 and 1431 cm™" for Pt/G-180-
6h (gray curve), 1603 and 1441 cm™" for Pt/G-180-12h (brown
curve), 1606 and 1455 cm™' for Pt/G-200-3h (dark green
curve). For the Pt/G-200-6h (chartreuse curve) and Pt/G-200-
12h (dark blue curve) samples, the C=C stretches can be
found at 1599 and 1356 cm™!, consistent with the G and D
bands observed in Raman spectroscopic measurements (Figure
3 below).

A more quantitative assessment of the GQD defects was then
carried out by Raman spectroscopic measurements. From
Figure 3, one can see that the series of Pt/G nanocomposites all

D Band G Band

200°C, 12h
200°C, 6h
200°C, 3h
180°C,12h
180 °C, 6h
180°C, 3h
160°C,12h
160 °C, 6h
160 °C, 3
140°C, 120 °\f
140 °C, 6h

Intensity (a.u.)

1100 1200 1300 1400 1500 1600 1700

Raman Shift (cm")

Figure 3. Raman spectra of Pt/G nanoparticles prepared by
hydrothermal treatments at different temperatures for various periods
of time (specified in figure legend).
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exhibited two bands at ca. 1593 and 1352 cm™, corresponding
to the G band and D band of graphitic nanostructures,
respectively. Note that the G band is assigned to the E,,
phonon of the sp® carbons, while the D band is a breathing
mode of the k-point phonons of A, symmetry.**¢ A
prominent D band is an indication of structural disorder in
the GQDs, originating from defects associated with vacancies,
grain boundaries and amorphous carbon species, which has
been observed extensively with chemical exfoliated graphene
oxide;*”*® and the ratio (I(D)/I(G)) of the D and G band
intensity may be exploited for the quantitative assessment of
the relative concentration of structural defects within the
graphitic carbon matrix.*’ Table 1 lists the I(D)/I(G) values for
the series of Pt/G hybrid nanoparticles prepared under
different hydrothermal conditions. There are several aspects
that warrant attention. First, for the same reaction time,
increasing hydrothermal temperature led to a decrease of the
I(D)/I(G) ratio. For instance, for 6 h of hydrothermal
treatment, the I(D)/I(G) ratio for the samples prepared at
140 °C is 1.49, 1.27 at 160 °C, 1.21 at 180 °C, and 1.0S at 200
°C, indicating more effective removal of structural defects (and
restoration of the Csp®> domains) at higher temperature and
growth of the Csp® domains. Additionally, at any given
temperature, the I(D)/I(G) ratio also decreases with increasing
reaction time. For instance, at the hydrothermal temperature of
160 °C, the I(D)/I(G) ratio decreased from 1.35 at 3 h to 1.27
at 6 h and 1.20 at 12 h. Same behaviors can be seen at other
hydrothermal temperatures. Thus, within the present exper-
imental context, the lowest I(D)/I(G) ratio was observed at
0.93 with the Pt/G nanocomposites prepared at 200 °C for 12
h. These observations confirm that the hydrothermal treatment
is indeed an effective method in removing defects in carbon
nanostructures and the defect density can be readily controlled
by experimental conditions (temperature, reaction time, etc.),
in good agreement with results of the FTIR measurements
(Figure 2).36’37

Such a structural variation was also quantified by XPS
measurements. Figure 4 depicts the survey spectra of the (A) C
1s and (B) Pt 4f electrons of the Pt/G nanocomposites
prepared at different temperatures by hydrothermal treatment.
In panel (A), for the Pt/G-140-6h sample, deconvolution of the
C 1s electron spectra revealed four major components of the
carbon 1s electrons: sp? carbon at 284.7 eV (yellow
curve),*~>* carbons in C—OH at 2862 eV (blue curve),* in
C=0O0 at 287.4 €V (magenta curve), and in COOH at 289.9 eV
(aqua blue curve) bonds. 37 This further confirms the
formation of various oxygenated functional moieties on the
GQD surfaces. If one defines all non-sp’ carbon as the
structural defects, one can see that whereas the binding energies
remained virtually unchanged (Table S1), the defect concen-
tration in the Pt/G nanocomposites decreased markedly with
increasing hydrothermal temperature and prolonging reaction
time, as manifested by the apparent diminishment of the non-
sp> carbon peaks. In fact, from the top panel of Figure S4, one
can see that (i) during the hydrothermal treatment, C=0 and
COOH defects were more readily removed, leaving C—O as
the primary defects remaining in the GQDs (blue peaks); and
(ii) the defect concentration reaches a minimum (~20%) and
correspondingly the C sp” fraction reaches a maximum (~80%)
at Pt/G-160-12h. These observations are consistent with the
Raman spectroscopic results (Figure 3 and Table 1). In fact, the
atomic ratio of defective carbons to total carbon exhibited a
roughly linear increase with the I(D)/I(G) ratio, from 6.1% at

140°C,6 h

COOH

140°0, 121
" t60°C.3n |
160°C,6h
160°C, 12 h|
. _180°C,3h

Intensity (a.u.)

180°C, 6h

180°C, 12 h
__200°C,3h
. 200°C.6h
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' : 140°C, 12 h
160 °C, 3 h
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=
“
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¥ ——— 200°C B h
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Binding Energy (eV)

Figure 4. XPS spectra of (A) C 1s and (B) Pt 4f electrons of the Pt/G
nanoparticles prepared by a hydrothermal procedure at different
temperatures for various periods of time (specified in figure legend).
Black curves are experimental data, and colored curves are
deconvolution fits.

I(D)/1(G) = 0.93 to 64.8% at I(D)/I(G) = 1.49, as manifested
in the bottom panel of Figure S4, suggesting a direct correlation
between these two measurements.

From panel (B) of Figure 4, the binding energies of the Pt 4f
electrons in the Pt/G nanocomposites can all identified at
around 71.0 and 74.4 eV where both the doublet energies and
spin—orbit coupling are consistent with those of metallic
platinum (Table S1).%%°° Interestingly, from Table S1, it can be
seen that both binding energies of the Pt 4f electrons first
decreased with increasing temperature from 140 to 180 °C, and
then increased when the hydrothermal temperature increased
to 200 °C. Specifically, the lowest binding energies for Pt 4f, ,
and Pt 4f;;, among the series can be found at 70.9 and 74.2 eV
for Pt/G-160-12h (and only slightly higher with Pt/G-180-6h).
In contrast, the binding energies are the highest at 71.1 and
74.4 eV for both Pt/G-140-6h and Pt/G-200-12h. Interestingly,
among the three major defects (C—OH, C=0, and COOH),
the corresponding binding energy of the C 1s electrons in C=
O was 287.7 eV for Pt/G-160-12h, but markedly lower at 287.4
eV for both Pt/G-140-6h and Pt/G-200-12h, whereas those for
C—OH and COOH were virtually invariant. This discrepancy
suggests that charge transfer likely occurred from Pt to GQD
that was dictated largely by the polar carbonyl (C=O0)

dx.doi.org/10.1021/am503388z | ACS Appl. Mater. Interfaces 2014, 6, 14050—14060
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Figure S. RRDE voltammograms of GQD-supported Pt nanoparticles prepared by hydrothermal treatment at different temperatures for various
period of time: (A) 140 °C, 6 h; (B) 140 °C, 12 h; (C) 160 °C, 3 h; (D) 160 °C, 6 h; (E) 160 °C, 12 h; (F) 180 °C, 3 h; (G) 180 °C, 6 h; (H) 180
°C, 12 h; (I) 200 °C, 3 h; (J) 200 °C, 6 h; and (K) 200 °C, 12 h. Pt catalyst loadings were around 3 g as listed in Table S3. Potential sweep rate is S
mV/s, and electrode rotation rates are specified in the figure legend. Ring potentials were all set at +1.5 V.

moieties on the GQD surfaces, and this charge transfer reached
a minimum in the Pt/G-160-12h and Pt/G-180-6h samples
among the series, because of low concentrations of the polar
C=O0 and COOH structural defects (Figure S4). Interestingly,
electrochemical measurements indicate that these two samples
exhibited the best electrocatalytic activities in ORR among the
series, as detailed below.

Furthermore, from the integrated peak areas in the XPS
measurements, the concentration of Pt in the Pt/G nano-
composites can be quantified. The results are summarized in
Table S2, where one can see that the platinum loading (Pt/C
atomic ratio) was quite consistent among the nanocomposite
series at between 11% and 14%.

The electrocatalytic activity of the resulting Pt/G nano-
composites was then examined for oxygen reduction reactions.
Figure S5 shows the steady-state cyclic voltammograms of a
glassy carbon electrode modified with the same amount of Pt/
G in a 0.1 M HCIO, solution saturated with nitrogen. Note that
the Pt mass loading was estimated by XPS measurements to be
between 3.0 and 3.8 ug (Table S2). All samples exhibited the
well-defined butterfly voltammetric features of platinum in
nitrogen-saturated acid electrolytes. Of these, a pair of broad
voltammetric peaks can be seen within the potential range of
+0.3 and +0.7 V, which are ascribed to the formation of
platinum oxide in the anodic scan and reduction of the oxide in
the return sweep. Two additional pairs of voltammetric peaks
appeared between 0 and —0.3 V. These are due to hydrogen
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adsorption/desorption on the platinum surface. Based on the
integrated areas of these voltammetric features, the effective
electrochemical surface area (ECSA) of the nanoparticle
catalysts were calculated to be between 11 and 33 m’/gp,
depending on the nanoparticle size. The results are listed in
Table 1.

The electrocatalytic activity in oxygen reduction was then
examined by voltammetric measurements in an oxygen-
saturated 0.1 M HCIO, solution. Figure 5 shows the RRDE
voltammograms of the glassy carbon disk electrode modified
with Pt/G nanoparticles with the electrode rotation rate varied
from 100 to 2500 rpm. There are at least two aspects that
warrant attention here. First, nonzero cathodic currents at the
disk electrode (I) became clearly identified as the electrode
potential was swept in the negative direction, and the currents
increased with increasing electrode rotation rates, signifying the
apparent electrocatalytic activity of the Pt/G nanoparticles in
oxygen reduction (one may see that nonzero anodic currents
appeared at the disk electrode at very positive potentials for all
samples, in particular for samples C, E, G, and H. The origin of
this is unknown at the moment. Yet the marked difference of
their ORR activity implies that it is unlikely that the ORR
activity was impacted by this phenomenon). Second, the
corresponding ring currents (Iy) at +1.5 V were about 3 orders
of magnitude lower than those of the disk, signifying that only
minimal amounts of peroxide intermediates were produced
during oxygen reduction and hence high efficiency of the Pt/G
nanoparticles in the electrocatalytic process. In fact, the number
of electron transfer (n) during oxygen reduction can be
estimated by the ratio between the disk and the ring
currents,3'9’60’61

(1)

where N is the collection efficiency (37%) of the RRDE
electrode,” as depicted in Figure 6. It can be seen that at
sufficiently negative potentials, all electrodes exhibited n ~ 4.00,
indicating that oxygen was fully reduced into water, O, + 4H" +
4e — 2H,0. Yet the onset potential for oxygen reduction was
markedly different, as listed in Table 1. Among the series, the
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Figure 6. Variation of the number of electron transfer (n) in oxygen
reduction with electrode potential. Curves are average values of
experimental data calculated from the RRDE voltammograms at all
rotation rates in Figure S by using eq 1.

14056

onset potentials decreases in the order of Pt/G-180-6h (+1.03
V) > Pt/G-160-12h (+1.02 V) > Pt/G-180-12h ~ Pt/G-160-6h
~ Pt/G-160-3h ~ Pt/G-140-12h (+0.96 V) > Pt/G-180-3h
(+0.91 V) > Pt/G-140-6h (+0.87 V) > Pt/G-200-12h (+0.86
V) > Pt/G-200-6h (+0.83 V) > Pt/G-200-3h (+0.80 V). That
is, Pt/G-180-6h and Pt/G-160-12h are among the best in the
series with the most positive onset potential.

The electron-transfer kinetics involved were then quantified
by the Koutecky—Levich analysis (eq 2), as the disk currents
(In) might include both kinetic (I)- and diffusion (Iy)-

controlled contributions,

1111 1
—=—+ -+ -+ —5

I, L I I Bw (2a)
B = 0.62nFAC,D,>*v"/° (2b)
I, = nAFkC, (2¢)

where F is the Faradaic constant (96500 C/mol), D, the
diftusion coefficient of O, in 0.1 M HCIO, aqueous solution
(1.93 X 1075 cm?/s), v the kinematic viscosity of the solution
(9.87 x 107 cm?/s), Co the oxygen concentration in O,-
saturated solutions (1.18 mM), w the electrode rotation rate, k
the electron-transfer rate constant, and A the geometric surface
area of the electrode.”>"** Figure S6 depicts the Koutecky—
Levich plots (I ™! vs @~/?) of all Pt/G nanoparticles within the
respective kinetically controlled region. First, one can see that
all experimental data exhibited good linearity, and the slopes
were rather consistent with each nanoparticle sample. This
indicates that the oxygen reduction proceeded at the Pt/G
nanoparticle catalysts as a first-order reaction with respect to
dissolved oxygen.

In addition, from the linear regressions in Figure S6, the
kinetic currents (I) could also be quantified from the y-axis
intercepts (eq 2c). This is manifested in the Tafel plot of Figure
7. It can be clearly seen that at all Pt/G nanoparticle catalysts
the kinetic current densities increased with increasingly
negative electrode potentials, and more importantly, within
the electrode potential range of +0.80 to +1.00 V, the kinetic
current densities with Pt/G-160-12h and Pt/G-180-6h were at
least an order of magnitude higher than those of other Pt/G
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Figure 7. Tafel plot of the Pt/G nanoparticles for oxygen reduction.
Symbols are experimental data obtained by linear regressions of the
Koutecky—Levich plots (Figure S6) with eq 2.
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samples. For instance, the area-specific current density (Ji, L
normalized by the respective effective electrochemical surface
area as determined in Figure S5, Table 1) at +0.90 V was 29.2
and 24.6 A/m” for these two catalysts, respectively, but only
248 A/m? for Pt/G-160-3h, 2.43 A/m?* for Pt-180-12h, and
0.60 A/m? for Pt/G-160-6h (for the rest, the currents were too
small to measure). These are significantly greater than that
observed with Pt/G nanocomposites prepared without hydro-
thermal treatment (14.5 A/m?), and more than an order of
magnitude higher than that of commercial Pt/ c3*

In terms of mass activity, the Pt/G-160-12h and Pt/G-180-
6h samples also stood out as the best among the series at 468.1
and 435.7 A/gp, at +0.90 V, respectively. Note that these have
reached the Department of Energy (DOE) target for 2017 (440
A/gp at +0.90 V), and are also superior to commercial Pt/C
catalysts (~160 A/g)***>*® and leading Pt-based alloy catalysts
reported so far, such as PtNi nanooctahedras (300—360 A/g) 66
PtPd nanodendrites (240 A/g),%” PtAu (200—300 A/g),*® and
PtCuCoNi nanotubes (190 A/ g).69 In contrast, the mass
activity was only 40.1 A/gp, for Pt/G-180-12h, 38.3 A/gp, for
Pt/G-160-3h, and 9.4 A/gp, for Pt/G-160-6h.

This remarkable performance of the Pt/G nanocomposites
for oxygen reduction might be accounted for by the impacts of
the GQD structural defects on the reaction dynamics of ORR.
In a recent study based on density functional theory
calculations of a Pt,; nanoparticle supported on a monovacancy
defective graphene nanosheet,®” it was found that the defective
graphene support not only lowered the activation energy for
oxygen (O,) dissociation by promoting charge transfer from Pt
to O, but also decreased the energy barrier of the rate-limiting
step by weakening the binding of the HO* species. Indeed,
drastic enhancement was observed with GQD-supported Pt
nanoparticles in ORR, in comparison to commercial Pt/C
catalysts.®® In the present study, the results presented above
demonstrate that the performance may be further enhanced by
a deliberate manipulation of the GQD structural defects, as
shown in Figure 8. Using the kinetic current densities at +0.85
V (black circles) and +0.90 V (red circles) as the measuring
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Figure 8. Variation of the ORR kinetic current density at +0.85 (solid
circles) and +0.90 V (empty circles) with GQD structural defects
manifested as the defect concentrations from XPS measurements
(Figure 4) and I(D)/I(G) ratio in Raman spectroscopic measurements

(Figure 3).

yardsticks, we can see that the electrocatalytic activity of the Pt/
G nanocomposites exhibited volcano-shaped dependence on
the defect concentrations quantified by XPS measurements
(Figure 4) and on the I(D)/I(G) ratio determined by Raman
spectroscopic measurements (Figure 3), with the best activity
in the series both corresponding to the Pt/G-160-12h and Pt/
G-180-6h samples. This means that there exists an optimal
defect concentration within the GQDs for maximal ORR
activity of the Pt/G hybrid nanoparticles. This may be ascribed
to the intimate interactions between the graphene support and
platinum nanoparticles that led to deliberate manipulation of
the platinum d-band center and hence the charge transfer
dynamics of oxygen reduction.>”

Mechanistically, in oxygen reduction, it has been known that
the electron-transfer kinetics and hence the electrocatalytic
performance depend rather sensitively on the adsorption of
oxygen and reaction intermediates such as O* and HO*
intermediates on the Pt surface. In fact, studies have shown that
the optimal catalytic activity for ORR may be achieved when
oxygen adsorption is 0.1 eV weaker than that on single-crystal
platinum electrode surfaces.””~"> Thus, ideally a balance has to
be struck between the strength of intermediate adsorption and
reaction kinetics. This may be achieved by a deliberate variation
of the GQD structural defects as a result of partial charge
transfer from platinum that weakens the adsorption of oxygen
and reaction intermediates. In the present study, the
experimental results suggest that an optimal structure may be
found at about 20% defect concentration of the GQD supports.
Whereas higher concentration of the GQD defects may afford
more substantial charge transfer from Pt to GQD, the
electronic conductivity of the GQDs support may suffer and
hence compromise the electron transfer kinetics of oxygen
reduction.

H CONCLUSION

In this study, graphene quantum dot (GQD)-supported
platinum nanoparticles were prepared by hydrothermal
coreduction of Pt(II) precursors and GQDs within the
temperature range of 140—200 °C for various periods of
time. TEM measurements showed that the Pt nanoparticles
exhibited rather consistent core size when the hydrothermal
temperature was controlled between 140 and 180 °C, and at
higher temperatures (200 °C) the particle core size was found
to increase drastically, which was accounted for by the
diminishment of the structural defects of the GQDs that
weakened the anchoring and passivation of the platinum
nanoparticles. Interestingly, the GQD structural defects, which
were examined and quantified by FTIR, Raman, and XPS
spectroscopic measurements, were found to strongly impact the
electrocatalytic activity of the resulting Pt/G nanocomposites in
oxygen reduction. On the basis of the onset potential, number
of electron transfer involved, and kinetic current density, the
Pt/G-160-12h and Pt/G-180-6h nanoparticles were found to
exhibit markedly enhanced electrocatalytic activity as compared
to the rest of the series, with the mass activity reaching the
DOE target for 2017. This suggests an optimal defect
concentration of about 20% of non-sp” carbons in GQDs as
determined by XPS measurements, or an I(D)/I(G) ratio of
about 1.2 in Raman spectroscopic measurements. The results
are rationalized by the manipulation of the adsorption of
oxygen and reaction intermediates on platinum by the GQD
structural defects as partial charge transfer might occur from Pt
to GQD defects. Additional contributions might arise from the
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effects of structural defects on the electronic conductivity of the
nanocomposites catalysts. The results presented herein are
significant in that the strategy may lead to the development of a
new paradigm in the design, manipulation, and optimization of
nanoparticle catalysts for fuel cell electrochemistry.
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