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ABSTRACT

Structural engineering carbon support in controlling the dopant concentrations

or types and their homogeneity is an effective way to modulate the catalytic

properties of Pt-based materials. Herein, we reported a convenient and scalable

strategy to incorporate pyridinic and pyrrolic N components into the carbon

matrix via quantum dots anchoring pathway. The newly designed carbon can

accurately regulate the N contents, and importantly, exposes numerous func-

tional edge sites for growing and stabilizing Pt nanoparticles with a very narrow

size distribution. Experimental validation identified that a strengthened metal-

support interaction is afforded on this Pt/NCB-n architecture, which signifi-

cantly optimizes its catalytic behaviors toward the methanol electrooxidation

process. Combining its unique textural features including unimpeded electron

conductivity, intensive N components on the triple-phase boundaries, and

sufficient accessible catalytically active centers, the obtained Pt/NCB-n exhibits

a marvelous electrocatalytic activity accompanied by distinguished antipoi-

soning ability and reliable long-term stability, holding great potential as sub-

stitutes for conventional Pt-activated carbon catalysts. This study paves a new

avenue to develop more effective carbon-based supports for constructing

advanced electrocatalysts and can also be extended to the next-generation

metal-air batteries, metal-ion batteries, or sensors.
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GRAPHICAL ABSTRACT

Introduction

The continuous consumption of fossil fuels and the

accompanying global warming issues triggers the

development of highly efficient energy storage and

conversion technologies [1–3]. Among the various

candidates, direct alcohol fuel cells (DAFCs) attract

increasing attention because of their high energy

conversion efficiency, low costs and convenient

storage of the fuels, zero pollutant emission, as well

as facile power-system integration [4, 5]. In particu-

lar, the performance of the DAFCs, including energy

densities and the lifespans, depends primarily on the

electrocatalytic properties of the electrode materials,

[6, 7] which motivates great endeavors on the

exploration of highly active and

stable electrocatalysts.

Platinum (Pt) is the well-known most effective

electrocatalyst, however, the low natural abundance

and the limited mined amount each year make the Pt

an extremely high cost, which greatly limits their

large-scale commercial application [8–10]. Some Pt-

free oxygen reduction reaction catalysts have been

intensively studied, including, cheaper noble metal

catalysts (Palladium [11, 12], Iridium [13], Ruthenium

[14], Silver [15]), non-precious metal catalysts (tran-

sition metal–nitrogen–carbon (M–N–C) complexes

[9, 16–19], Manganese perovskite [20, 21]) and metal-

free catalysts (heteroatoms-doped graphene [6, 22],

ordered mesoporous carbon [23, 24]). They deliver

high activities and potentials to replace the Pt-based

cathode but for the anodic catalytic reactions, it still

relies on the Pt-based materials. Therefore, minimiz-

ing the amount of platinum and improving its cat-

alytic activity and stability for anodic catalysis in

DAFCs has long been a hot topic of research.

According to the current study, there are three main

strategies to enhance the performance of Pt-based

catalysts, (1) optimizing the Pt-based catalyst prepa-

ration methodology: employing different reducing

agents, protecting agents or reaction conditions to

synthesize Pt nanoparticles with unique morpholo-

gies to improve the Pt utilization efficiency, thus

enhancing its electrocatalytic activity; [25–28] (2)

engineering the microstructure of Pt-based catalysts,

such as fabricating Pt-based bimetallic or multi-

metallic catalysts [29–31], forming Pt-based alloys

[27, 32, 33], constructing core-shells [34–36], hetero-

junctions structures [37, 38], aiming to strengthen the

reaction kinetics and the poison tolerance through

bifunctional mechanisms and synergistic effects; (3)

integrating the Pt-based catalyst with functional

substracts to anchor and stabilize the highly mobile

Pt nanoparticles, and accordingly modulate their

reactivities. [39–41]

Immobilizing the Pt nanoparticles onto conductive

carbon-based supports including carbon black, car-

bon fibers, carbon nanotubes, and graphene, is con-

sidered as one of the most direct and effective ways
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to localize the Pt nanoparticles on a specific site,

simultaneously downsize the nanoparticles, and

control the morphologies. [42, 43] Most recently, the

development of the heteroatom doping technique on

carbon opens up new avenues for high-performance

electrocatalysts, which have just experienced a

renaissance. [44–46] The extensive theoretical and

experimental evaluation identified that the substi-

tuted N atoms are capable of manipulating the spin

density and the charge distribution of neighboring

carbon atoms, hence remarkably improving the

chemical inertness of the pristine carbon supports.

[47] On the other hand, the electron lone pairs upon

N atoms can insistently capture metal ions in the

solution and enormously strengthen the supports’

affinity for anchoring metal nanoclusters. [48, 49]

This strong electronic interaction plays a crucial role

in tethering Pt nanoparticles and avoiding them from

dissolving, migrating, and agglomerating during the

catalytic reactions. [40] Importantly, it can also

modulate the d-band center and the Femi level of the

Pt nanoparticles, which promotes the intermediates

desorption and accelerates the catalytic process. [50]

Among various substituted N species, the pyridinic

and pyrrolic N are regarded as the main components

in anchoring the metal particles and maximizing the

above merits. [51] However, conventional N-doping

approaches, for instance, chemical vapor deposition,

plasma treatment, or thermal treatment, lead to

complex N configurations and reduced conductivity,

thus it still remains a big challenge to incorporate N

into carbons with a high proportion of desired certain

N configuration and acceptable electric conductivity.

In this work, we report a facile strategy for large-

scale production of N-doped graphene quantum dots

(NGQDs) decorated carbon supports, which achieves

incorporating N in rich of highly active pyridinic and

pyrrolic N configurations. This newly designed car-

bon support then acts as a platform to stabilize nar-

rowly distributed, uniformly dispersed, and

nanometric Pt nanoparticles towards methanol oxi-

dation in DAFCs. The surface integrating NGQDs

realizes accurately controlling the doping concentra-

tion and localizes the functional N components on

the triple-phase boundaries, which ensures rapid

electron transfer in the intrinsic structure of carbon,

and involves numerous edge planes for Pt nucleation

and electrolyte diffusion, as well as enhances the

interactions between Pt and the carbon. Conse-

quently, the Pt/NCBs exhibit meritorious

electrocatalytic performance in terms of large elec-

trochemically active surface areas, high forward peak

current densities, unusual poison tolerances, and

reliable long-term stabilities, superior to the com-

mercial Pt-activated carbon catalysts.

Experimental section

Preparation of Pt/NCB catalysts

The Graphite oxide was prepared from natural flake

graphite powder according to Hummer’s method.

[52, 53] The NGQDs were synthesized by a combined

chemical etching and hydrothermal process. In a

typical procedure, 1.0 g freeze-dried graphite oxide

was put into an aqueous mixture containing 20 mL

concentrated sulfuric acid and 20 mL concentrated

nitric acid followed by ultrasonication for 2 h and

refluxing at 90 �C for 6 h. After cooling to room

temperature, the suspension was centrifuged for

10 min. The supernatant was collected and neutral-

ized by adding sodium hydroxide solution, then

dialyzed against pure water for 2 weeks in a 500 Da

molecular weight cut-off dialysis bag. The resulting

graphene quantum dots (GQDs) were freeze-dried

and labeled as GQDs. Next, 10 mg GQDs was dis-

persed in 100 mL dimethylformamide (DMF) under

ultrasonication. The reaction mixture was transferred

into a Teflon-lined stainless steel autoclave for

hydrothermal treatment at 200 �C for 24 h. After-

ward, the rotary evaporator was applied to remove

the solvent, and the as-synthesized product, labeled

as NGQDs, was washed, dialyzed, and finally freeze-

dried. As to deposit NGQDs onto the carbon support,

100 mg Vulcan XC-72 carbon black (labeled as CB,

Cabot Corporation) with various amounts (1, 2,

10 mg) of NGQDs were suspended in 200 mL water

followed by ultrasonication for 2 h. After filtrated

and freeze-dried, the N-doped carbon support was

obtained and labeled as NCB-n, where n represents

the starting amount of NGQDs.

Subsequently, the Pt nanoparticles were grown and

stabilized onto the NCB-n supports. Typically,

120 mg NCB-n was added into 240 mL ethylene

glycol solution (0.5 mg mL-1) and ultrasonicated by

1 h to form a stable dispersion. Afterward, 0.167 mL

of 0.94 M K2PtCl4 solution (Alfa Aesar) was slowly

dropped in with magnetic stirring. The reaction

mixture was then refluxed at 120 �C for 16 h, during
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which the Pt2? ions were reduced by the ethylene

glycol via a solvothermal strategy [54], followed by

centrifuged, washed, and finally freeze-dried. The

product was denoted as Pt/NCB-n. For comparison,

Pt nanoparticles supported on pristine carbon black

were also prepared by a similar procedure and

denoted as Pt/CB. The actual platinum loadings of

Pt/NCB-1, Pt/NCB-2, Pt/NCB-10, and Pt/CB con-

firmed by inductively coupled plasma atomic emis-

sion spectrometry (ICP-AES, Varian Vista-AX)

analysis were 19.1, 19.7, 19.2, and 19.2 wt%, close to

the theoretical value of 20.0 wt%.

Characterization

Field-emission scanning electron microscopy (FE-

SEM, JEOL JEM7800F) equipped with energy-dis-

persive X-ray spectroscopy (EDX) and Transmission

electron microscopy (TEM, JEOL JEM-2100) were

employed to investigate the morphology of the

samples. X-ray photoelectron spectra (XPS) were

performed using a Thermo-VG Scientific ESCALAB

250 X system. Powder X-ray diffraction (XRD) pat-

terns were recorded on a Bruker D8 Advance

diffractometer with Cu Ka radiation. Fourier Trans-

form-IR spectra (FT-IR) were obtained on a Nicolet

iS20 instrument (Thermo Nicolet Corporation). UV-

Vis absorption spectra were collected with a SHI-

MADZU TU-1800 UV-Visible-NIR spectrometer.

Fluorescence emission spectroscopy was carried out

on an LS-45 fluorescence spectrophotometer (Perkin

Elmer, UK). The metal loadings of the samples were

determined by a Varian Vista-AX ICP-AES.

Electrochemical measurements

All electrochemical experiments were performed in a

CHI 760E electrochemical workstation using a stan-

dard three-electrode configuration, which consisted

of a glass carbon (GC) disk coated with catalysts

serving as the working electrode, a saturated calomel

electrode (SCE) serving as the reference electrode, a

Pt wire serving as the counter electrode. The working

electrode was prepared as follows: 2 mg of the cata-

lyst was dispersed in a mixed solution (0.667 mL

water, 0.333 mL isopropyl alcohol, 50 lL 5% Nafion

117 solution) under the assistance of ultrasonic

treatment to form a homogeneous black ink. 5 lL of

the resulting ink was carefully pipetted on the well-

polished GC electrode surface and dried in the air

before measurements. The electrochemically active

surface area (ECSA) values of the catalysts were

evaluated by both hydrogen and CO adsorption/

desorption cyclic voltammogram (CV) curves in

0.5 M H2SO4 electrolyte. The methanol electrooxida-

tion performance of the catalysts was recorded in N2-

saturated 1 M CH3OH and 0.5 M H2SO4 electrolyte

and 1 M CH3OH and 1 M NaOH electrolyte. All the

electrochemical data were normalized to the mass of

Pt. The potentials in this work were expressed with

the reversible hydrogen electrode (RHE) by calibrat-

ing the SCE to the RHE scale.

Results and discussion

Firstly, the morphology of the as-prepared graphene-

based quantum dots was characterized by TEM. As

illustrated in Fig. 1a and b, both the GQDs and

NGQDs are well monodispersed and homogeneous

in size. Close inspection reveals a high crystallinity

with a lattice fringe of 0.20 nm, assigning to the (102)

diffraction planes of graphitic sp2 carbon. A narrower

distribution and smaller size can be noticed for

NGQDs, implying that the peripheral defect sites and

functional groups of GQDs were etched under the

DMF hydrothermal treatment, thus reducing the

particle size of quantum dots. XPS and FT-IR analysis

were employed to evaluate the chemical structure

and composition of the graphene-based quantum

dots. The XPS survey scan spectra of GQDs and

NGQDs in Figure S1 discloses that the as-obtained

quantum dots are composed of C, N, and O elements

without any obvious impurity. The high-resolution

C1s XPS spectrum of GQDs can be deconvoluted into

three peaks centered at 284.6, 286.3, and 288.9 eV

(Fig. 1c), which are corresponded to graphitic C=C,

C–OH, and C=O groups, respectively. [40, 47] It

should be noted that the high proportion of oxygen-

containing groups was involved by the Hummer’s

oxidation and ensured the extraordinary dispersion

ability and stability of GQDs in the solvent, matching

well with the previously reported carbon-based

quantum dots. [55, 56] The contents of C–OH and

C=O groups decreased distinctly in that of NGQDs,

and two additional peaks were located at 285.6 eV

(sp2 C=N) and 287.3 eV (sp3 C–N) were raised. This

gave strong evidence of the incorporation of N atoms

in the framework of graphene quantum dots, which

was further supported by the FT-IR spectrum of the
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characteristic C=N stretching vibration at 1420 and

1240 cm-1 [57] for NGQDs in Figure S2. Meanwhile,

Fig. 1e and f showed the high-resolution N 1 s

spectra of GQDs and NGQDs. No evident single can

be found in that of GQDs, whereas four components

can be distinguished in that of NGQDs, that is pyri-

dinic, pyrrolic, graphitic, and oxidized nitrogen,

respectively. Importantly, over 90 at% of the nitrogen

Figure 1 Morphological and structural analysis of the as-prepared

carbon-based quantum dots. TEM images of (a) GQDs and

(b) NGQDs, inserts are the corresponding HRTEM image and the

quantum dots size distributions. High-resolution C 1 s XPS spectra

of (c) GQDs and (d) NGQDs. High-resolution N 1 s XPS spectra

of (e) GQDs and (f) NGQDs.
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atoms are involved in the form of pyridinic and

pyrrolic configuration, which played extremely criti-

cal roles in stabilizing Pt nanoparticles during the

synthesis and catalytic procedures and it will be

discussed in the following sections.

The optical properties of the GQDs and NGQDs

were then evaluated by UV-Vis absorption and flu-

orescent spectroscopy. As shown in Figure S3a, The

GQDs possessed a well-defined absorption band at

223 nm, attributed to the p-p* transition of the aro-

matic sp2 bonds. [58, 59] The symmetrical fluores-

cence spectra revealed that the emission peak is

438 nm at the excitation wavelength of 370 nm.

Taking quinoline sulfate as a standard, the fluores-

cence quantum yield of the GQDs can be calculated

as 12.5% at 370 nm, deriving from the area of the

fluorescence emission peak and its corresponding

absorption intensity (Figure S3b). In contrast, the

absorption band of NGQDs presented an obvious

red-shift (Figure S3c), indicating that the conjugated p
structure in NGQDs has been modulated [60] and

presumably a new surface state has been introduced

by the nitrogen doping process. The emission peak of

NGQDs appeared at 417 nm at the excitation wave-

length of 360 nm, and the fluorescence quantum

yield was demonstrated to be 14.4%, slightly higher

than that of GQDs. Since the fluorescence quantum

yield is related to the size of quantum dots [61–63], it

can be confirmed that the size of GQDs was reduced

after the hydrothermal doping process, as the above

TEM observation, which also indicated that GQDs

have been successfully modified by the nitrogen

heteroatoms. These results were also supported by

the excitation wavelength-dependent fluorescence

behavior of both GQDs and NGQDs in Figure S4.

In the next set of experiment, the as-obtained

NGQDs was ultrasonically deposited on conven-

tional carbon black, aiming to chemically integrate

the highly active nitrogen components on the carbon

support (Fig. 2a). Various amount of NGQDs was

considered and the saturated absorption is found to

be NCB-10, detected by the UV-Vis technique on the

filtrate after deposition, where the surface of CB is

well-wrapped by NGQDs uniformly and densely.

Either the pristine CB or NCB-n possessed a nano-

sphere morphology with a diameter of 20 * 100 nm

(Fig. 2b–u) and a typical C (002) interplanar diffrac-

tion peak (Figure S5), suggesting no structural dete-

rioration after depositing NGQDs. The

corresponding EDX mapping then demonstrated the

incorporation of N element on CB, and the single of

N increased linearly with the NGQDs deposition

concentration. Another proof for this point was given

by the XPS analysis (Figure S6). The evident N 1 s

response and the corresponding deconvoluted N

components revealed the successful decoration of

NGQDs on CB, that is, the resulting NCB-n. Subse-

quently, a soft chemistry methodology was used to

load Pt nanoparticles on the NCB-n to testify our

demonstrated highly active nitrogen configuration

for anchoring small-sized Pt catalysts toward

methanol electrooxidation.

TEM analysis in Fig. 3 clearly revealed the mor-

phologies and the particle size distributions of the as-

prepared Pt catalysts. For Pt/CB, Pt nanoparticles

with an average diameter of 2.46 nm were dispersed

on CB but several aggregates can be found, which

may derive from a relatively weak interaction

between Pt and the support. Closed TEM inspection

exhibited an interplanar spacing of 0.23 nm, which

correlates well with the typical lattice fringer of the Pt

(111) crystal plane. [64] For Pt/NCB-n, it can be dis-

tinctly observed a more homogeneous dispersion

along with a narrower size distribution, which orig-

inates from the strong coordination capacity of pyri-

dinic and pyrrolic N components on NGQDs, thus

effectively strengthening the interactions between the

Pt and carbon support and evenly tethering Pt atoms

during their nucleation and growth process. This

phenomenon plays an important role in decreasing

the probability of Ostwald ripening agglomeration

during the methanol oxidation reactions. The Pt

particle sizes were also found to be reduced with the

NGQDs contents enhanced, indicating nitrogen

components on CB are effectively conducive to the

formation of smaller-sized Pt nanoparticles. Mean-

while, XRD results in Figure S7 showed the good

crystallinity of the as-obtained Pt nanoparticles, and

based on the Scherrer equation, the particle sizes are

calculated, which is well consistent with the TEM

results (Table S1).

To gain additional insight into the chemical states

of the Pt/NCB-n catalysts, XPS measurement was

carried out. As disclosed in Figure S8, the as-obtained

Pt-based catalysts are composed of C, N, O, and Pt

elements without any impurity, which suggests the

successful reduction of Pt nanoparticles via the

solvothermal approach. Figure 4 presented the high-

resolution Pt 4f XPS spectra of Pt/CB, Pt/NCB-1, Pt/

NCB-2, and Pt/NCB-10, respectively. The Pt 4f
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signals of these samples are similar in that all com-

posed of two sets of peaks, the lower energy peaks

located at * 70.8 eV and * 74.2 eV were ascribed to

the zero-valence state of metallic Pt, the other

shoulder peaks located at * 72.1 eV and * 75.4 eV

belonged to the oxidation state of Pt (PtOx) [65]. It

should be noted that the binding energy of PtOx

component in Pt/CB and all the Pt/NCB-n were

more negative than that of pristine PtO. Combining

that no diffraction peaks of platinum oxide were

observed in the XRD patterns, it can be determined

that these components owing to the oxygen-ab-

sorbing on part of platinum atoms on the surface of

Pt nanoparticles. As listed in Table 1, the PtOx

Figure 2 a Schematic of

fabrication of Pt-NCB-

n catalysts; Morphological

analysis of the NGQDs

modified carbon supports.

Typical TEM images, FE-SEM

images, and the corresponding

C Ka, N Ka mapping images

of (b–f) pristine carbon

support, (g–k) NCB-1, (l–

p) NCB-2, (q–u) NCB-10,

respectively.
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contents increased in the order Pt/NCB-10[Pt/

NCB-2[Pt/NCB-1[Pt/CB, matching well with the

average particle size obtained by TEM and XRD. This

is derived from the fact of more exposed surface

atoms on a smaller particle, which possess more

active physicochemical behaviors. Additionally, with

the increase of N contents in NCB, the peaks of Pt(0)

shifted slightly to the low binding energy, indicating

a reinforced metal-support interaction between the Pt

nanoparticles and the NCB-n support, in favor of

boosting the electrocatalytic stability toward metha-

nol oxidation. Summarized from all the above struc-

tural characterization results, it is reasonable to

deduce that a high active pyridinic and pyrrolic N are

successfully integrated into the carbon support,

which effectively reduces the particle size of Pt

nanoparticles and optimizes their dispersion.

The electrochemically active specific surface area

(ECSA) of the as-obtained Pt/NCB-n catalysts was

firstly evaluated and compared with that of com-

mercial used Pt/CB catalyst. Figure 5a showed the

CV of these catalysts in the electrolyte of 0.5 M H2SO4

at a scan rate of 50 mV s-1. It can be noted that these

four catalysts presented a similar CV profile, which

can be roughly divided into four regions. During the

forward scan, the oxidation peaks at 0.05 * 0.30 V

were assigned to the desorption of hydrogen (-Hads)

adsorbed on Pt catalysts. As the potential

reached * 1.0 V, the surface Pt atoms were oxidized

and adsorbed -OHads species. For the reverse scan,

strong reduction peaks appeared at * 0.70 V ascri-

bed to the desorption of -OHads, and the sig-

nals * 0.25 V belonged to the re-adsorption of-Hads.

Figure 5b exhibited a CO stripping voltammetry in

Figure 3 Morphological

analysis of the Pt/NCB

nanocomposite. Typical TEM

images and the corresponding

Pt particle size distribution of

(a–c) Pt/CB, (d–f) Pt/NCB-1,

(g–i) Pt/NCB-2, (j–l) Pt/NCB-

10, respectively. Inserts are the

corresponding HRTEM

images.
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0.5 M H2SO4 at a scan rate of 50 mV s-1. The

prominent peaks appearing between 0.8 and 1.0 V

were related to the CO stripping process, which can

be employed to estimate the ECSA values based on

the following formula [66]:

ECSA ¼ QCO

mPt � 0:42

Table 2 listed the detailed electrochemical results of

all the studied catalysts. Among them, the Pt/NCB-

10 possesses the largest ECSA value of up to 76.3

m2 g-1, which is much higher than those of Pt/NCB-

2 (74.1 m2 g-1), Pt/NCB-1 (65.3 m2 g-1), and Pt/CB

(62.3 m2 g-1) catalysts. Furthermore, the N2 adsorp-

tion–desorption analysis unravels a high Brunauer–

Emmett–Teller (BET) surface area of 116.7 m2 g-1 for

the Pt/NCB-10 architecture (Figure S9), which is

comparable to the ECSA analysis. These results might

arise from the high dispersion of small-sized Pt

nanoparticles on NCB-10, thus leading to an

Figure 4 XPS analysis of the Pt/NCB nanocomposite. High-resolution Pt 4f XPS spectra of (a) Pt/CB, (b) Pt/NCB-1, (c) Pt/NCB-2,

(d) Pt/NCB-10, respectively.

Table 1 Deconvolution data from Pt 4f XPS spectra of Pt/CB and Pt/NCB nanocomposites

Sample Pt(0) PtOX

4f7/2 peak position/

eV

4f5/2 peak position/

eV

Percentage/

%

4f7/2 peak position/

eV

4f5/2 peak position/

eV

Percentage /

%

Pt/CB 70.8 74.2 73.9 72.1 75.4 26.1

Pt/NCB-1 70.8 74.1 71.2 72.2 75.5 28.8

Pt/NCB-2 70.7 74.1 69.1 72.2 75.5 30.9

Pt/NCB-

10

70.7 74.0 62.2 72.1 75.5 37.8
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enormous amount of accessible catalytically active

sites on the electrode surface.

Figure 6a demonstrated the methanol electrooxi-

dation curves of the four different catalysts. As

expected, the Pt/NCB-10 manifested the highest

activity of 0.593 A mg-1 and the lowest potential

monitored at a constant current, indicating that

methanol oxidation reaction was more easily driven

by Pt/NCB-10. As a reference, the Pt nanoparticles

supported on NGQDs were also prepared and their

catalytic performance as listed in Figure S10 and

Table S2. The Pt/NGQDs deliver a low activity of

0.224 A mg-1, which probably results from the rela-

tively low electrical conductivity of NQGDs materials

owing to the intrinsic plentiful oxygen-containing

groups. The catalytic reaction of methanol on Pt can

be considered into two processes. The first process is

the gradual dehydrogenation of methanol molecules

to form carbon-containing intermediates (-COads),

accumulated on the catalytic sites, which behaves the

forward sweep peak (* 0.85 V) in CV profiles [26];

subsequently, the -COads intermediates are further

oxidized to CO2 by the presence of neighboring

adsorbed -OHads, corresponding the reverse sweep

peak (* 0.65 V), as shown in the following reaction

equation [40, 67–69].

Pt þ CH3OH ! Pt� CH2OHads þ Hþ þ e� ð1Þ

Pt� CH2OHads ! Pt� CHOHads þ Hþ þ e� ð2Þ

Pt� CHOHads ! Pt� COHads þ Hþ þ e� ð3Þ

Pt� COHads ! Pt� COads þ Hþ þ e� ð4Þ

Pt� COads þ Pt�OHads ! 2Pt þ CO2 þ Hþ ð5Þ

The forward sweep peak current density usually

can be used to evaluate the catalytic activity of a

catalyst for methanol electrooxidation, whereas the

ratio of peak current in the forward scan (IF) to the

reverse scan (IR) can describe the catalyst tolerance to

the -COads intermediates. [70] As can be seen in

Table 2, the IF/IR ratio of the Pt/NCB-10 is found to

be 1.63, superior to that of Pt/NCB-2 (1.47), Pt/NCB-

2 (1.17), and Pt/NCB-2 (1.03), implying the involved

nitrogen components from NGQDs might accelerate

the adsorption of -OHads,[39] thus manage effectively

removal of the -COads intermediates, and generate

Figure 5 a CV curves and b CO-stripping voltammograms of the Pt/CB, Pt/NCB-1, Pt/NCB-2, and Pt/NCB-10 catalysts recorded in

0.5 M H2SO4 solution at the scan rate of 50 mV s-1.

Table 2 A compiled study comparing CV results for Pt/NCB catalysts

ECSA m2 g-1 0.5 M H2SO4 ? 1 M CH3OH 1 M NaOH ? 1 M CH3OH

IF A mg-1 IR A m g-1 IF/IR IF/ECSA A m-2 IF A mg-1 IR A mg-1 IF/IR IF/ECSA A m-2

Pt/CB 62.3 0.331 0.325 1.03 5.31 1.49 0.43 3.47 23.92

Pt/NCB-1 65.3 0.387 0.331 1.17 5.93 1.83 0.4 4.58 28.02

Pt/NCB-2 74.1 0.506 0.343 1.47 6.83 2.74 0.46 5.96 36.98

Pt/NCB-10 76.3 0.593 0.362 1.63 7.78 3.02 0.42 7.19 39.58
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outstanding tolerance toward -COads poisoning [71].

To gain further insight into the specific activities of

these Pt catalysts, the electrochemical data has also

been normalized to ECSA values. In Fig. 6b, the Pt/

NCB-10 showed a 46% enhancement of the specific

activity when compared with the commercially used

Pt/CB catalyst. This gives distinct evidence that the

pyridinic and pyrrolic N-enriched carbon support of

NCB is crucial for increasing the catalytic activity per

unit surface area of Pt. Such a phenomenon is related

to the oxidation of the intermediate product of -COads

upon Pt/NCB-10, where pyridinic and pyrrolic N can

active plentiful neighboring carbon atoms and accel-

erate the formation of -OHads by water dissociation

(Eq. 5), thus releasing the catalytic active sites,

increasing the utilization of the active sites, and

strengthening the catalytic activity per active surface

area. As a reference, we also prepared the N-doped

carbon support using conventional thermal doping

method, possessing a more graphitic N configuration.

This N-doped carbon was then loaded with Pt

nanoparticles, labeled with Pt/CB-N (Figure S11).

The corresponding electrocatalytic performance

toward methanol oxidation was presented in Fig-

ure S12, which unveiled a current density of 0.391 A

mg-1, higher than that of Pt/CB, demonstrating the

strengthened metal-support interaction after inte-

grating N components. However, compared with that

of Pt/NCB-10, the enhancement is relatively low.

Hence it’s reasonable to conclude that the pyridinic

and pyrrolic N possess a more significant impact on

anchoring the metal particles, which is in agreement

with the previous studies [51, 70].

The catalytic ability of the Pt/NCB-10 catalyst was

also studied under various electrochemical condi-

tions. Figure 7 presented the CVs obtained in the

alkaline medium of 1 M NaOH with 1 M CH3OH

electrolyte at a scan rate of 50 mV s-1. The CV curves

for each catalyst had an oxidation peak in the for-

ward and reverse scan portions similar to the acidic

conditions, representing the direct oxidation of

methanol on the catalyst surface and the oxidation of

the residual adsorbed carbonaceous intermediates,

respectively. Apparently, the electrochemical behav-

iors are kept almost unchanged, where the Pt/NCB-

10 maintained the highest activity with an IF value of

3.02 A mg-1 as well as the most competitive IF/IR
ratio among the four catalysts in this study. Thanks to

the synergistic effect of nitrogen components on the

support and Pt nanoparticles, the activities normal-

ized to the ECSA values of these catalysts linearly

with the nitrogen contents, in the order of Pt/CB\
Pt/NCB-1\Pt/NCB-2\Pt/NCB-10, further

demonstrating that surface nitrogen doping can

effectively improve the electrocatalytic activity of Pt

catalysts.

Other key requirements for the practical usage of

the catalysts are long-term stability and durability.

We then carried out typical i-t measurements of the

Pt/CB, Pt/NCB-1, Pt/NCB-2, and Pt/NCB-10 cata-

lysts in both acidic and alkaline media (Fig. 8). All of

the catalysts experienced a sharp current decay at the

initial stage, and subsequently a pseudo-steady-state

gradually. This unavoidable decay most likely

resulted from the accumulation of carbonaceous

intermediates [72] that were generated during the

Figure 6 a Representative CV curves and b ECSA-averaged CV current densities of the Pt/CB, Pt/NCB-1, Pt/NCB-2, and Pt/NCB-10

catalysts recorded in 0.5 M H2SO4 with 1 M CH3OH solution at the scan rate of 50 mV s-1.
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methanol oxidation, as listed in Eq. 1–4. These poi-

soning species occupied the Pt active sites and were

then removed via the reaction of the neighbor dis-

sociated –OHads (Eq. 5). In comparison to those for

Pt/CB, Pt/NCB-1, and Pt/NCB-2 the selected Pt/

NCB-10 catalyst displayed a remarkably higher initial

current and a slower decay rate, suggesting a far

outstanding catalytic durability. Importantly, the

durability of Pt/NCB-n shared the same tendency as

the nitrogen contents, giving another proof of the

effect of the nitrogen incorporation as well as the

concerted effects of the individual components. Fur-

thermore, Figure S13 showed the TEM images of the

Pt/CB and Pt/NCB-10 catalysts subjected to the

durability test, where it can be clearly seen that the

Pt/NCB-10 preserved highly dispersive Pt nanopar-

ticles with an average size of 2.20 nm. In contrast, the

Pt/CB exhibits a significantly enlarged size distribu-

tion and several aggregations. Such a phenomenon

can be assigned to the Ostwald ripening during the

harsh electrochemical catalysis process, which also

verified that the strong metal–support link induced

by the N component is able to stabilize the Pt

nanoparticles more firmly to improve their structural

stability.

The intriguing electrocatalytic properties of the Pt/

NCB-n composites with synergistic structural fea-

tures are mainly credited to the accompanying

Figure 7 a Representative CV curves and b ECSA-averaged CV current densities of the Pt/CB, Pt/NCB-1, Pt/NCB-2, and Pt/NCB-10

catalysts recorded in 1 M NaOH with 1 M CH3OH solution at the scan rate of 50 mV s-1.

Figure 8 Typical i-t curves of the Pt/CB, Pt/NCB-1, Pt/NCB-2, and Pt/NCB-10 catalysts in (a) 0.5 M H2SO4 with 1 M CH3OH solution

at 0.40 V and (b) 1 M NaOH with 1 M CH3OH solution at 0.70 V.
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aspects: (i) the uniform dispersion of small-sized Pt

nanoparticles on NCB-n delivers a narrow size dis-

tribution, which not only exerts large electrochemi-

cally accessible active sites and offers sufficient triple-

phase boundaries but also fully exploits the catalytic

functions and ensures fast electrocatalytic kinetics for

methanol oxidation; (ii) the capital conservation of

the intrinsically electronic structure of carbon sup-

port guarantees a rapid charge-transfer rate in this

composite system, significantly promoting the elec-

tron diffusion in the methanol oxidation reactions;

(iii) the chemically integrated nitrogen components

possess a high proportion of active pyridinic and

pyrrolic N, effectively anchoring and stabilizing the

Pt nanoparticles via their strong interactions [73].

Combining the narrow Pt size distribution, it effi-

ciently suppresses the Ostwald ripening effect upon

the electrochemical catalysis process, thus greatly

improving the structural stability of the catalyst.

Moreover, the pyridinic and pyrrolic N energetically

reduce the potential for producing -OHads species,

simultaneously facilitating the elimination of the

adsorbed poisoning intermediates, remarkably

strengthening the poison tolerance ability.

Conclusions

In summary, we have demonstrated a convenient

and scalable approach to chemically integrating

nitrogen components upon the carbon support, giv-

ing typically over 90 at% proportion of highly active

pyridinic and pyrrolic N configurations. The novel

structural features serve as an ideal platform

achieving stabilizing Pt nanoparticles with a small

size of * 2 nm alongside narrow size distribution.

Towards methanol oxidation, the resulting Pt/NCB-

n possesses outstanding electrocatalytic perfor-

mances, in particular, the Pt/NCB-10 presents a large

ECSA value of 76.3 m2 g-1, ultrahigh forward peak

current densities (0.593 A mg-1 in acid media and

3.02 A mg-1 in alkaline media) as well as unusual

poison tolerances and reliable long-term durability,

which is significantly outperformed the commercial

used Pt/CB catalysts. This great enhancement can be

attributed to the unique nanostructure of Pt/NCB-n,

sufficient accessible catalytically active sites, accept-

able unimpeded electron transfer channels as well as

strengthened strong catalyst-support interactions.
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