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Highlights

• N-doped carbon nanoflakes (NCs) were synthesized via facile one-pot pyrolysis of citric acid and dicyanamide.

• The as-synthesized NCs have a stacked, few-layered graphene-like structure enriched with pyridinic and graphitic N

groups.

• The optimized NCs show better long-term stability and highly active in electrocatalytic oxygen reduction with a close

four-electron reaction pathway.

Abstract A series of N-doped carbon materials (NCs)

were synthesized by using biomass citric acid and

dicyandiamide as renewable raw materials via a facile one-

step pyrolysis method. The characterization of

microstructural features shows that the NCs samples are

composed of few-layered graphene-like nanoflakes with

controlled in situ N doping, which is attributed to the

confined pyrolysis of citric acid within the interlayers of

the dicyandiamide-derived g-C3N4 with high nitrogen

contents. Evidently, the pore volumes of the NCs increased

with the increasing content of dicyandiamide in the pre-

cursor. Among these samples, the NCs nanoflakes prepared

with the citric acid/dicyandiamide mass ratio of 1:6, NC-6,

show the highest N content of *6.2 at%, in which pyri-

dinic and graphitic N groups are predominant. Compared to

the commercial Pt/C catalyst, the as-prepared NC-6 exhi-

bits a small negative shift of *66 mV at the half-wave

potential, demonstrating excellent electrocatalytic activity

in the oxygen reduction reaction. Moreover, NC-6 also

shows better long-term stability and resistance to methanol

crossover compared to Pt/C. The efficient and stable per-

formance are attributed to the graphene-like microstructure

and high content of pyridinic and graphitic doped nitrogen

in the sample, which creates more active sites as well as

facilitating charge transfer due to the close four-electron

reaction pathway. The superior electrocatalytic activity

coupled with the facile synthetic method presents a new

pathway to cost-effective electrocatalysts for practical fuel

cells or metal–air batteries.

Ar, 1000 °C

One-pot
pyrolysis

4e−

4e−

O2

O2

OH−

OH−

& Ruguang Ma

maruguang@mail.sic.ac.cn

& Qian Liu

qianliu@mail.sic.ac.cn

& Jiacheng Wang

jiacheng.wang@mail.sic.ac.cn

1 School of Materials Engineering, Yancheng Institute of

Technology, Yancheng 224051, Jiangsu Province, People’s

Republic of China

2 State Key Laboratory of High Performance Ceramics and

Superfine Microstructure, Shanghai Institute of Ceramics,

Chinese Academy of Sciences, 1295 Dingxi Road,

Shanghai 200050, People’s Republic of China
3 Shanghai Institute of Materials Genome, 99 Shangda Road,

Shanghai 200444, People’s Republic of China

123

Nano-Micro Lett. (2018) 10:29

https://doi.org/10.1007/s40820-017-0181-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-017-0181-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-017-0181-1&amp;domain=pdf
https://doi.org/10.1007/s40820-017-0181-1


Keywords Nitrogen doping � Graphene-like � Carbon
nanoflakes � Electrocatalyst � Oxygen reduction reaction

1 Introduction

Oxygen electrochemistry plays an important role in the

development of advanced energy storage systems, such as

metal–air batteries and fuel cells [1, 2]. Owing to the high

overpotential in the oxygen reduction reaction (ORR), it is

necessary to employ an effective catalyst at the cathode [3].

To date, the most commonly used catalysts for this purpose

are based on noble metals, such as commercial 20 wt% Pt/

C, which is quite expensive [4, 5]. In order to successfully

replace the noble metals, the substitutes must satisfy the

following requirements: (1) efficient catalytic activity

comparable to that of commercial Pt/C, (2) excellent long-

term stability to resist the methanol/CO poisoning in the

electrolyte, (3) low cost, i.e., high abundance in the earth’s

crust, and (4) facile synthesis. Consequently, many efforts

have been devoted to developing eligible candidates,

including Pt-alloys with inexpensive metals such as Fe and

Ni. [6, 7], transition metal oxides [8, 9], carbides and

nitrides [10], carbon-based materials [11–14], and so on

[15, 16].

Among the alternative electrocatalysts mentioned

above, carbon-based materials such as heteroatom-doped

graphene [17–19], graphitic carbon nitride [20], and carbon

nanotubes [21, 22], possess unique advantages in terms of

abundance, stability, and scalability. In particular, N-doped

carbon materials (NCs) exhibit comparable or superior

electrocatalytic activity to Pt-based catalysts and also

demonstrate high potential in the practical application of

ORR-related devices [23–26]. Upon N doping, the spin

density and charge distribution of carbon atoms will be

influenced by the neighboring N atoms, which effectively

weaken the O–O bonding and facilitate electron transfer on

the carbon materials. On the other hand, it has been

reported that increasing the specific surface area (SSA) by

introducing porosity can expose as many active sites as

required for a particular mass loading, which is another

effective strategy to improve the electrocatalytic activity

[27].

To obtain the desired NCs, numerous synthetic methods

have been developed. Typical N-doped ordered meso-

porous carbon materials were synthesized by Wang and co-

workers under flowing NH3 at high temperatures (e.g.,

950–1050 �C), which exhibited a significant ORR activity

in acidic media [28]. In the presence of ammonia, N-doped

graphene has also been harvested by chemical vapor

deposition of methane [29]. Alternatively, Jeong et al.

prepared N-doped graphene by a modified Hummer’s

method followed by a nitrogen plasma process [30]. The

solvothermal method is a facile and mild synthetic

approach to produce N-graphene or NCs by utilizing CCl4,

metallic K, and N-containing precursors as starting mate-

rials at an appropriate temperature [31, 32]. Commonly,

NCs can be obtained by a two-step method including first

synthesizing carbon materials and then heat-treating the as-

prepared carbon materials in N-containing atmospheres at

high temperatures.

Despite the great progress in their synthesis, a facile and

scalable method is still highly appealing for the fabrication

of NCs in one step, including the in situ N doping. Herein,

we developed a facile one-step synthetic approach to obtain

N-doped graphene-like carbon nanoflakes by simultane-

ously pyrolyzing biomass citric acid and dicyandiamide as

renewable materials at 1000 �C for 1 h, as illustrated in

Scheme 1. During pyrolysis, dicyandiamide formed two-

dimensional (2D) graphitic carbon nitride (g-C3N4)

nanosheets at 450–700 �C [33], which were then used as an

in situ template for the confined growth of 2D carbon

nanoflakes from citric acid. At temperatures higher than

700 �C, g-C3N4 started to decompose and N doping

occurred simultaneously to form the NCs with a flake-like

morphology [33, 34]. The derived g-C3N4 played two

important roles in the formation of NCs, it acted as a

nitrogen source and as the in situ template [35]. The as-

prepared NCs exhibited not only comparable ORR activity

to commercial 20 wt% Pt/C, but also superior long-term

durability and methanol crossover resistance.

2 Experimental

2.1 Chemicals

Citric acid, potassium hydroxide, and dicyandiamide were

obtained from Sinopharm Chemical Reagent Co., Ltd.

Commercial Pt/C catalyst (20 wt%) was procured from

Johnson Matthey (UK). Nafion� solution (5%) was pur-

chased from Sigma-Aldrich. All chemicals were used as

received without further purification.

2.2 One-Pot Synthesis of N-Doped Graphene-Like

Carbon Nanoflakes

In a typical synthetic procedure, citric acid (1 g) was dis-

solved in deionized (DI) water under vigorous stirring to

form a homogeneous solution A at room temperature.

Next, dicyandiamide was mixed with DI water in the

water/dicyandiamide mass ratio of 20 to obtain a homo-

geneous solution B by heating at 100 �C. Solution A was

then slowly added into B dropwise with stirring. The final

mixed solution was heated at 110 �C under vigorous
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magnetic stirring until the water completely evaporated to

yield a white solid. The product was carbonized at 1000 �C
for 1 h with a ramp rate of 3 �C min-1 in a quartz tube

furnace under argon. The resulting black solid material was

ground into a fine powder for further analyses. Three

samples were synthesized by changing the amount (1, 3,

and 6 g) of dicyandiamide in the precursor. The final

samples were designated as NC-X, where X is the mass

ratio of dicyandiamide to citric acid. For comparison, pure

N-free porous carbon (PC) was also synthesized by direct

calcination of citric acid at 1000 �C under Ar atmosphere.

2.3 Structural Characterization

Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) images were recorded on a

JEOL JSM-6700F high-resolution SEM and JEOL 2010F

TEM, respectively. X-ray photoelectron spectroscopic

(XPS) measurements were taken on a VG Microtech ESCA

2000 using a monochromatic Al X-ray source. Raman

microspectroscopy was performed using a DXR Raman

microscope (Thermal Scientific Co., USA) with 532 nm

excitation wavelength. The applied power of the laser was

7 mW, and the illuminated circular area was 2.1 lm in

diameter. The N2 adsorption–desorption measurements

were taken using the Quadrasorb SI surface area and pore

size analyzer (Quantachrome Instruments) at 77 K. The

SSAs and pore sizes were calculated using the Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)

methods, respectively. The SSAs were calculated by the

multipoint BET method in the relative pressure range of P/

P0 = 0.05–0.20.

2.4 Electrochemical Experiments

First, 5 mg of the NC-X sample was ultrasonically dis-

persed in 1 mL of the solvent (alcohol/DI = 1:1 in vol-

ume) with 25 lL of the Nafion� solution (Aldrich, 5%) to

obtain a homogeneous catalyst ink. Then, 20 lL of the NC

ink solution was transferred onto a glassy carbon (GC) disk

electrode (2.5 mm in diameter, Pine Research Instrumen-

tation) using a microsyringe. The electrode was dried at

40 �C under vacuum for 30 min. The electrodes for rotat-

ing ring-disk electrode (RRDE) voltammogram measure-

ments were prepared on a 3-mm diameter GC disk

electrode (Pine Research Instrumentation). Following the

same procedure, 20 wt% Pt/C ink was prepared and

introduced onto the GC electrode for comparison. Elec-

trochemical measurements were taken on a computer-

controlled potentiostat (CHI 760C, CH Instrument) with a

three-electrode cell equipped with gas flow systems. The

GC electrodes with NC-X or Pt/C catalysts were used as

the working electrodes, while saturated calomel electrode

(SCE) was employed as the reference electrode and a

platinum wire acted as the counter electrode. The measured

potentials (vs. SCE) were converted to the reversible

hydrogen electrode (RHE) scale according to the Nernst

equation: ERHE ¼ ESCE þ 0:0591 � pH þ E�
SCE, where

ESCE is the experimentally measured potential (vs. SCE)

and E�
SCE is equal to 0.2415 V at room temperature.

Cyclic voltammetry (CV) curves were measured in an

aqueous solution of 0.1 M KOH with saturated N2 or O2

gas at the scan rate of 50 mV s-1. Linear scanning

voltammetry (LSV) curves for the rotating disk electrode

(RDE) measurements were recorded at different rotating

rates varying from 400 to 2025 rpm with a scan rate of

10 mV s-1. The number of electrons transferred (n) was

calculated from the LSV curves according to the Kou-

tecky–Levich equation,

J�1 ¼ J�1
k þ Bx1=2

� ��1

ð1Þ

B ¼ 0:2nFD
2=3
O2

t�1=6CO2
ð2Þ

where J and Jk refer to the measured current density and

kinetic-limiting current density, respectively, n is the

electron transfer number, F is the Faraday constant (96,485

F mol-1), t is the viscosity of the electrolyte (0.01 cm2

s-1), CO2
stands for the concentration of O2 (1.2 9 10-6

mol cm-3 in 0.1 M O2-saturated KOH solution), and DO2

4e−

4e−

O2

O2

O2

OH−

450 700 °C

1000 °C

OH−

Scheme 1 Synthesis of nitrogen-doped graphene-like carbon nanoflakes by pyrolyzing biomass citric acid and dicyandiamide at 1000 �C
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is the diffusion coefficient (1.9 9 10-5 cm2 s-1 in 0.1 M

O2-saturated KOH solution) [36]. A coefficient of 0.2 was

adopted when the rotating speed was expressed in rpm. In

the case of RRDE measurements, the ring current (IR) and

disk current (ID) were determined by using a Pt ring-disk

electrode in O2-saturated 0.1 M KOH solution at a rotating

speed of 1600 rpm with a sweep rate of 10 mV s-1. The Pt

ring electrode was polarized at 0.2 V (vs. SCE). The per-

oxide (H2O2) yield and the electron transfer number

(n) were determined by the following equations:

% H2O2ð Þ ¼ 200� IR=N

ID þ IR=N
ð3Þ

n ¼ 4� ID

ID þ IR=N
ð4Þ

where N, the current collection efficiency of the Pt ring

electrode, is equal to 0.37. The long-term stability and

methanol crossover tests were based on current–time (i–

t) chronoamperometry measurements at a bias potential of

0.4 V (vs. RHE) and 1600 rpm.

3 Results and Discussion

SEM images revealed the morphological evolution of the

carbon materials with the increasing ratio of dicyandiamide

to citric acid, as shown in Fig. 1a–d. Without the addition

of dicyandiamide in the process, the as-prepared PC had a

granule-like surface, where the small particles had aggre-

gated because of heat treatment at a high temperature

(Fig. 1a). When the dicyandiamide to citric acid ratio was

increased to 1:1 (Fig. 1b), the resultant NC-1 sample

exhibited the flake morphology with obvious pores that

were most likely a result of the gas generated from

dicyandiamide decomposition. These observations indi-

cated that the 2D carbon nanosheets were successfully

prepared by the simple one-pot pyrolysis process. With

further increase in the amount of dicyandiamide (3:1), the

prepared NC-3 graphene-like sheets became completely

crumpled [37, 38]. As shown in Fig. 1d, NC-6 had a similar

morphology as that of NC-3, suggesting that the addition of

more dicyandiamide (dicyandiamide/citric acid = 6:1) did

not lead to any remarkable morphological change. The

EDS mappings showed that the N element existed uni-

formly throughout the surfaces (Fig. 1e–f), which implied

the successful doping of N atoms within the carbon

framework by this simple strategy. The uniform existence

of the O element in these carbon-based samples is con-

sistent with the previous reports [39, 40]. The TEM image

in Fig. 2 shows the wrinkled graphene-like nanosheets,

which is consistent with the observations from SEM. High-

resolution TEM images revealed the ordered graphitic

layers, which further confirmed the graphene-like nature of

NC-6. The observed lattice spacing of * 3.45–3.56 Å was

evidently larger than the interlayer distance of graphite

[39], indicating the existence of numerous defects and

rearrangements.

XPS is a sensitive tool to detect the elemental compo-

sitions and bonding configurations of materials. As shown

in Fig. 3a, in addition to the sharp C peak, strong N and O

peaks could also be observed in the spectra of NC-X

samples, particularly when compared to the XPS spectrum

of pure PC, indicating the successful in situ doping of N

atoms [40, 41]. The O peaks could arise from the oxidized

N species and the carboxyl groups at the edges, or even

from the defects in the graphene-like NC-X samples. The

quantitative atomic ratios of C, N, and O, the relative

percentages of O/C and N/C, and the different N-contain-

ing species based on the XPS results are summarized in

50 nm 50 nm 50 nm

(a) (b) (c)

(d) (e) (f)

Oxygen Nitrogen50 nm

Fig. 1 SEM images of a PC, b NC-1, c NC-3, d NC-6, and the corresponding elemental e O and f N mapping images of NC-6
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Table 1. Figure 3b depicts the changes in the O/C and N/C

ratios by using a histogram. It clearly shows that with the

increasing ratio of dicyandiamide to citric acid, the O

content decreases gradually from 6.27 at% of PC through

4.86 at% of NC-1 to 3.86 at% of NC-3 and 3.76 at% of

NC-6, and finally reaches a stable level when the ratio is

equal to or larger than 3:1. This could be caused by the

reaction between the O and N species from dicyandiamide

to form gaseous NOx, which agrees well with the observed

pores in the NC-X samples. On the other hand, the N/C

ratio shows a direct proportion relation, increasing from

5.52 through 6.51–6.86 at%, with the increasing amount of

dicyandiamide.

The high-resolution N 1 s spectra of NC-X (Fig. 3c–e)

can be deconvoluted into four components: pyridinic N

(* 398.3 eV), pyrrolic N (* 399.5 eV), graphitic N

(* 401.1 eV), and oxidized N (* 402.3 eV) [40, 42–44].

The corresponding atomic structure is illustrated in Fig. 3f.

The relative contents of the various N-functional groups for

NC-X are given in Table 1. It can be seen that the graphitic

N species are the majority ([ 75%), followed by pyridinic

N, oxidized N, and pyrrolic N groups in a decreasing order.

This result indicates that most of the N atoms bond with C

atoms in the basal plane of the graphene-like NCs. Heat

treatment at high temperature ([ 600 �C) leads to the

transformation of the pyrrolic N to pyridinic N and gra-

phitic N groups [12, 45, 46]. Such covalent bonding con-

figuration exerts significant influence on the electronic

structures of the adjacent carbon atoms and is responsible

for the variation in catalytic activity. The O–O bond is

weakened because of the bonding of O2 with nitrogen and/

or the adjacent carbon atom, which facilitates the reduction

of O2 [45].

Further structural information of the as-prepared PC and

NC-X samples was obtained from their Raman spectra

(Fig. 4). A typical D band resulting from the disordered

carbon atoms and a G band from the sp2-hybridized gra-

phitic carbon atoms could be observed roughly in the range

of 1332–1354 and 1584–1562 cm-1, respectively. The

intensity ratio of the bands (ID/IG) indicated the

graphitization degree of the as-prepared carbon materials.

The calculated ID/IG values for PC, NC-1, NC-3, and NC-6

were 1.1, 1.01, 1.01, and 0.95, respectively. The ID/IG
value of PC was evidently larger than that of the NC-X

samples, indicating a lower degree of graphitization of PC.

Furthermore, the downshift of the G peak in the samples

with the increasing amount of dicyandiamide is consistent

with the previous report, signifying the successful doping

of N into the carbon framework of the NC-X samples [47].

The high graphitization degree of the NC-X samples is

advantageous for enhancing the electrical conductivity, and

thus improving the ORR catalytic activity.

In order to gain more structural information, the SSAs

and porosities of the samples were investigated by the N2

adsorption measurements performed at 77 K [48–50], as

shown in Fig. 5. All NC-X samples showed similar type-IV

N2 adsorption/desorption isotherms with a H4 hysteresis

loop, suggesting that the mesopores were a dominant fea-

ture in these materials. In contrast, PC showed a type-I

isotherm (Fig. 5a), which is a typical of microporous

materials [13, 51–53]. The BET surface areas (SBET) for

NC-1, NC-3, and NC-6 were 22, 80, and 86 m2 g-1,

respectively, which was much lower than the SBET of PC

(529 m2 g-1), as shown in Table 2. The pore size distri-

butions (PSDs) plotted in a differential (left axis) and a

cumulative pore volume (right axis) for PC and NC-X

samples are presented in Fig. 5b. It is worth noting that PC

showed a strong PSD peak below 2 nm and had a hump at

* 9 nm, which were attributed to the micropores and

mesopores, respectively. The SSA of the micropores (Smi-

cro) was estimated to account for 414 m2 g-1 in

529 m2 g-1 by using the t-plot method. The total volume

(Vtotal) was 0.318 cm3 g-1, as estimated at P/P0 = 0.993,

and the micropore volume (Vmicro) was * 0.189 cm3 g-1.

In contrast, the results for the NC-X samples only indicated

the presence of mesopores (* 2.7 nm and the wider

mesopores were of size 10–50 nm). The total (mesopore)

volumes were in the order of NC-1 (0.109 cm3 g-1)\NC-

3 (0.307 cm3 g-1)\NC-6 (0.383 cm3 g-1), which was

consistent with the trend of the dicyandiamide/citric acid

20 nm 5 nm

(b)(a)

d=3.56 Å

d=3.45 Å

Fig. 2 a TEM and b high-resolution TEM images of NC-6
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ratio. This implied that the addition of dicyanamide could

change the pore characteristics and increase the mesopore

volumes.

The catalytic activities of the NC-X samples were first

examined in a conventional three-electrode system in O2-

saturated alkaline environment. The LSV curves of PC,

NC-1, NC-3, and NC-6 at 1600 rpm clearly reveal that NC-

6 exhibited the best electrocatalytic activity in terms of the

half-wave potential (E1/2) and limiting current density

among the as-prepared samples (Fig. 6a). The dependence

of E1/2 and the current densities of the various samples on

the mass ratio of dicyanamide to citric acid are shown in

Fig. 6b. Compared to the commercial Pt/C catalyst, E1/2

shifted negatively to 68 mV, which is a smaller shift

compared with many reported values in the literature

[54–56] and similar to some latest data of N-doped
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Fig. 3 a XPS survey spectra of PC, NC-1, NC-3, and NC-6. b Atomic ratio of O/C and N/C in PC, NC-1, NC-3, and NC-6. High-resolution XPS

spectra of N 1 s for c NC-1, d NC-3, and e NC-6. f Schematic illustration of N-containing species incorporated in the graphene plane of the NC-

X samples
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materials [45, 53, 57]. Overall, considering the facile and

scalable synthetic method as well as the in situ method of

doping, this result is satisfactory and can be further opti-

mized to obtain a better electrocatalytic performance.

Owing to the decreasing N content in the samples, espe-

cially the pyridinic and graphitic N, the electrocatalytic

activity rapidly degraded in the order of NC-

1\PC\NC-3. It is worth noting that PC exhibited better

electrocatalytic activity than NC-1, which can be most

likely attributed to the very high SSA of PC. Additionally,

with its larger ID/IG value and more defects compared to

NC-1, PC was more prone to adsorb oxygen on the active

sites and thus exhibit a better ORR activity. This obser-

vation can also be explained by the latest result reported by

Qiao et al. [27], assuming that a graphene-based sample

possesses a fixed doping level, the overpotential decreases

with increasing SSA. Here, the SSA of PC is 24 times

higher than that of NC-1 and plays a dominant role in

improving the catalytic activity of PC. In other words, the

best performance of NC-6 can be explained by the

synergistic effect between the N-doping level and SSA.

The pyridinic and graphitic N groups have been investi-

gated as the active species for the electrocatalytic ORR

[52]. Takasu et al. derived a relationship between the ORR

activity and the graphitic N content [58] and concluded that

the carbon atoms with Lewis basicity close to that of

pyridinic N could be regarded as active sites for the ORR

[56]. Other researchers found that the carbon defects could

act as the ORR active sites [59]. On comparing NC-3 and

NC-6, it was found that NC-6 has a smaller ID/IG value

than NC-3, although NC-3 has more defects than NC-6.

However, the LSV data demonstrated that NC-6 exhibited

better ORR activity than NC-3. Therefore, it was con-

cluded that the ORR active sites are mainly derived from

the N-functional groups in the NC samples.

In Fig. 6c, an obvious cathodic current with a peak

centered at 0.81 V (vs. RHE) appears in the CV curve

obtained in an O2-saturated solution, while no such a peak

could be found in the N2-saturated solution. This indicates

that the ORR takes place on the NC-6 surface. In Fig. 6d, it

can be clearly seen that the current densities increase with

the rotating speeds (from 400 to 2025 rpm). A sharp

increase in the current density in the mixed kinetic diffu-

sion controlled region suggests that there was an efficient

diffusion of the reactants, which was facilitated by the

mesoporous structure of NC-6. The subsequent current

plateau pointed to the appearance of a diffusion-limiting

region. The number of transferred electrons for NC-6 was

calculated to be 3.89 at 0.4 V (vs. RHE) on the basis of the

slope of the Koutecky–Levich (K–L) plots obtained from

the LSV curves, suggesting a predominant four-electron

process of ORR (Fig. 6e). This value is much larger than

that of NC-3 (3.73), NC-1 (3.04), and PC (2.83), signifying

that a higher amount of pyridinic and graphitic N leads to

better electrocatalytic activity. Moreover, the n value for

NC-6 in the wide potential range of 0.2–0.5 V (vs. RHE)

was in the range of 3.79–3.92, also evidently larger than

those for PC, NC-1, and NC-3. The four-electron process is

very important for the ORR in fuel cells because the per-

oxides that are formed as the side products can poison the

cell. The highest transfer electron number (n) of 3.79–3.92

of the NC-6 catalyst among the different samples was

Table 1 C, O, and N content, the ratios of N/C and O/C, and relative nitrogen species analyzed by N 1 s XPS spectra of pure PC and NC-X

samples

Samples C (at%) N (at%) O (at%) N/C (%) O/C (%) Pyridinic N (at%) Graphitic N (at%) Pyrrolic N (at%) N-oxides (at%)

PC 94.1 0 5.9 0 6.27 – – – –

NC-1 90.6 5.0 4.4 5.52 4.86 15.47 63.53 10.51 10.49

NC-3 90.6 5.9 3.5 6.51 3.86 15.28 62.85 9.84 12.03

NC-6 90.4 6.2 3.4 6.86 3.76 16.32 62.91 8.92 11.85
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probably a result of its large surface area, high pore vol-

ume, and high N-doping level. Regardless of whether

graphitic N, pyridinic N, or both N species are active sites

for the ORR, there is a consensus that successful N doping

is crucial for electrocatalysis. The high electronegativity of

the N atoms creates a net positive charge on the adjacent

carbon atoms, which changes the chemisorption mode of

O2 from the usual end-on adsorption (Pauling model) at the

nitrogen-free surface to a side-on adsorption (Yeager

model) onto the N-doped electrode [60]. The N doping-

induced charge transfer thus lowers the ORR potential,

facilitating the ORR at the electrode.

The selectivity of the four-electron reduction of oxygen

on the NC-6 catalyst was further confirmed by the RRDE

technique. On the one hand, the difference of the half-wave

potential (DE1/2) compared to Pt/C is 66 mV (Fig. 7a),

which is very close to the value (68 mV) measured by the

RDE technique and indicates a good repetition of the NC-6

catalyst. On the other hand, the number of electrons

transferred from 0.22 to 0.60 V (vs. RHE) was calculated

to be * 3.8, as shown in Fig. 7b, which was consistent

with the value (3.89) calculated from the K–L plots. This

value was also comparable to the n value of Pt/C

(3.85–3.95), illustrating a dominant 4e- ORR pathway.

Meanwhile, from Fig. 7b, the amount of H2O2 that reached

the ring electrode was determined to be* 10%, which was

a little higher than that of Pt/C (2.5–7.5%). Thus, NC-6

predominantly exhibited a four-electron-transfer process

with a low peroxide yield for the ORR. This could be

attributed to the high content of pyridinic and graphitic N,

which produced more active sites and facilitated the charge

transfer during the ORR process [54, 61]. Notably, the

peroxides produced via a two-electron process could poi-

son the cells by corroding the membrane and the catalyst

layer [62].

The resistance to the crossover effect and the long-term

durability of the electrocatalysts is also of importance for

their practical application in fuel cells or metal–air bat-

teries. Therefore, the current–time (i–t) measurements were

taken at 0.4 V versus RHE in O2-saturated 0.1 M KOH

solution at 1600 rpm. When 3 M methanol was introduced

into the O2-saturated alkaline electrolyte at 200 s, no

noticeable degradation of current was observed for the NC-

6 electrode, as shown in Fig. 8a, whereas a sharp drop in

current occurred for the Pt/C electrode. After 500 s, NC-6

still maintained 96.4% of the kinetic current density, which
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Fig. 5 a N2 adsorption–desorption isotherms and b the corresponding pore size distribution curves of PC and NC-X samples calculated from the

adsorption branches. Solid and empty symbols correspond to the left and right axes, respectively

Table 2 Textural properties of pure PC and NC-X samples

Samples SBET (m2 g-1)a Vtotal (cm
3 g-1)b Smicro (m

2 g-1)c Vmicro (cm
3 g-1)c Smeso (m

2 g-1)d Vmeso (cm
3 g-1)d

PC 529 0.318 414 0.189 115 0.129

NC-1 22 0.109 0 0 22 0.109

NC-3 80 0.307 0 0 80 0.307

NC-6 86 0.383 0 0 86 0.383

aThe surface areas (SBET) were calculated by the multipoint BET method at the relative pressure range of P/P0 = 0.05–0.20
bThe total pore volumes (Vtotal) were estimated at P/P0 = 0.993
cMicropore surface area (Smicro) and micropore volume (Vmicro) were calculated using the t-plot method
dMesopore surface area (Smeso) and mesopore volume (Vmeso) were calculated by using Smeso = SBET - Smicro and Vmeso = Vtotal - Vmicro,

respectively
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was much higher than that retained using Pt/C (58.2%). As

to the long-term stability, NC-6 exhibited only 6% degra-

dation while sustaining 94% of the kinetic current density

after 4 h. Thus, the stability of NC-6 was much better than

that of Pt/C (78%), as shown in Fig. 8b. This could be

attributed to the metal-free textures and high chemical

stability of the N-relative active sites, preventing the loss of

catalytic activity in the ORR. These results suggested that

NC-6 with better durability and resistance to crossover

effect than Pt/C, could be potentially applied in fuel cells or

metal–air batteries.

4 Conclusions

In summary, N-doped graphene-like few-layered carbon

nanoflakes were successfully synthesized by simultaneous

pyrolysis of biomass citric acid and dicyandiamide as the

renewable materials at 1000 �C. During pyrolysis, the

0.030.02 0.04 0.05
0.2

0.3

0.4

0.5

0.6

PC n=2.83
NC-1 n=3.04
NC-3 n=3.73
NC-6 n=3.89

ω−1/2 (rpm−1/2)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.81
−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

O2
N2

0.81

0.2 0.4 0.6 0.8 1.0
−5

−4

−3

−2

−1

0

400
625
900
1225
1600
2025

0.2 0.4 0.6 0.8 1.0

(a) (b)

(c) (d)

(e) (f)

−5

−4

−3

−2

−1

0

J 
(m

A
 c

m
−2

)
J 

(m
A

 c
m

−2
)

J−
1  (

cm
2  m

A
−1

)

J 
(m

A
 c

m
−2

)

E (V vs. RHE)

E (V vs. RHE) E (V vs. RHE)

PC
NC-1
NC-3
NC-6
Pt/C

∆E1/2:
68 mV

0 1 1/3 1/6
0.60

0.65

0.70

0.75

0.80

0.85

 E
1/

2 (
V

 v
s. 

R
H

E)

Mass ratio of DCA to citric acid

0

1

2

3

4

C
ur

re
nt

 d
en

si
ty

 (m
A

 c
m

−2
) 

0.2 0.3 0.4 0.5
1.5

2.0

2.5

3.0

3.5

4.0

n

Potential (V vs. RHE)

PC
NC-1
NC-3
NC-6

Fig. 6 Electrochemical oxygen reduction measurements in 0.1 M KOH solution. a Comparison of LSV curves for PC, NC-1, NC-3, NC-6, and

commercial Pt/C catalyst at a scan rate of 10 mV s-1 and 1600 rpm in O2-saturated solution. b Dependence of half-wave potential (Ehalf) and

current density on the mass ratio of dicyanamide (DCA) to citric acid. c CV curves of NC-6 in O2- or N2-saturated solution. d LSV curves of NC-

6 and Pt/C at different rotation speeds (varying from 400 to 2025 rpm). e K–L plots of the samples based on the LSV curves at different rotation

speeds and 0.4 V (vs. RHE). f Electron transfer number (n) calculated from the K–L plots of the various samples in the potential range of

0.2–0.5 V (vs. RHE)

Nano-Micro Lett. (2018) 10:29 Page 9 of 12 29

123



intermediate, g-C3N4, derived from the condensation of

dicyandiamide, played two important roles, namely, acting

as the thermally decomposable template for directing the

formation of carbon nanoflakes and serving as an in situ N

source upon decomposition. Compared to the commercial

Pt/C catalyst, the NC flakes prepared with the dicyandi-

amide/citric acid mass ratio of 6 exhibited a small differ-

ence of 66–68 mV of the half-wave potential and a better

long-term stability in addition to good resistance to

methanol crossover, thus demonstrating an excellent elec-

trocatalytic activity. This could be attributed to the

graphitized microstructure and the high content of pyri-

dinic and graphitic N, which presented more active sites for

catalysis and also facilitated charge transfer. In terms of the

ease of fabrication, low cost of biomass raw materials, and

the catalytic performance, the NCs nanoflakes can be fur-

ther optimized and developed as potential electrocatalysts

for applications in fuel cells and metal–air batteries.
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