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ABSTRACT

The following paper presents the synthesis of nitrogen-rich carbon foams (N-

CFO) from amino acids through their thermal decomposition in the presence of

solid and removable nanoparticles (template). N-CFO were synthesized by

carbonizing L-lysine as the carbon phase precursor and using a hard template of

CaCO3 (added as nano-sized powder). The carbonization process was carried

out in a temperature range of 700–900 �C, under the flow of nitrogen. The results

show that the textural and chemical properties among other nitrogen content of

the N-CFO can be controlled by manipulating carbonization temperature. The

obtained N-CFO were either micro- or mesoporous matrixes (open porosity)

with high nitrogen content in the range from 4.1 to 12.4 wt%. The walls of the

produced N-CFO had a thickness up to 10 nm. The metal-free catalysts such as

N-rich carbon foams are valuable materials in oxygen reduction reaction, which

is a key reaction for metal–air batteries. It was found that a four-electron

reduction process is predominant.

Introduction

In recent years, the systematic study of nitrogen-rich

carbon foam synthesis has drawn a lot of interest to

the science and technology of carbon materials. Until

now, the focus of nitrogen-containing carbon foam

preparation research was placed on the use of syn-

thetic polymers containing nitrogen and their treat-

ment by carbonization in oxygen-free conditions

[14, 36]. Currently, the leading direction in nitrogen-

rich activated carbon synthesis is the utilization of

bio-resources and carbonization of organic

precursors containing nitrogen. An example of this is

the use of chitin [12], chitosan [11, 21, 32], Chlorella

vulgaris [13], and gelatin [8, 23]. N-rich, high-surface-

area carbon foams can be prepared using different

methods, but most of them are time-consuming and

expensive. Therefore, these carbons necessitate a

reasonable balance between nitrogen content and the

cost of production.

Carbon foam (CFO) is a unique structure among all

other known carbon material morphologies, such as

fibrous, tubular, spherical, and planar forms. A CFO

has a specific pore structure, which overall consists of
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open and often interconnected pores, separated by

walls in which carbon is the main constituent. Thanks

to this kind of structure, CFO has a large surface area

and is lightweight and often thermally stable [52].

Unlike ordinary foam structure materials, the low

thermal conductivity, along with a high resistance to

fire, makes carbon foam a promising candidate for

commercial thermal insulation materials [47]. In real

CFO, the wall thickness should be comparable to or

lower than the size of dominating pores. This ratio

differentiates CFO from other carbon-based porous

materials, in which pore size is much smaller than the

fleshiness of the carbon matrix. The preparation

processes of carbon foams comprise a few typical

approaches: blowing of carbon precursors followed

by carbonization, template carbonization of carbon

precursors, compression of an exfoliated graphite

assembly of graphene nanosheets, and others [16]. In

recent years, the preparation of CFO has been widely

reviewed [15, 16, 31, 33]. Certain synthesis approa-

ches actually combine several factors that provide

foaming action. Ultra-thin-walled, nitrogen-rich car-

bon foams (N-CFO) can be fabricated through the

pyrolysis of polyimide where graphene is addition-

ally used as a component to stabilize the porous

structure and accelerate polyimide graphitization

[25]. In a different paper, CFO of high mechanical

strength was obtained from coal pitch modified with

cinnamaldehyde and boric acid via pretreatment

foaming and carbonization [27]. Acid-induced poly-

merizations of bis(p-methoxybenzyl) carbonate,

bis(m-methoxybenzyl) carbonate, and difurfuryl car-

bonate made it possible to produce resin foams,

thanks to the controlled release of carbon dioxide

during the polymerization of these organic carbon-

ates [41].

Carbon foams have been studied regarding certain

emerging applications: thermal energy storage, elec-

trode manufacturing for electrochemical energy

devices [44, 50], separation of gaseous species

(molecular sieving effect), cleanup and recovery of

spilled oils, and the reflection of electromagnetic

waves. In the case of an electrochemical application

(CFO as electrode material), CFO electric conductiv-

ity is crucial and usually controlled by heat treatment

performed at elevated temperatures. Solving the

major problem of preparing CFO would allow suc-

cessful testing of the electrochemical applicability of

graphene-based foams (electrode material) in super-

capacitors [5, 39], solar cells [45], and lithium-ion

batteries [24]. Some reports documented the advan-

tages of N-enriched CFO over other electrode mate-

rials, e.g., Pt-doped carbon-based electrode materials

[46]. The cathodic oxygen reduction reaction (ORR) is

a key process in fuel cells [2] and metal–air batteries

[40]. Pt-based electrocatalysts have been commonly

used in commercial fuel cells, owing to their prop-

erties such as high current density and relatively low

overpotential [35]. In general, noble-metal-based

catalysts have a high intrinsic catalytic activity in

sluggish electrochemical reactions, e.g., oxygen

reduction reactions (ORR), oxygen evolution reac-

tions (OER), and hydrogen evolution reactions

(HER); unfortunately, they are expensive and often

susceptible to crossover effects [26]. A possible com-

mercially viable solution lies in substituting noble-

metal catalysts with metal-free catalysts. Carbon-

based catalysts in particular have stimulated enor-

mous interest due to their abundance, low cost, and

environmental friendliness. Furthermore, both theo-

retical and experimental studies have shown that

functionalizing of nano-structured carbon-based

materials with heteroatom dopants, such as nitrogen,

phosphorus, sulfur, and boron, metal/metal oxide

clusters, would improve both electrochemical prop-

erties and catalytic activities

[10, 17–19, 26, 28–30, 38, 42, 43, 48, 49, 51]. An analysis

of the literature revealed that there is still space for

new synthesis approaches focused on the preparation

of a new class of tiny-walled N-CFO using uncon-

ventional raw materials. The present work aims to

elaborate on synthesis pathways for obtaining

molecularly tiny-walled N-CFO using renewal

resources.

The work proposes the application of a bio-origi-

nated precursor, i.e., amino acid (L-lysine), as a pre-

cursor for preparing nitrogen-rich carbon foams. In

this process, carbon foams with a very high nitrogen

concentration can provide a highly promising metal-

free electrocatalyst for ORR in an alkaline medium.

The application of amino acids as a precursor for

N-CFO manufacturing has not been widely reported

yet. The applied amino acids are easily accessible and

industrially produced in a large scale. Thus, the

current synthesis approach is potentially expandable

and cost efficient. These nitrogen-rich carbon foams,

with mesopores and a large surface area, were syn-

thesized through a one-step synthesis strategy using

calcium carbonate as a template. In an ORR experi-

ment performed in an alkaline medium, the N-CFO
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showed comparable electrocatalytic activity to the

commercial Pt/C catalyst. These results suggest the

possibility of application of N-CFO as an electrocat-

alyst for Zn–air or Li–air batteries.

Experimental section

Material preparation

In the synthesis procedure, 40 g of L-lysine powder

(Myprotein) was added to 20 g of particle CaCO3

(SkySpring Nanomaterials, size of particle 15–40 nm)

and stirred mechanically. 100 cm3 of distilled water

was added to the resulting mixture, which was then

placed into a magnetic stirrer for 1 h. To evaporate

the distilled water, the mass was dried in an electric

furnace at 80 �C for 24 h. In the next step, the mixture

of L-lysine and CaCO3 was heated up under the flow

of nitrogen at a rate of 10 �C min-1, until it reached

the carbonization temperature range of 700–900 �C; it

was held for 1 h at this temperature in a tube furnace

(Thermolyne F21100). The prepared samples were

cooled to approximately 60 �C (remaining under

continuous nitrogen flow). After carbonization, they

were treated with a concentrated (34–37%) HCl

solution for 20 min (12 ml of acid was used per 1 g of

carbon) and then washed with distilled water on a

Büchner funnel until the pH of the solution reached

6–7. It was dried again in an electric furnace at 100 �C

for 24 h. The action of HCl opened pores in the car-

bon matrix by etching the template. This procedure

was found to be the most effective regarding the

removal of CaCO3. Further in the text, N-CFO-T is

used as a unique denotation, where T is carboniza-

tion temperature (�C).

Material characteristics

The N-rich CFO were examined using the low-tem-

perature nitrogen adsorption method. The relevant

isotherms of all samples were measured at - 196 �C

using an automatic adsorption instrument, ASAP

2010 (Micromeritics, USA). Prior to gas adsorption

measurements, the carbon materials were outgassed

in a vacuum at 200 �C for 2 h. The pore properties of

the carbon matrixes, including the Brunauer–Em-

mett–Teller surface area (SBET), were determined by

physical adsorption using the BET method. Based on

experimental nitrogen adsorption isotherms,

differential and integral pore width distributions

were calculated using the density functional theory

(DFT) method. The volume of micropores (Vmi) was

determined based on the parameters of the Horvath–

Kawazoe equation. The total pore volume (Vt) was

determined from one point for the maximum p/po in

the adsorption isotherm. The elemental composition

(carbon, nitrogen, and hydrogen) of the materials was

analyzed by means of a combustion elemental ana-

lyzer (Vario MACRO CHN, Elementar Analysensys-

teme GmbH). The morphology of the carbons

prepared from L-lysine was analyzed using scanning

electron microscopy (SEM, 1430 VP, LEO Electron

Microscopy Ltd.). The obtained porous carbon

matrixes were also examined by high-resolution

transmission electron microscopy (HRTEM, FEI

Europe production, model Tecnai F20 X-Twin). X-ray

photoelectron spectroscopy (XPS) measurements

were performed with a VG Scientific photoelectron

spectrometer ESCALAB-210 using Al Ka radiation

(1486.6 eV) from an X-ray source operating at 14.5 kV

and 25 mA. Survey spectra were recorded for all the

samples in the energy range from 0 to 1350 eV with

0.4 eV step. High-resolution spectra were recorded

with 0.1 eV step, 100 ms dwell time, and 25 eV pass

energy. A ninety-degree take-off angle was used in

all measurements. Curve fitting was performed using

the AVANTAGE software provided by Thermo

Electron, which describes each component of the

complex envelope as a Gaussian–Lorentzian sum

function; a constant 0.3 (± 0.05) G/L ratio was used.

The background was fitted using the nonlinear Shir-

ley model. Scofield sensitivity factors and the mea-

sured transmission function were used for

quantification. The N-rich CFO was examined by

Raman spectroscopy (microscope Renishaw InVia,

Renishaw plc (Gloucestershire, UK), Laser: Modu-

Laser Stellar-REN, Multi-Line (maximum Power 150

mW), Leica DM1300M camera Infinity 1; objective:

Leica, N PLAN L50x/0.5). All of the spectra were

collected at ambient temperatures.

Electrochemical measurements

The ORR activity was electrochemically evaluated

with a rotating disk electrode (RDE). Electrochemical

measurements were executed using an Autolab

electrochemical workstation (PGSTAT128N, Nether-

land), with a standard three-electrode system, in an

electrolyte solution of 0.1 M KOH at room
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temperature (KOH was purchased from POCH, KOH

content min. 85%). A glassy carbon electrode (GCE,

3 mm diameter), an Ag/AgCl electrode in 3 M KCl,

and Pt wire were used as a working electrode, ref-

erence electrode, and counter electrode, respectively.

A commercial platinum on graphitized carbon Pt/C

(20 wt% platinum) catalyst was acquired from

Sigma-Aldrich. 2.5 mg of the catalyst was suspended

in 0.5 ml of distilled water, isopropanol, and Nafion

(0.5 wt% Nafion) to form a homogeneous ink through

ultrasonication for 60 min. Afterward, 5.63 ll of the

catalyst ink was dropped using a pipette onto the

pre-polished glassy carbon electrode (GCE) and then

dried. The catalyst loading amount was approxi-

mately 0.4 mg cm-2. The ORR activity of the samples

was evaluated via cyclic voltammetry (CV) at a scan

rate of 10 mV s-1, as well as linear sweep voltam-

metry (LSV) at a scan rate of 5 mV s-1, in an elec-

trolyte solution of 0.1 M KOH, using a RDE system

(Metrohm, Netherland). The LSV curves were

obtained at rotation speed of 1600 rpm, in an oxygen-

saturated electrolyte solution. All the experiments

were conducted at room temperature. The number of

electrons (n) involved in the ORR can be deduced

from the Koutecky–Levich (K–L) equation:

J�1 ¼ J�1
L

þ J�1
K

¼ Bx1=2
� ��1

þ J�1
K

ð1Þ

B ¼ 0:62nFC0 D0ð Þ2=3m�1=6 ð2Þ

where J, JL, and JK are the measured, diffusion lim-

iting, and kinetic current density; x is the angular

velocity of the disk; n is the number of transferred

electrons in the reaction; F is the Faraday constant

(96485 C mol-1); C0 is the concentration of dissolved

oxygen in the 0.1 M KOH (1.2 9 10-6 mol L-1); D0 is

the diffusion coefficient of dissolved oxygen in the

0.1 M KOH (1.9 9 10-5 cm2 s-1); m is the kinetic vis-

cosity of the 0.1 M KOH (0.01 cm2 s-1) [7]. According

to Eqs. (1) and (2), n can be obtained from the slope of

the K–L plot.

All the ORR currents presented in the figures are

Faradaic currents, after correction for the capacitive

current. For Tafel plots, the kinetic current was

determined after mass-transport correction of RDE

curves by:

JK ¼ ðJ � JLÞ=ðJL � JÞ ð3Þ

Results and discussion

The goal of the manufacturing procedure was the

synthesis of carbon foams, i.e., a specific material in

which the size of pores exceeds the thickness of walls.

Electron microscopy SEM and HRTEM are useful

tools for identifying the occurrence of a foam-like

structure. As a reference material, carbonized raw L-

lysine was examined and obtained without a tem-

plate. The representative images from microscopic

analysis prove that carbons produced from amino

acids without a template had flat and non-porous

structure (Fig. 1a). Since the simple carbonization of

raw amino acids led only to the production of a non-

porous carbon matrix, the template procedure seems

crucial to synthesizing porous carbon, as it is one of

the most effective methods of provoking the devel-

opment of porosity. The effects of the carbonization

temperature on the development of porous carbon

materials were also investigated. The SEM images of

N-CFO-700, N-CFO-800, and N-CFO-900 samples are

presented in Fig. 1b–d, respectively. Carbon matrixes

exhibit cavities on their external surface that may be

treated as entrances to the system of interconnected,

different-sized pores. The images obtained by

HRTEM analysis for the N-CFO-800 sample are pre-

sented in Fig. 2 with different levels of magnification.

Their shapes reflect that the grains of the template are

spherical, with diameters in the range of 15–40 nm.

The HRTEM images were prepared for N-CFO-800

(Fig. 2a, b) and N-CFO-900 (Fig. 2c, d) samples car-

bonized at 800 �C and 900 �C and clearly show the

amorphous character of the produced matrixes. In

contrast to typical nano-structured carbon like multi-

walled carbon nanotubes or multilayered graphene,

no nanoscale-assembled domains like locally stacked

parallel graphene sheets are visible. The thin walls of

the carbon L-lysine matrix are similar in the form of

carbon foam [16]. Spherical foam walls are intercon-

nected irregularly. The carbonization process as it

was carried out transformed the amino acid into a

carbon foam with very thin walls. The materials were

fully cleared of calcium carbonate (etching with HCl),

and no template particle residue was visible. The

temperature of the carbonization process does not

significantly affect the structure of the obtained car-

bon matrixes. It can be seen that all pores have an

open structure, but some are covered with transpar-

ent hemisphere carbon film.
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The elemental composition and surface parameters

for carbon foams prepared with a template agent are

presented in Table 1. The nitrogen content in the raw

precursor of L-lysine was 14.9 wt%. During N-CFO-

T series carbonization, the heterocyclic rings formed

in the first stage of pyrolysis condensed into carbon–

nitrogen polycyclic structures to form a porous

structure with a high nitrogen content. As is evident,

the nitrogen atoms were successfully transferred

from a raw amino acid to a carbon. Normally, some

nitrogen contained in the precursor passes to the

carbon matrix while the remaining part is released as

volatile and liquid low-molecular products. Some

early studies revealed that during heating to the

temperature of approximately 400 �C, L-lysine has the

unique property of cyclization, the formation of six-

ring aromatic hydrocarbons containing nitrogen

[3, 4]. Thus, the transfer of nitrogen from amino acids

to carbon matrixes in N-CFO was dependent on the

N-content in the precursor and the carbonization

temperature: the lower the carbonization tempera-

ture, the higher the N-transfer efficiency. As expec-

ted, the nitrogen content decreased upon increasing

the carbonization temperature up to 900 �C; however,

it was still very high. For the N-CFO-900 sample,

nitrogen content was 4.1 wt%, about one-third of the

values noted for sample N-CFO-700, where the

nitrogen content was 12.4 wt%. This effect was

observed in many other studies; heteroatoms like

oxygen and nitrogen were progressively more

intensely eliminated with the increasing carboniza-

tion temperature [34]. It has to be stated that nitrogen

content is not a sole factor governing the electro-

chemical reduction of oxygen. There is no a direct

relation between high N-content and the carbon

material’s ability to reduce oxygen. Thus, the

observed decrease in N-content upon the carboniza-

tion temperature increase to 900 �C does not

Figure 1 SEM images of a unmodified L-lysine carbonized at 700 �C in N2 atmosphere, b N-CFO-700, c N-CFO-800, d N-CFO-900.
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disqualify N-CFO manufactured in the temperature

range 800–900 �C as ORR active electrode material.

On the other hand, the observed decrease in nitrogen

content in samples at higher carbonization tempera-

tures was not combined with an improvement of

their structural parameters, like specific surface area

and total pore volume. In some papers considering

conventional precursors (coconut shell, chitosan,

chitin, wood, etc.), the increase in carbonization

temperature and/or its extended duration resulted in

the deterioration of the aforementioned structural

properties. This happened above a certain threshold

Figure 2 HRTEM images of a, b N-CFO-800 and c, d N-CFO-900 with different magnifications.

Table 1 Elemental

composition and nitrogen

physisorption properties of as-

prepared porous carbons

Sample Elemental analysis (wt%) SBET (m2 g-1) Vmi (cm
3 g-1) Vt (cm

3 g-1)

N C H

N-CFO-700 12.4 69.6 1.9 794 0.37 0.59

N-CFO-800 9.1 76.8 1.3 1287 0.59 0.97

N-CFO-900 4.1 80.2 1.0 1125 0.49 1.09
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temperature, due to more or less intensive graphiti-

zation of the carbon matrix [6, 11, 20, 22]. The phe-

nomenon is observable for most heat-treated organic

precursors, but in some cases the threshold temper-

ature is particularly high and placed above

900–1000 �C. In the case of the current amino acid

precursor, the threshold temperature is definitely

higher than 900 �C, as opposed to, e.g., certain poly-

mers of natural products.

The specific surface area for carbon received from

raw L-lysine was below 1 m2 g-1; therefore, the

obtained result caused the application of the template

method to develop the specific surface area. The

specific surface area for sample N-CFO-900 is still

very high at 1125 m2 g-1. Increasing the carboniza-

tion temperature from 700 to 800 �C significantly

improved the specific surface area from 794 to

1287 m2 g-1 for N-CFO-700 and N-CFO-800, respec-

tively (Table 1). The contribution of Vmi to Vt fell

from 63% at 700 �C to 40% at an increased car-

bonization temperature of 900 �C, respectively. In

series N-CFO-T, the major contribution to total pore

volume could be attributed to mesopores. The low-

temperature nitrogen adsorption isotherms for por-

ous carbon matrixes obtained from L-lysine series are

shown in Fig. 3a. According to the IUPAC classifi-

cation [37], these isotherms were type-IV, which

means a presence of mesopores along with a small

amount of micropores.

The proposed template method is a promising

technique to control the pore structure of the resul-

tant carbon matrixes. Running the pore size distri-

bution (PSD) function for L-lysine originated N-CFO

(Fig. 3b) revealed maxima both in the range of

micropores and mesopores. As follows, micropores

(maxima placed at 0.7–0.9 nm and 1.2–1.3 nm), as

well as small (maximum placed at 2–3 nm) and large

(maximum placed at 20–50 nm) mesopores, were

found in the N-CFO-T series.

The carbon–carbon bonding of carbon foams

derived from amino acids was further probed by

Raman spectra. Figure 3c shows the Raman spectra

of all obtained N-rich CFO excited at a 532 nm laser

line. There are differences in the intensity of signals

in the analyzed series. The most intense bands were

found in the spectral region between 500 and

3000 cm-1; the spectra show two main bands at

1342 cm-1 (D-band) and 1585 cm-1 (G-band). The

D-band is associated with the structure of sp2-dis-

tortions of partially disordered carbon, while the

G-band is common to all sp2 carbon forms [1, 9]. A

peak at 2975 cm-1 (2D-band) is ascribed to a CH2

asymmetric stretching group. Figure 3c depicts an

increase in the intensity ratio of the D and G bands

(ID/IG) linked with the increase in pyrolysis temper-

ature. A ID/IG ratio increasing up till a pyrolysis

temperature of 900 �C could be indicative of the

presence of more in-plane heteroatoms (graphitic-

like), which was confirmed by XPS results presented

in Table 2. The intensity ratio of the D and G bands

(ID/IG) is an important parameter that can reveal the

degree of graphitization. Therefore, the second effect

which should be taken into consideration is the

increasing graphitization degree occurring at ele-

vated heat-treatment temperatures. It is commonly

accepted that the decrease in ID/IG ratio corresponds

to a higher graphitization degree of a carbonaceous

material.

Most applications of porous carbon matrixes rely

on the materials surface properties. For this reason,

the surface elemental composition of the obtained

matrixes was determined by means of X-ray photo-

electron spectroscopy (XPS). The chemical state of

nitrogen, carbon, and oxygen atoms in XPS spectra of

the N-CFO-700 (Fig. 3d–f) and N-CFO-800 samples is

shown in detail in Table 2. High-resolution XPS

C1s spectra confirm the existence of five different

carbon peaks, centered at 284.5, 285.6, 286.7, 287.9,

and 290.3 eV, which can be attributed to the sp2 C (C-

1), sp3 C (C-2), C–O (C-3), C=O (C-4), and O=C–O (C-

5), respectively. An analysis of N1s spectra confirms

that nitrogen atoms were assigned to three peaks. It

revealed the presence of the following nitrogen

forms: pyridinic nitrogen (N-6 at 398.3 eV), pyrrolic

nitrogen (N-5 at 400.3 eV), and pyridine-N-oxide (N-

X at 403–405 eV). The total amount of nitrogen in

samples N-CFO-700, N-CFO-800 and N-CFO-900 was

9.3, 6.8 and 3.4 at.%, respectively. In all the analyzed

samples, the two dominant nitrogen forms were the

pyridinic and pyrrolic groups. The content of those

main nitrogen groups is in the range from 89 to 95%

in the total nitrogen content. It was observed that the

carbonization temperature influenced the nitrogen

content in terms of quality. An analysis of O1s spectra

suggested that oxygen is present in several possible

connections. The two main peaks on O1s spectra are

signed as O-1 (at 530.1 eV) and O-2 (at 532.2 eV).

In recent years, N-rich porous carbons have shown

potential for application as electrocatalysts for the

ORR. However, there are still many challenges to
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studying their structure–property relation, owing to

limited rational preparation methods and poor con-

trol over the N-content in these methods. In this

work, the electrocatalytic activity of N-rich carbon

foams N-CFO-T series and Pt/C commercial

electrocatalyst was tested using cyclic voltammetry

curve and linear sweep voltammetry in an electrolyte

solution of 0.1 M KOH saturated with oxygen. The

ORR performance was evaluated using a standard

three-electrode cell. The first to be examined was the

ORR activity of the N-CFO series, prepared from L-

lysine and CaCO3, as a function of carbonization

temperature in the range of 700–900 �C. CV experi-

ments were performed to investigate the electrocat-

alytic activity of the as-prepared samples for ORR in

N2-saturated and O2-saturated electrolyte solution of

0.1 M KOH at a scan rate of 10 mV s-1. The corre-

sponding voltammograms are shown in Fig. 4. In the

O2-saturated condition, a characteristic cathodic peak

can be observed for all samples, confirming that all

nitrogen-rich samples have electrocatalytic activities

for ORR. A cathodic peak appeared in the CV as the

electrolyte solution was saturated with O2. Among

them, N-CFO-900 has the largest peak current den-

sity, implying arguably higher activity compared

with those of N-CFO-800 and N-CFO-700 for ORR.

The linear sweep voltammograms were conducted

to further understand the ORR performance of the as-

prepared samples. Further analysis of the ORR

kinetics for carbon foam was performed with fully

saturated LSV curves (Fig. 5a). They were carried out

Figure 3 a Nitrogen adsorption–desorption isotherms. b Pore size distributions calculated from N2 desorption isotherm. c Raman spectra

of N-CFO-T. d–f The deconvoluted high-resolution C 1s, N 1s, and O 1s XPS spectra of N-CFO-700.

Table 2 Elemental quantification analysis of N-CFO-T catalysts

determined by XPS analysis

Peak Content (at.%)

N-CFO-700 N-CFO-800 N-CFO-900

C1s (C-1) 34.9 42.2 50.2

C1s (C-2) 32.2 29.2 22.5

C1s (C-3) 8.8 8.5 10.0

C1s (C-4) 3.3 – 5.2

C1s (C-5) – 3.6 4.2

C1s (C-6) – – 2.0

N1s (N-6) 5.2 3.4 1.30

N1s (N-5) 3.7 2.8 1.60

N1s (N-X) 0.4 0.6 0.50

O1s (O-1) 2.8 2.8 1.4

O1s (O-2) 5.3 4.7 1.2

O1s (O-3) 2.8 – –

O1s (O-4) – 1.8 –

O1s (O-5) 0.5 0.4 –
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in an O2-saturated electrolyte solution of 0.1 M KOH

at a rotation of 1600 rpm and a scan rate of 5 mV s-1.

The LSV is given in Fig. 5a and clearly shows that

ORR activity was lower for the N-CFO-700 sample

than for the N-CFO-800 and N-CFO-900 sample. This

can probably be attributed to its low conductivity

associated with a lower carbon content (Table 1) and

decreasing specific surface area compared to other

samples carbonized at 700 �C and 800 �C. The anal-

ysis of LSV curves allows the selection of two sam-

ples N-CFO-800 and N-CFO-900 for further analysis

(K–L plots and number of transferred electrons in

ORR).

The onset potential for the ORR is an important

criterion in evaluating the activity of an electrocata-

lyst. The N-CFO-700 sample shows the onset poten-

tial of 0.91 V (Fig. 5b). Nevertheless, the N-CFO-800

and N-CFO-900 show the best activity from series

N-CFO-T with the same and most positive onset

potential of 0.93 V, which is close to onset potential of

commercial Pt/C (0.98 V). Figure 5b shows for

N-CFO-900 a more positive shift in the onset poten-

tial closer to that of commercial Pt/C. Considering

the same morphology of the N-CFO series, the

enhanced ORR activity can be attributed to the

porosity and high content of nitrogen. However, the

onset potential of N-CFO-900 is still approximately

28 mV lower than the onset potential of Pt/C. The

positive effect for ORR of N-CFO-800 and N-CFO-900

is attributed to active sites from N-groups on the

carbon foam surface. These results indicated that the

increased specific surface area of N-CFO can enhance

ORR activity. As most of the previously noted studies

report, the onset ORR potential remained nearly

constant despite rotation rate changes, but the mea-

sured current density showed a typical increase with

an increased rotation rate due to faster oxygen flux to

the electrode surface. An onset potential that is a little

bit lower than that of a Pt/C catalyst was registered

(Fig. 5b). Indeed, the enhanced electrocatalytic per-

formance of N-CFO-900 was well-aligned with the

physiochemical analysis. The N-rich carbon foams

Figure 4 Cyclic voltammograms under N2-saturated and O2-saturated 0.1 M KOH at the scan rate 10 mV s-1 of a Pt/C, b N-CFO-700,

c N-CFO-800, d N-CFO-900.
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showed a various activity, which could be attributed

to the effect of carbonization temperature, N-doping

and porosity. In this regard, carbonization of N-rich

carbon foam at 900 �C seems to define an ideal car-

bonization temperature to generate a carbocatalyst

with a probable balance of porosity, surface area, and

sufficient active catalytic sites promoted by pyridinic

and pyrrolic nitrogen. The high specific surface area

and micro-, mesoporous structure both facilitate gas

and electrolyte diffusion of ORR. The half-wave

potential for N-CFO-700, N-CFO-800, N-CFO-900 and

Pt/C is 0.84 V, 0.86 V, 0.86 V and 0.89 V,

respectively.

Figure 5c shows good linear fitting of K–L plots at

potential of 0.5 V for all analyzed samples. The

transferred electron number (n) was calculated based

on RDE measurements. These two N-CFO samples

demonstrated the same trend: n increased with the

increase in overpotential. N values were close to 4,

implying a four-electron pathways for ORR. The

number of electron transfers for CFO-800 and

N-CFO-900 ranged between 3.5 and 4, being similar

to the Pt/C reference catalyst. The n value for

N-CFO-800 and N-CFO-900 is suggesting that four

electron reduction mechanism occurs, marking high

activity for ORR. When comparing N-CFO-800 and

N-CFO-900, a very similar number of electron trans-

fer is observable, although the N-content is different

at 9.1 and 4.1 wt%, respectively. As expected, the

physical morphology of these two samples is com-

parable, 1287 m2 g-1 for N-CFO-800 and 1125 m2 g-1

for N-CFO-900. It is understood that the N-CFO-800

and N-CFO-900 samples have similar activities for

ORR due to similar porosity. The high surface area

and a high contribution of mesopores to the total pore

volume provide a full exposure of active sites of these

two samples facilitate electron transfer which is crit-

ical for achieving high catalytic ORR activity. More-

over, carbonization temperature of 800–900 �C

Figure 5 a Linear sweep voltammogram curves of N-CFO-T and

Pt/C at a rotation speed of 1600 rpm. b Onset potential

determination in expanded LSV curves. c The Koutecky–Levich

plots corresponding to the hydrodynamic voltammograms at 0.5 V.

d Tafel plots derived from LSV curves.
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provided high electric conductivity to such N-CFOs

resulting from more intensive graphitization process.

The Koutecky–Levich (K–L) equation was used to

analyze the RDE data. As shown in Fig. 5c, the cor-

responding K–L plots showed good linearity and

were nearly parallel at various potentials, which

revealed first-ordered reaction kinetics with respect

to the concentration of dissolved O2. The Tafel slopes

(Fig. 5d) were estimated to be about 87 mV dec-1 for

the N-CFO-700, 66 mV dec-1 for the N-CFO-800 and

76 mV dec-1 for the N-CFO-900 (Fig. 5d). It was

noted the Tafel slope of the N-CFO-700 was the

lowest among all of the as-prepared N-CFO-T cata-

lysts. However, the N-CFO-800 and N-CFO-900

samples show much better activities for ORR than

N-CFO-700 because of their higher specific surface

area and still high amounts of nitrogen, which are

important influences over ORR performance.

Nonetheless, N-CFO-900 exhibits the best activity

among the as-prepared samples with a lesser amount

of nitrogen, less than of N-CFO-700, implying that

there is a factor besides the amount of the nitrogen

that is responsible for the high activity for ORR,

porosity and carbonization temperature plays a cru-

cial role. The results suggest that the N-CFO-T series

has approached catalytic activity for ORR to the

commercial Pt/C catalyst. Therefore, metal-free cat-

alyst prepared from L-lysine as a carbon and nitrogen

source could be applied as a good alternative to

commercial Pt/C electrocatalyst for ORR, a key

reaction in the practical application of metal–air

batteries.

Conclusions

Presented in this study was the effective synthesis of

nitrogen-rich porous carbon foams (N-CFO) from L-

lysine as a carbon precursor. The pore structure of

N-CFO was created by adding CaCO3 in the form of

large insoluble nanoparticles of sizes between 15 and

40 nm, and etching after carbonization. All experi-

ments (based on the hard template method) intended

to reduce wall thickness and achieve the highest

possible nitrogen content in corresponding N-CFO.

The nitrogen content was very high, placing itself in

the range of 4.1–12.4 wt%. The BET surface area was

in the range of 794–1287 m2 g-1. The structure and

electrocatalytic activity of N-rich carbon foam were

also investigated. The decrease in ID/IG ratio

corresponds to a higher graphitization degree of a

carbonaceous material. It was documented that

N-content is not a sole factor determining the effec-

tiveness of ORR performed by N-CFO electrodes. The

decrease in N-content upon the increase in car-

bonization temperature did not reduce the activity of

N-CFO-based electrodes in ORR. The benefits of the

presented exceptional features include a simple and

convenient preparation procedure, as well as an

easily accessible raw material (amino acid). The good

catalytic activity of the N-CFO-T series can most

likely be attributed to a high specific surface area, a

high contribution of mesopores to the total pore

volume and electrochemical nitrogen catalytic sites.

Moreover, the particular pore architecture and high

specific surface area are beneficial to expose more

potential active centers to the electrolyte and facilitate

the rapid electron transport and oxygen diffusion;

therefore, the available active catalytic sites enhance

the catalytic activity.
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