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Abstract: Carbon materials are one of the most fascinating materials because of their unique properties
and potential use in several applications. They can be obtained from agricultural waste, organic
polymers, or by using advanced synthesizing technologies. The carbon family is very wide, it includes
classical activated carbons to more advanced types like carbon gels, graphene, and so on. The surface
chemistry of these materials is one of the most interesting aspects to be studied. The incorporation
of different types of chemical functionalities and/or heteroatoms such as O, N, B, S, or P on the
carbon surface enables the modification of the acidic–basic character, hydrophilicity–hydrophobicity,
and the electron properties of these materials, which in turn determines the final application. This
book collects original research articles focused on the synthesis, properties, and applications of
heteroatom-doped functional carbon materials.

Keywords: carbon materials; heteroatoms; doping; surface chemistry; adsorption; catalysis;
environmental remediation; energy storage

The broad family of carbon materials includes classical activated carbons to carbon nanostructures
like carbon gels, carbon nanotubes, fullerenes, graphene, and so on. In general, these materials present
different properties and origins, but all of them possess a common characteristic, in other words,
the ability to be prepared in many different shapes such as pellets, granular, powders, cloths, fibers,
monoliths, foams, coatings, films, and so on. Furthermore, their porous texture and chemical properties
can be tailored by physical/thermal and chemical processes, enabling the development of porosity
and specific surface area and the incorporation of different chemical functionalities. Both porosity
and surface chemistry have a marked influence on their performance in a specific application, either
by themselves or in combination with other materials. In fact, carbon materials have demonstrated
to be excellent options as adsorbents [1], catalysts [2,3], or catalyst supports [4] when compared to
classic materials (e.g., alumina, silica or ceria) as consequence of their high stability in both acidic and
alkaline media.

Surface chemistry is the most attractive property of carbon materials, since the chemical groups
anchored on the carbon surface may interact with organic molecules, inorganic salts, and metals.
The most common heteroatoms are oxygen (O), nitrogen (N), sulfur (S), boron (B), and phosphorus
(P). They are often part of functional groups and determine the acidic–basic character and the
hydrophilicity–hydrophobicity [5–7]. For instance, oxygen-containing groups such as carboxylic acids,
anhydrides, lactones, and phenols have an acidic character, while quinones, pyrones, and chromene are
basic groups [8–10]. On the other hand, delocalized π electrons from the basal planes also contribute
to the basicity [11], but also to the variation of the electron density. This effect can also be achieved
by the incorporation of boron atoms or nitrogen-containing groups (i.e., pyridine and pyrrole), and
deficient or additional electrons being provided, respectively. Thus, changes in the chemical properties
of carbon materials influence their adsorption behavior and catalytic activity in some reactions [1,4].

Materials 2020, 13, 333; doi:10.3390/ma13020333 www.mdpi.com/journal/materials1
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This Special Issue deals with the recent advances in heteroatom-doped carbon materials. Different
synthesis procedures, characterization techniques, and applications were investigated for these
functional materials. The Special Issue collects eleven full-length articles and a short communication.

H. Hamad et al. [12] prepared carbon–phosphorus–titanium composites from cellulose to be used as
photocatalysts in the removal of Orange-G dye. They pointed out that the phosphorus-containing groups
incorporated in the composites modified their textural properties, crystallinity, and photocatalytic
performance. S. Zhang et al. [13] modified biochars obtained from agricultural waste using
3-mercaptopropyltrimethoxysilane epoxy-chloropropane via an ionic-imprinted technique. These
materials were active as adsorbents of Cd (II) in an aqueous solution, showing a higher Cd-selectivity in
the presence of Co (II), Pb (II), Zn (II), and Cu (II) and a good stability after several adsorption–desorption
cycles. A. Elmouwahidi et al. [14] developed carbon materials from waste woods by KOH activation.
The surface chemistry was modified by different chemical agents, which incorporated nitrogen- and
oxygen-containing groups on the carbon surface. All doped materials, with the exception of that
treated with nitric acid, showed good capacitance values and high cyclic stability when used as
electrodes for supercapacitors. An alternative method to obtain N-doped carbon materials for the
same application was proposed by T. Ai. et al. [15]. This method consisted of the use of a N-containing
bio-phenolic resin as a precursor and subsequent activation by a molten-salt method. Carbon materials
have also been demonstrated to be efficient electrocatalysts in the oxygen reduction reaction (ORR). A.
Abdelwahab et al. [16] studied Co- and Ni-doped carbon xerogels, while N-doped carbon fibers and
microspheres synthesized from apricot sap were proposed by R. Kanuragaran et al. [17].

Carbon capture is a growing technology, whose implementation can be achieved by the research of
novel materials. R. Wei et al. [18] prepared N-doped carbon materials from resorcinol and formaldehyde
after KOH activation and ammonia carbonization. A. A. Alghamdi et al. [19] employed N-doped
graphene oxide sheets (N-GOs) obtained from different N-containing polymers and after KOH
activation. In general, the CO2 capture capacity by N-doped materials was enhanced by the increase of
the nitrogen content, the surface area, and the micropore volume. E. Rodriguez-Acevedo et al. [20]
demonstrated that shallow reservoirs could be effective for carbon capture after injecting nanofluids
based on N-rich carbon nanospheres. Finally, the last articles of this Special Issue deal with the
development of N-doped graphene films for high sensitivity electrodes [21]; the functionalization of
graphene oxides with p-phenylenediamine as a modifier [22]; and the induction of magnetic moments
in graphene by introducing sp3-defects [23].

All the published papers were strictly peer reviewed following the standard review practices for
the Materials journal. As the Guest Editors of this Special Issue, we acknowledge all of the authors for
their prime contributions and the reviewers for their valuable comments to improve the quality of the
papers. Finally, we would like to thank the staffmembers of Materials, in particular Clark Xu for its
kind assistance.

Author Contributions: S.M.-T.: writing—original draft. A.F.P.-C. and F.C.-M.: review & editing. All authors have
read and agreed to the published version of the manuscript.
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Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moreno-Castilla, C. Adsorption of organic molecules from aqueous solutions on carbon materials. Carbon
2004, 42, 83–94. [CrossRef]

2. Tsuji, K.; Shiraishi, I. Combined desulfurization, denitrification and reduction of air toxics using activated
coke: 2. Process applications and performance of activated coke. Fuel 1997, 76, 555–560. [CrossRef]

2



Materials 2020, 13, 333

3. Morales-Torres, S.; Silva, A.M.T.; Pérez-Cadenas, A.F.; Faria, J.L.; Maldonado-Hódar, F.J.; Figueiredo, J.L.;
Carrasco-Marín, F. Wet air oxidation of trinitrophenol with activated carbon catalysts: Effect of textural
properties on the mechanism of degradation. Appl. Catal. B Environ. 2010, 100, 310–317. [CrossRef]

4. Serp, P.; Figueiredo, J.L. Carbon Materials for Catalysis; John Wiley & Sons: Hoboken, NJ, USA, 2009.
5. Boehm, H.P. Some aspects of the surface chemistry of carbon blacks and other carbons. Carbon 1994, 32,

759–769. [CrossRef]
6. Kapteijn, F.; Moulijn, J.A.; Matzner, S.; Boehm, H.P. The development of nitrogen functionality in model

chars during gasification in CO2 and O2. Carbon 1999, 37, 1143–1150. [CrossRef]
7. Salame, I.I.; Bandosz, T.J. Surface Chemistry of Activated Carbons: Combining the Results of

Temperature-Programmed Desorption, Boehm, and Potentiometric Titrations. J. Colloid. Interf. Sci.
2001, 240, 252–258. [CrossRef]

8. Figueiredo, J.L.; Pereira, M.F.R.; Freitas, M.M.A.; Órfão, J.J.M. Modification of the surface chemistry of
activated carbons. Carbon 1999, 37, 1379–1389. [CrossRef]

9. Morales-Torres, S.; Silva, T.L.S.; Pastrana-Martínez, L.M.; Brandão, A.T.S.C.; Figueiredo, J.L.; Silva, A.M.T.
Modification of the surface chemistry of single- and multi-walled carbon nanotubes by HNO3 and H2SO4

hydrothermal oxidation for application in direct contact membrane distillation. Phys. Chem. Chem. Phys.
2014, 16, 12237–12250. [CrossRef]

10. Pastrana-Martínez, L.M.; Morales-Torres, S.; Likodimos, V.; Falaras, P.; Figueiredo, J.L.; Faria, J.L.; Silva, A.M.T.
Role of oxygen functionalities on the synthesis of photocatalytically active graphene-TiO2 composites. Appl.
Catal. B Environ. 2014, 158–159, 329–340. [CrossRef]

11. Lopez-Ramon, M.V.; Stoeckli, F.; Moreno-Castilla, C.; Carrasco-Marin, F. On the characterization of acidic
and basic surface sites on carbons by various techniques. Carbon 1999, 37, 1215–1221. [CrossRef]

12. Hamad, H.; Castelo-Quibén, J.; Morales-Torres, S.; Carrasco-Marín, F.; Pérez-Cadenas, A.F.;
Maldonado-Hódar, F.J. On the Interactions and Synergism between Phases of Carbon–Phosphorus–Titanium
Composites Synthetized from Cellulose for the Removal of the Orange-G Dye. Materials 2018, 11, 1766.
[CrossRef] [PubMed]

13. Zhang, S.; Yang, X.; Liu, L.; Ju, M.; Zheng, K. Adsorption Behavior of Selective Recognition Functionalized
Biochar to Cd(II) in Wastewater. Materials 2018, 11, 299. [CrossRef] [PubMed]

14. Elmouwahidi, A.; Bailón-García, E.; Romero-Cano, L.A.; Zárate-Guzmán, A.I.; Pérez-Cadenas, A.F.;
Carrasco-Marín, F. Influence of Surface Chemistry on the Electrochemical Performance of Biomass-Derived
Carbon Electrodes for its Use as Supercapacitors. Materials 2019, 12, 2458. [CrossRef] [PubMed]

15. Ai, T.; Wang, Z.; Zhang, H.; Hong, F.; Yan, X.; Su, X. Novel Synthesis of Nitrogen-Containing Bio-Phenol
Resin and Its Molten Salt Activation of Porous Carbon for Supercapacitor Electrode. Materials 2019, 12, 1986.
[CrossRef] [PubMed]

16. Abdelwahab, A.; Carrasco-Marín, F.; Pérez-Cadenas, A.F. Carbon Xerogels Hydrothermally Doped with
Bimetal Oxides for Oxygen Reduction Reaction. Materials 2019, 12, 2446. [CrossRef]

17. Karunagaran, R.; Coghlan, C.; Shearer, C.; Tran, D.; Gulati, K.; Tung, T.T.; Doonan, C.; Losic, D. Green
Synthesis of Three-Dimensional Hybrid N-Doped ORR Electro-Catalysts Derived from Apricot Sap. Materials
2018, 11, 205. [CrossRef]

18. Wei, R.; Dai, X.; Shi, F. Enhanced CO2 Adsorption on Nitrogen-Doped Carbon Materials by Salt and Base
Co-Activation Method. Materials 2019, 12, 1207. [CrossRef]

19. Alghamdi, A.A.; Alshahrani, A.F.; Khdary, N.H.; Alharthi, F.A.; Alattas, H.A.; Adil, S.F. Enhanced CO2

Adsorption by Nitrogen-Doped Graphene Oxide Sheets (N-GOs) Prepared by Employing Polymeric
Precursors. Materials 2018, 11, 578. [CrossRef]

20. Rodriguez Acevedo, E.; Cortés, F.B.; Franco, C.A.; Carrasco-Marín, F.; Pérez-Cadenas, A.F.; Fierro, V.;
Celzard, A.; Schaefer, S.; Cardona Molina, A. An Enhanced Carbon Capture and Storage Process (e-CCS)
Applied to Shallow Reservoirs Using Nanofluids Based on Nitrogen-Rich Carbon Nanospheres. Materials
2019, 12, 2088. [CrossRef]

21. Bourquard, F.; Bleu, Y.; Loir, A.-S.; Caja-Munoz, B.; Avila, J.; Asensio, M.-C.; Raimondi, G.; Shokouhi, M.;
Rassas, I.; Farre, C.; et al. Electroanalytical Performance of Nitrogen-Doped Graphene Films Processed in
One Step by Pulsed Laser Deposition Directly Coupled with Thermal Annealing. Materials 2019, 12, 666.
[CrossRef]

3



Materials 2020, 13, 333

22. Sun, H.-J.; Liu, B.; Peng, T.-J.; Zhao, X.-L. Effect of Reaction Temperature on Structure, Appearance and
Bonding Type of Functionalized Graphene Oxide Modified P-Phenylene Diamine. Materials 2018, 11, 647.
[CrossRef] [PubMed]

23. Tang, T.; Wu, L.; Gao, S.; He, F.; Li, M.; Wen, J.; Li, X.; Liu, F. Universal Effectiveness of Inducing Magnetic
Moments in Graphene by Amino-Type sp3-Defects. Materials 2018, 11, 616. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

4



materials

Article

On the Interactions and Synergism between Phases of
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Synthetized from Cellulose for the Removal of the
Orange-G Dye

Hesham Hamad †, Jesica Castelo-Quibén, Sergio Morales-Torres *, Francisco Carrasco-Marín,

Agustín F. Pérez-Cadenas and Francisco J. Maldonado-Hódar

Carbon Materials Research Group, Department of Inorganic Chemistry, Faculty of Sciences, University of
Granada, Avenida de Fuentenueva, s/n. ES18071 Granada, Spain; heshamaterials@hotmail.com (H.H.);
jesicacastelo@ugr.es (J.C.-Q.); fmarin@ugr.es (F.C.-M.); afperez@ugr.es (A.F.P.-C.); fjmaldon@ugr.es (F.J.M.-H.)
* Correspondence: semoto@ugr.es
† Current address: Fabrication Technology Department, Advanced Technology and New Materials Research

Institute (ATNMRI), City of Scientific Research and Technology Applications (SRTA-City), New Borg El-Arab
City, Alexandria 21934, Egypt

Received: 11 August 2018; Accepted: 15 September 2018; Published: 18 September 2018

Abstract: Carbon–phosphorus–titanium composites (CPT) were synthesized by Ti-impregnation and
carbonization of cellulose. Microcrystalline cellulose used as carbon precursor was initially dissolved
by phosphoric acid (H3PO4) to favor the Ti-dispersion and the simultaneous functionalization of
the cellulose chains with phosphorus-containing groups, namely phosphates and polyphosphates.
These groups interacted with the Ti-precursor during impregnation and determined the interface
transformations during carbonization as a function of the Ti-content and carbonization temperature.
Amorphous composites with high surface area and mesoporosity were obtained at low Ti-content
(Ti:cellulose ratio = 1) and carbonization temperature (500 ◦C), while in composites with Ti:cellulose
ratio = 12 and 800 ◦C, Ti-particles reacted with the cellulose groups leading to different Ti-crystalline
polyphosphates and a marked loss of the porosity. The efficiency of composites in the removal
of the Orange G dye in solution by adsorption and photocatalysis was discussed based on their
physicochemical properties. These materials were more active than the benchmark TiO2 material
(Degussa P25), showing a clear synergism between phases.

Keywords: microcrystalline cellulose; chemical functionalization; polyphosphates; synergism;
physicochemical properties; Orange G; photocatalysis

1. Introduction

Environmental catalysis tries to overcome the increasing pollution generated by a progressively
more industrialized society through the search and development of novel materials and treatment
technologies. Global warming, exponential growing population, intensive agricultural practices,
among others, are the major factors affecting the availability of freshwater resources worldwide [1].
Treatment technologies, desalination and reuse of water intend to mitigate water scarcity. In fact, porous
and catalytically active materials are continuously developed to be applied in different treatment
processes for the removal of organic pollutants in water by adsorption and/or advanced oxidation
processes (AOPs). Among others, heterogeneous photocatalysis has demonstrated to be an excellence
treatment technology to remove water pollutants by the action of highly reactive oxygen species
(e.g., hydroxyl radicals) generated from a semiconductor. In fact, a wide variety of the materials
based on oxides (e.g., TiO2, ZnO, WO3), chalcogenides (e.g., ZnS, CdS, ZnTe, Bi2S3), nitrides (GaN),

Materials 2018, 11, 1766; doi:10.3390/ma11091766 www.mdpi.com/journal/materials5
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phosphides (GaP) and carbides (SiC), as well as free metal semiconductors composed by recent
nanostructured carbons, such as graphitic carbon nitride (g-C3N4) and graphene derivatives, have
been applied to different photocatalytic processes [2–8]. Most of these semiconductors present a limited
photocatalytic performance due to a slow transportation of photoelectrons, fast photoelectron-hole
recombination, a deficient surface that hinders the redox interaction with reactants and even, metal
leaching when are irradiated in water. Thus, expensive and complex binary or ternary combinations of
these materials are often proposed [9,10].

TiO2 is the most widely applied semiconductor due to a high photo-activity, low cost, relative
low toxicity and good chemical and thermal stability [4,11,12]. However, its performance in the visible
range is poor so that different strategies, including non-metal and/or metal doping, dye sensitization,
coupling semiconductor and the modification of properties such as crystalline phase, crystallite size
and shapes and so on, have been studied to improve its photocatalytic efficiency [13,14]. On the other
hand, the handling facilities and the price and suitability of the precursor materials should be taken
into consideration in the design and development of novel photocatalysts. For instance, photocatalysts
are used as building materials and some amounts of them are added to the concrete for the control of
indoor air quality, preventing the accumulation of volatile organic compounds (VOCs) on building
surfaces by oxidation [15]. Different types of industrial residues were recently reviewed in order to
optimize the final price of the photocatalyst [16]. Thus, Ti-photocatalysts were prepared by calcination
of the sludge containing Ti-salts previously used in the flocculation of sewages effluents [17] and by
using natural phosphates [18]. An interesting approach is the synthesis of Ti-carbon composites [14]
due to a better dispersion of Ti-nanoparticles, a well-developed porosity (enhanced pollutants
adsorption) and the band gap narrowing by the synergism between phases. The employ of biomass, in
particular cellulose [19], as support or carbon source is a remarkable alternative to prepare Ti–carbon
photocatalysts, because it is the cheapest and most abundant biopolymer [20].

In this manuscript, carbon–phosphorus–Ti composites were sustainably developed, characterized
and used for the photodegradation of Orange G (OG), a typical dye used in the textile industry.
Microcrystalline cellulose (MCC) was used as a carbon precursor because is cheap, environmentally
friendly and the most abundant renewable material; TiO2 was used as semiconductor for the synthesis
of nanocomposites. The crystalline structure of MCC required its previous solubilization with an
acid treatment before Ti-impregnation, which in turn improved the contact between phases and the
dispersion of the active Ti-phase. The influence of the acid pretreatment and the Ti:cellulose ratio on
the physicochemical properties of the nanocomposites obtained and on the photocatalytic efficiency of
the samples is discussed.

2. Materials and Methods

The synthesis of the cellulose–Ti composites was carried out using a procedure reported
elsewhere [21]. Briefly, MCC (from Merck, Darmstadt, Germany) was suspended in distilled water
(200 g L−1) and then, it was completely dissolved by adding 10 mL of phosphoric acid (H3PO4) under
stirring at 50 ◦C overnight. After that, an appropriated amount of titanium tetra-isopropoxide (TTIP)
in heptane was dropped to the previous cellulose solution to obtain different cellulose-Ti composites
by changing the corresponding Ti:cellulose mass ratio, namely 1:1, 6:1 or 12:1. The solid suspension
formed during the TTIP hydrolysis was aged under continuous stirring at 60 ◦C for 24 h and then,
the composites were filtered, washed with distilled water and acetone and dried at 120 ◦C in an oven.
Finally, the carbon–phosphorus–Ti composites were obtained by carbonization of the corresponding
cellulose–Ti composites in a tubular furnace at 500 or 800 ◦C under 100 cm3 min−1 N2 flow. All
samples were grinded and sieved to a particle size of 100–200 μm before used in photocatalysis and
characterization. The samples will be labelled as CPTX-Y indicating the composition (C = cellulose,
P = phosphoric acid, T = TTIP impregnation), “X” refers the Ti:cellulose ratio used (i.e., 1, 6 or 12) and
“Y” states the carbonization temperature (500 or 800 ◦C). For instance, CPT6-500 corresponds to the
composite prepared in a 6:1 ratio and at 500 ◦C.
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The morphology of the materials was studied by scanning electron microscopy (SEM) using an
AURIGA Carl Zeiss SMT microscope (Carl Zeiss AG, Oberkochen, Germany). Energy dispersive
X-ray (EDX) microanalysis (Carl Zeiss AG, Oberkochen, Germany) was carried out to determine
the composition and homogeneity of the samples. This information was completed by analysing
the samples with X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra-DLD (Kratos
Analytical Ltd., Kyoto, Japan). Accurate binding energies (±0.1 eV) were determined regarding to the
position of the C1s peak. The residual pressure in the analysis chamber was maintained below 10−9

Torr during data acquisition and survey and multiregion spectra were recorded. Each spectral region
of interest was scanned several times to obtain good signal-to-noise ratios. The atomic concentrations
were calculated from photoelectron peak areas and sensitivity factors provided by the spectrometer
manufacturer. The crystallinity of composites were determined by X-ray diffraction (XRD) using
a Bruker D8 Advance X-ray diffractometer (BRUKER, Rivas-Vaciamadrid, Spain) (Cu Kα radiation,
wavelength (λ) of 1.541 Å).

The carbonization process of composites was studied by thermogravimetric (TG) and differential
thermogravimetric (DTG) analyses by heating the sample in nitrogen flow from 50 ◦C to 900 ◦C at
20 ◦C min−1 using a Mettler–Toledo TGA/DSC1 thermal balance (Mettler-Toledo International Inc.,
Greifensee, Switzerland). The TiO2 content in a given composite was estimated by ubtracting the
weight loss obtained with pure TiO2 under air atmosphere (oxidizing conditions) until constant weight
from the weight loss obtained with the composite [22].

Textural characterization of the samples was carried out by N2 adsorption-desorption at −196 ◦C
with a Quantachrome Autosorb-1 apparatus (Quantachrome Instruments, FL, USA). The apparent
surface area (SBET) was determined by applying the Brunauer–Emmett–Teller (BET) equation [23],
while the micropore volume (Vmicro) and the mean micropore width (L0) were obtained from
Dubinin–Radushkevich and Stoeckli equations, respectively [24,25]. The volume of nitrogen adsorbed
at a relative pressure of 0.95 (Vpore), was also obtained from the adsorption isotherms, which
corresponds to the sum of the micro- and mesopore volumes according to Gurvitch’s rule [26].

The performance of materials in the photodegradation of the Orange-G (OG) dye in aqueous
solutions was studied under UV irradiation. The experiments were performed using a glass
photoreactor (8.5 × 20 cm) equipped with a low-pressure mercury vapor lamp (TNN 15/32, 15 W,
Heraeus Headquarters, Hanau, Germany) emitting at 254 nm placed inside an inner quartz tube
of 2.5 cm of diameter. The concentration of OG was determined by a UV–vis spectrophotometer
(5625 Unicam Ltd., Cambridge, UK). Before catalytic experiments, all materials (800 mg) were saturated
with the dye solution (800 mL) in dark to remove the adsorptive contribution. After saturation,
the initial dye concentration (C0) was fitted again to 10 mg L−1 in all cases, and then, a UV lamp was
turned on, this time being considered t = 0. Samples were taken from the reactor and centrifuged to
separate the catalyst particles before analysis by the UV–vis spectrophotometer.

3. Results and Discussion

The closed structure of MCC required a previous solubilization with H3PO4 before
Ti-impregnation. This acid treatment improved the dispersion of the Ti-active phase on the cellulose
support but also, functionalized it simultaneously with different phosphorus-containing groups
leading to carbon–phosphorus–Ti composites.

The morphology of the composites was analyzed by SEM (Figure 1). The composites prepared with
low and intermediate Ti:cellulose and carbonized at 500 ◦C, i.e., CPTi1-500 and CPT6-500, presented
open structures formed by a network of elongated particles resembling the raw cellulose fibers
(Figure 1a,c). These large structures become round shaped particles with increasing the Ti:cellulose
ratio up to 12 wt.% (Figure 1e). After carbonization at 800 ◦C, round-shaped particles are observed in
the surface of all samples; the particle size being increased as the Ti-content (Figure 1b,d,e). The particle
size determined for the CPT12 composite after carbonization at 500 ◦C was always smaller than 50 nm,
while some particles larger than 300 nm were detected after carbonizing at 800 ◦C. EDX-microanalysis
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of all composites showed high contents of C and Ti, but also of phosphorus (Figure 1g for CPT6-500),
which was distributed homogeneously on the composite, as confirmed by EDX.

Figure 1. SEM micrographs for the carbon-phosphorus-Ti composites treated at 500 ◦C (a,c,e) and
800 ◦C (b,d,f), as well (g) EDX spectrum for the CPT6-500 composite.
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Cellulose–phosphate structures formed during the MCC solubilization with H3PO4 were reported
to be reversible, i.e., they are removed after washed leading to free H3PO4 and amorphous cellulose [27].
In our case, although amorphous cellulose was obtained, the phosphorus functionalities were stable
not only after being washed but also after carbonization of the composites, as corroborated below by
different techniques.

Thus, the stability of the phosphorus-containing groups was confirmed by XPS. As an example,
the chemical composition of the CPT6 samples and the variation on the nature of the surface groups
with the carbonization temperature are summarized in Table 1. An increase of the carbonization
temperature led to the progressive reduction of the samples since the oxygen content decreased
(i.e., 42.7 and 36.4% for CPT6-500 and CPT6-800, respectively) due to the thermal decomposition of
some oxygen and/or phosphorus functionalities, which were released as COx. The deconvolution of
the Ti2p region showed for CPT6-500, an only peak placed at ≈459.3 eV corresponding to the presence
of Ti+4, while the corresponding sample carbonized at 800 ◦C presented an additional component at
≈458.6 eV due to the presence of Ti+3 (Table 1).

Table 1. Surface concentration, species percentage and corresponding binding energies (in brackets, eV)
obtained for the CTP6 sample obtained at different carbonization temperatures.

Sample
C O P Ti P2p (%) Ti2p (%)

(wt.%) C-PO3 C-O-PO3 Ti3+ Ti4+

CPT6-500 22.0 42.7 21.9 13.4 36
(132.9)

64
(133.8) - 100

(459.3)

CPT6-800 27.3 36.4 22.8 13.5 63
(132.8)

37
(133.8)

48
(458.6)

52
(459.5)

Analogously, a variation of the spectra of the P2p region was observed for the different CPT6
samples. Thus, this region can be deconvoluted in two peaks placed at ≈132.8 and ≈133.8 eV
corresponding to phosphorus linked to carbon (C-PO3) and to pentavalent tetracoordinated phosphorus
in phosphates or polyphosphates as (C-O-PO3), respectively [28] (Table 1). In addition, the position
of these peaks is shifted to higher binding energies (BE) with increasing the oxidation degree of the
P-groups [29,30], while the peak at low BE is favored at high carbonization temperatures.

XRD patterns for the composites treated at 500 ◦C did not show any peak regardless the Ti:cellulose
ratio used, denoting an amorphous character for these samples. Nevertheless, sharp peaks were
observed in XRD patters when samples were treated at 800 ◦C, with different crystalline phases being
formed depending on the Ti:cellulose ratio (Figure 2). The TiP2O7 crystalline phase (JCPDS 38-1468)
was present in all these composites, but also there is a small contribution of Ti(HPO4)2 (JCPDS 38-334)
at low Ti-content, i.e., CPT1-800. On the other hand, when the Ti-content is increased up to 12 wt.%
(i.e., CPT12-800), the main crystalline phase was (TiO)2P2O7 (JCPDS 39-0207). Thus, richer crystalline
Ti-phases are favored when increasing the Ti-content in the composite since the H3PO4/cellulose ratio
was always maintained. The crystal size obtained by application of the Scherrer equation was 38.9,
53.4 and 57.9 nm for CPT1-800, CPT6-800 and CPT12-800, respectively.

The marked influence of the carbonization temperature on the interactions of Ti-species with the
phosphate surface groups was also pointed out by the thermogravimetric analysis of the samples.
Thus, TG-DTG profiles obtained during the carbonization process of H3PO4-treated cellulose before
(i.e., the CP support) and after Ti-impregnation (i.e., the CPT6 composite) are compared in Figure 3a,b,
respectively. The support carbonization occurs in three steps denoted by the corresponding minimum
in the DTG profile (Figure 3a). The first weight loss occurs at ≈120 ◦C and can be associated with
dehydration and drying processes; a second peak at ≈240 ◦C corresponds to the release of COx

formed by the thermal decomposition of oxygenated surface groups, namely, carboxylic acids that
decompose at this temperature range [31]; and the third peak can be due to the reduction of the
phosphate surface groups by the organic matrix, causing the gasification of the support, as typically
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described in the chemical activation process of lignocellulosic materials [32]. In the carbonization
of the CPT6 composite (Figure 3b), the Ti-support interactions leads to a certain shifting of the first
peaks to slightly higher temperatures compared to the support. This fact should be related with
the formation of links between the oxygenated surface groups of cellulose and the Ti-species [19].
However, Ti-species mainly interact with the phosphorus-containing groups, in such a manner that
the reduction of these groups by the cellulose matrix at ≈750 ◦C does not occur during the thermal
treatment (Figure 3b), this reduction being replaced by the reaction between these groups with the Ti
species leading to crystalline Ti-phosphate or polyphosphate compounds, as previously observed by
XRD. In fact, the weight loss above 500 ◦C is clearly negligible.

�

Figure 2. XRD patterns of the different carbon-phosphorus-Ti composites treated at 800 ◦C.

 

a) b) 

Figure 3. TG and DTG profiles obtained during the carbonization in N2 flow: (a) H3PO4-treated
cellulose support and (b) CPT6 composite.

The morphological and crystalline transformations of the composites previously discussed had
a clear effect on their textural properties, which were determined by analyzing the corresponding
N2-adsorption isotherms (Table 2 and Figure 4). In general, the total pore volume (Vpore) and the BET
surface area (SBET) of the composites decreased as the Ti-content and the carbonization temperature
increased, due to the higher porosity of the carbon phase compared to inorganic Ti-phases and the
sintering favored under these conditions. The CPT1-500 composite presented the highest surface
area (357 m2 g−1) due to its high micropore volume (0.144 cm3 g−1) associated with a high adsorbed
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volume of N2 at low relative pressure (Figure 4). In general, the isotherms of the composites belong to
type-IV or type-II, showing from P/P0 >0.4 a clear hysteresis cycle due to the presence of mesopores.
A similar behavior is also observed for CPT6 and CPTi12 samples with a loss of microporosity but also
an enhanced mesoporosity (i.e., higher adsorbed volume of N2 at high relative pressure), compared to
composites prepared with lower Ti-content.

 

Figure 4. N2-adsorption isotherms of carbon-phosphorus-Ti composites treated at 500 or 800 ◦C.

Table 2. Textural properties of selected carbon-phosphorus-Ti composites treated at 500 or 800 ◦C.

Sample SBET (m2 g−1) Vmicro (cm3 g−1) Vpore (cm3 g−1)

CPT1-500 357 0.144 0.386
CPT6-500 28 0.013 0.160
CPT1-800 9 0.004 0.076
CPT12-500 184 0.073 0.508
CPT6-500 30 0.017 0.239
CPT12-800 5 0.021 0.043

The adsorptive and photocatalytic performance of the carbon–phosphorus–Ti composites were
analyzed for the removal of OG (Figure 5a,b, respectively). Firstly, all samples were saturated in
dark experiments, which hinders the contribution of the adsorption process to the OG removal in
the subsequent photocatalytic experiments. The adsorption capacity and the adsorption rate are
not exclusively related to the different porosity of the samples, as observed in Figure 5a. In general,
composites with lower Ti-content presented a better adsorptive behavior than those prepared with
intermediate and high Ti-contents regardless of the carbonization temperature used. The maximum
removal of OG was achieved after 20 min and varied as: CPT1 samples > CPT6 samples > CPT12
samples. This trend could be explained because composites with low Ti:carbon ratio present a larger
carbon phase, which has a higher affinity for OG in solution. The CPT1 composites presented the best
adsorptive behavior, being the adsorption of both CPT1-500 and CPT1-800 comparable in spite of their
different porous characteristics and the crystallinity of their Ti-phases.

In Figure 5b, we show the photocatalytic efficiency obtained for the different carbon–phosphorus–
Ti composites and the benchmark TiO2 material (Degussa P25) for comparison. The complete OG
removal was achieved after ≈25–35 min or 40–50 min depending on composites treated at 500 or
800 ◦C, respectively. In general, all composites obtained at low carbonization temperature presented
a better efficiency than those treated at 800 ◦C; in spite of that, all these samples were completely
amorphous since no peaks were observed by XRD. The carbon phase retards the crystal growth and
the phase transformations of metal oxides in carbon–metallic oxide composites [33,34]. In addition,
the presence of phosphorus may influence the TiO2-crystal structure, obtaining mixtures of TiO2

amorphous and anatase [35]. In this context, composites obtained at 500 ◦C could develop a mixture
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of amorphous and very small TiO2-anatase nanoparticles (undetectable by XRD), with the latter being
responsible for the high activity of composites treated at 500 ◦C. On the other hand, the photocatalytic
efficiency varied as follows: CPT1-500 > CPT6-500 > CPT12-500, i.e., when the Ti-content increased in
the composites, which could be related with their lower porosity (Table 2).

a) b) 

Figure 5. Removal of the Orange-G from water solution by adsorption (a) and photocatalytic
(b) processes using carbon-phosphorus-Ti composites.

Concerning composites treated at 800 ◦C, the formation of different polyphosphates was pointed
out by XRD. The band gap for the titanium pyrophosphate (TiP2O7) was estimated to be 3.48 eV [36],
with is higher than that for the TiO2 anatase or rutile phases, i.e., 3.2 and 3.0 eV, respectively.
The different nature of polyphosphates can also influence their performance [37,38].

In addition, sintering was favored to this range of temperature, with Ti-particles larger than ≈39 nm
being obtained. Otherwise, even the composites carbonized at this temperature, with exception of
CPTi12-800, presented a better performance than the benchmark TiO2 material (Degussa P25). This fact
denotes the importance of the carbon phase in Ti-based composites, leading to an enhanced improved
performance based on the synergism between both phases. Overall, carbon–phosphorus–titanium
composites with low carbon content and carbonization temperature are preferred for the removal of the
OG pollutant by photocatalysis because of their enhanced porosity, high dispersion of the active phase
(anatase) and strong adsorption capacity (interaction) of OG.

4. Conclusions

The treatment of microcrystalline cellulose with H3PO4 leads to a simultaneous functionalization
of cellulose chains by incorporating stable phosphorus-containing surface groups, namely, phosphates
and polyphosphates. These functionalities interact and react progressively with Ti-species during
impregnation and carbonization at high temperatures, with different polyphosphates of titanium
being anchored on the carbon phase. The physicochemical properties of these carbon–phosphorus–Ti
composites vary according to the Ti-content and carbonization temperature. Thus, the increase of these
parameters favors Ti-particle sintering, the formation of Ti-crystalline phases and a marked loss of
the porosity. The synergism between phases allows to obtain materials with enhanced photocatalytic
efficiency compared to the benchmark TiO2 material (Degussa P25), in spite of the band gap of
polyphosphates being wider than that for anatase/rutile phases. Carbon–phosphorus–Ti composites
with anatase TiO2 nanoparticles and large surface areas seem to be the most active photocatalysts for
OG degradation under UV irradiation.
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Abstract: Biochar is an excellent absorbent for most heavy metal ions and organic pollutants with
high specific surface area, strong aperture structure, high stability, higher cation exchange capacity
and rich surface functional groups. To improve the selective adsorption capacity of biochar to
designated heavy metal ions, biochar prepared by agricultural waste is modified via Ionic-Imprinted
Technique. Fourier transform infrared (FT-IR) spectra analysis and X-ray photoelectron spectroscopy
(XPS) analysis of imprinted biochar (IB) indicate that 3-Mercaptopropyltrimethoxysilane is grafted
on biochar surface through Si–O–Si bonds. The results of adsorption experiments indicate that the
suitable pH range is about 3.0–8.0, the dosage is 2.0 g·L−1, and the adsorption equilibrium is reached
within 960 min. In addition, the data match pseudo-second-order kinetic model and Langmuir model
well. The computation results of adsorption thermodynamics and stoichiometric displacement theory
of adsorption (SDT-A) prove that the adsorption process is spontaneous and endothermic. Finally,
IB possesses a higher selectivity adsorption to Cd(II) and a better reuse capacity. The functionalized
biochar could solidify designated ions stably.

Keywords: biochar; targeted adsorption; Cd(II); adsorption

1. Introduction

It is well known that farmland, an important section of ecological environment, is closely
related to the problems of resource, grain and environment [1–3]. However, with the development
of industrialization and urbanization of China, the total area of heavy metal (such as Cd, As, Pb,
Hg, Zn, etc.) contaminated soil increases rapidly and is more than 2 × 105 km2, occupying about
1/5 of the total agricultural area [4]. Meanwhile, the research of the Ministry of Agriculture of the
People’s Republic of China indicated that the main reasons for the contaminated soil were wastewater
irrigation and sludge application [5], which could cause for crop failure up to 1 × 107 t and lead to
total economic loss surpassing $2.5 billion. Among all the heavy metal ions, cadmium is the most
higher poisonous substance [6], jeopardizing the health of humans and animals through the food
chain system of water–soil–plant–animal–human [7]. The migration capacity of cadmium was higher
than the other chemical elements from water to humans and animals [8,9]. Once cadmium enters the
human body through the respiratory tract or digestive tract, it could destroy the tissues and organs [10].
Consequently, the development of reliable methods for the removal of cadmium from environment
and biological samples was particularly significant.

For scavenging contaminants, the methods of biological treatment, adsorption, precipitation,
membranes separation and ion exchange had been carried out [11,12]. Among these methods, the effect
of biological treatment was slow and precipitation method could cause the new contaminants.
For removing cadmium from dilute solution, the adsorption technique possessed of a better
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applicability than traditional extraction process [13]. In recent years, with the discovery of black
earth in Amazon Basin and the development of correlational research [14], biochar has gained much
publicity as a new type of environmental functional material. Many studies indicated that biochar has
huge application potential in the matter of the reduction of greenhouse gas emissions, agromelioration,
and contaminated soil remediation [15–17]. Among these advantages, biochar has a strong capacity
to absorb heavy metal ions [1,17], such as Cd(II), Pb(II), Cu(II) etc., and reduce the effectiveness and
migration of heavy metal ions in the wastewater. Furthermore, the raw material sources of biochar are
extensive, e.g., agricultural wastes (wood, straw, or shell), municipal solid wastes (refuse and sludge),
and other organic materials [18]. In addition, biomass solid waste is a big problem. The biomass waste
brings not only water, atmospheric and soil pollution, but also the safety problem of humans and
animals via the food chain. Hence, the comprehensive utilization of biomass is also a crucial challenge.
Moreover, biochar could adsorb contaminants simultaneously which may reduce the contents of
beneficial components in the water. Ionic-Imprinted Technique is similar to Molecular-Imprinted
Technique [19,20], and can recognize metal ions after imprinting. The effectiveness of the materials
in binding metal ions has been attributed to the complexation between the ligand and the metal
ions. The specificity of a particular ligand toward target metal ions is the result of a conventional
acdi–base interaction between the ligand and the metal ions. Some of these sulfydryl-functionalized
sorbents could exhibit specific interactions with soft Lewis acids (e.g., Hg(II), Cd(II), Cu(II), or Ag(I)),
and the selectivity of these materials is usually remarkable because many metals have the ability to
bind with thiol ligands considering the stereochemical interactions between the ligand and metal
ions [21,22]. An efficient adsorption material should consist of a stable and insoluble porous matrix
with suitable active groups—typically organic groups interacting with heavy metal ions. In addition,
the imprinted polymers could not only possess of better selective adsorption capacity, but also be
reused at least 100 times without loss of affinity towards the template ions under acidic and basic
conditions, and an elevated temperature [23]. Quartz dispersed on the biochar surface were often
accompanied by hydroxyl under hydrolysis. The quartz offered the action sites to the modifier [24,25].
Thus, it is a good idea to make use of the characters to modify biochar.

The objective of this work is to explore the selective recognition performance of a biochar
prepared by green waste using 3-Mercaptopropyltrimethoxysilane as the surface conditioning agent
and Epoxy-chloropropane as the cross-linking agent via Ionic-imprinted Technique. To investigate the
adsorption capacity and selective recognition performance of the selective recognition functionalized
biochar (IB), the initial pH of Cd(II) solution, sorbent dosage, adsorption kinetics and adsorption
thermodynamics are studied, and analyzed by X-ray diffraction (XRD) patterns, Fourier transform
infrared (FT-IR), Zeta potential analysis and X-ray photoelectron spectroscopy (XPS).

2. Experiment

2.1. Materials and Reagents

Biochar (80 mesh, green waste under slow pyrolysis at 600 ◦C for a retention time of 10 h) was
used in this study as the substrate material to prepare the ion-imprinted functionalized sorbent.
All chemicals were analytical grade, and the water used in all experiments was deionized water
(18.25 MΩ·cm). 3-Mercaptopropyltrimethoxysilane (MPS, Heowns Chemical Factory, Tianjin, China),
Epoxy-chloropropane (ECH, Kemiou Chemical Reagent Co. Ltd., Tianjin, China), and CdCl2·2/(5H2O)
(Aladdin Chemical Reagent Co. Ltd., Shanghai, China) were used in this study.

2.2. Biochar Modification

Exactly 4.0 g biochar (100 mesh) mixed with 200 mL 6.0 mol·L−1 hydrochloric acid were stirred
for 8 h, then the solid product was recovered via filtration, and washed by deionized water to pH = 6.0,
and dried under vacuum at 70 ◦C for 8 h. The sample was denoted as activated biochar (AB).
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Exactly 1.92 g CdCl2·2/(5H2O) were dissolved in 80 mL alcohol (95%) with stirring and heating
at 50 ◦C, and then 4 mL MPS was injected in and reacted for 2 h. Next, 10.0 g activated biochar was
added in the mixed solution, and the mixture was reacted for 20 h at 80 ◦C under stirring, recovered by
filtration and washed 3 times with ethanol. Then, the sample was stirred for 2 h in 100 mL 6 mol·L−1

hydrochloric acid, and recovered via filtration, washed by 0.10 mol·L−1 NaHCO3 and deionized water
up to the eluent pH = 6.0–7.0, dried under vacuum at 80 ◦C for 12 h, and denoted as imprinted biochar
(IB). For comparison, the non-imprinted functionalized biochar was also prepared using an identical
procedure, but without the addition of CdCl2·2/(5H2O), and denoted as non-imprinted biochar (NIB).
The preparation procedure of IB is shown in Figure 1.

 

Figure 1. Preparation procedure of IB.

2.3. Adsorption Experiments

The methodology for adsorption experiments is as follows. All adsorption experiments were
executed using an air thermostatic shaker (HNYC-2102C, Honour Instrument, Tianjin, China),
including the factors of initial pH of Cd(II) solution, sorbent dosage, contact time, initial Cd(II)
solution concentration and adsorption temperature. The effect of initial pH of Cd(II) solution was
carried out by dispersion of 0.1000 ± 0.0002 g IB and 50.00 mL 0.10 mmol·L−1 Cd(II) solution in
100 mL conical flask. The pH of Cd(II) solution was adjusted to the range of about 1.0–14.0 by
0.1 mol·L−1 HCl or 0.1 mol·L−1 NaOH solutions, and then the mixtures were agitated at 298.15 K
for 1440 min. Afterwards, to investigate the effect of sorbent dosage, the IB dosage was changed
from 0.5 to 5.0 g·L−1 with 50.00 mL 0.10 mmol·L−1 Cd(II) solution in 100 mL conical flask which pH
about 5.0–6.0. The adsorption kinetics was determined by analyzing adsorption capacity at different
time intervals (5–1440 min) with the same sorbent dosage (2.0 g·L−1) and initial Cd(II) concentration
(0.1 mmol·L−1, 50.00 mL) in 100 mL conical flask with pH about 5.0–6.0. For adsorption isotherms,
different concentrations of Cd(II) solution (0.02–0.10 mmol·L−1, 0.02 mmol·L−1 interval, 50.00 mL) were
agitated until equilibrium was achieved with the same sorbent dosage (2.0 g·L−1) in 100 mL conical
flask with pH about 5.0–6.0. The temperature factor was investigated by determining the adsorption
capacity at 298.15 K, 303.15 K, and 308.15 K. In all adsorption experiments, the mixtures were separated
by 0.45 μm filter membrane and the Cd(II) concentrations were measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (iCAP6500, Thermo fiShher scientific, Franklin,
KY, USA).

The selective recognition adsorption experiments of Cu(II), Co(II), Pb(II) and Zn(II) ions with
respect to Cd(II) were conducted using IB Biochar-based (BS) and NIB. Next, 0.1000 ± 0.0002 g
sorbent were added in 50.00 mL metal ions mixed solution containing 0.10 mmol·L−1 Cd(II)/Cu(II),
Cd(II)/Zn(II), Cd(II)/Co(II) and Cd(II)/Pb(II) at pH 5.0–6.0 in 100 mL conical flask. After adsorption
equilibrium, the concentration of each ion in the remaining solution was measured by ICP-AES. Cd(II)
was desorbed by the treatment of with hydrochloric acid. In this section, 0.1000 ± 0.0002 g employed
IB with 50.00 mL 6.0 mol·L−1 hydrochloric acid in 100 mL conical flask was agitated for different
durations (0.5, 1, 2, 4, 8, 12, 16, and 24 h) by a magnetic stirrer. The final Cd(II) concentration in the
aqueous phase was measured by ICP-AES. The ratio of desorption was calculated from the amount
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of Cd(II) adsorbed on IB and the final Cd(II) concentration in the desorption medium. Finally, all
experimental results are the averages of thrice repeated experiments.

2.4. Characterizations

XRD measurements were performed using an X-ray Diffractometer (X’Pert PRO, PANalytical,
Almelo, Netherlands) with a Cu-Kα (λ = 0.15418 nm) radiation source. A continuous scan mode was
used to collect the 2θ scan XRD data from 5◦ to 70◦ at the scanning speed of 5◦/min; the voltage and
current of the source were 40 kV and 40 mA, respectively. The XPS analyses were performed using a
Kratos AXIS Ultra XPS system (Shimadzu, Kyoto, Japan) equipped with a monochromatic Al X-ray
source at 150 W. Each analysis started with a survey scan from 0 to 1350 eV with a dwell time of 8 s,
pass energy of 150 eV at steps of 1 eV with 1 sweep. For the high-resolution analysis, the number
of sweeps was increased, the pass energy was lowered to 30 eV at steps of 50 meV, and the dwell
time was changed to 0.5 s. FT-IR spectra were collected in the range of 4000–400 cm−1 by Spectrum
One (Version BM) FT-IR (PerkinElmer, Waltham, MA, USA) spectrometer with 32 scans resolution of
2 cm−1. Approximately 10% (mass fraction) of the solid sample was mixed with spectroscopic grade
KBr. The Zeta-potentials of the fresh biochar and ageing biochar were measured using a Zetasizer
Nano Zs90 (Malvern Instruments, Worcestershire, UK) at room temperature (25 ◦C) [26]. They were
monitored continuously in terms of the conductivity and pH of the suspension during the measurement.
The biochar samples were ground to a size of 2 μm using an agate mill. The suspension was prepared
by adding 30 mg of biochars to 50 mL of deionized water. The prepared suspension was conditioned
by magnetic stirring for 5 min, during which the pH of the suspension was measured. After settling
for 10 min, the supernatant of the dilute fine particle suspension was obtained for zeta-potential
measurements. Three measurements of zeta potentials were obtained, and their averages were taken
as the results.

2.5. Data Analysis

2.5.1. Adsorption Kinetics Analysis

To investigate the mechanism of Cd(II) adsorption on IB, two kinetic models [17,20,27],
pseudo-first-order kinetic model and pseudo-second-order kinetic model, were tested to find the
best fitted model for the experimental data.

The pseudo-first-order kinetic equation:

log(qe − qt) = log qe − k1t
2.303

where k1 is constant rate (min−1), and qe and qt are Cd(II) adsorption amounts (mg·g−1) at equilibrium
t and time t (min), respectively.

The pseudo-second-order kinetic equation:

t
qt

=
1

k2q2
e
+

t
qe

where k2 is constant rate (min−1), and qe and qt are the Cd(II) adsorption amount (mg·g−1) at
equilibrium t and time t (min), respectively.

2.5.2. Adsorption Thermodynamics Analysis

Langmuir and Freundlich models were used to describe the adsorption process [17,20,27].
Langmuir adsorption isotherms equation:

Ce

qe
=

1
bqm

+
Ce

qm
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where Ce is the equilibrium concentration (mg·L−1), qe is the equilibrium capacity of Cd(II) on the IB,
qm is the monolayer adsorption capacity of the sorbent (mg·L−1), and b is the Langmuir adsorption
constant (L·mg−1).

Freundlich adsorption isotherms equation:

log qe = log K f +
1
n

log Ce

where Kf and n are the Freundlich adsorption constant which indicate the adsorption capacity and
intensity, respectively; and qe is the equilibrium capacity of IB to Cd(II).

The data of adsorption isotherms were used to estimate the thermodynamic parameters, Gibbs
free energy change (ΔG0), Enthalpy change (ΔH0), and Entropy change (ΔS0), calculated using the
following equations:

ΔG0 = −RT × ln Kd

ln Kd =
ΔS0

R
− ΔH0

RT

Kd =
qe

Ce

where Kd is the distribution coefficient, T is the temperature (K), and R is the gas constant
(8.3145 J·mol−1·K−1).

2.5.3. Stoichiometric Displacement Theory of Adsorption Analysis (SDT-A)

The stoichiometric displacement theory of adsorption equation is as follows.

ln Kd = β − q
Z

log Ce

where Kd (Kd = qe/Ce) is the partition coefficient of solvent in liquid solid phase, Ce is equilibrium
adsorption concentration (mg·L−1), β is a constant that measures the affinity of the solute to the
sorbent, Z represents the total moles of the solvent released or adsorbed for 1 mol solute together with
its corresponding contact area on the adsorbent surface during the adsorption or desorption process,
is q is the reduced molecule number of the solvent.

When the temperature is invariant, β and q/Z are constant, while β and q/Z are linear to 1/T.
The definition of β is

β =
k1

T
+ b1

The definition of q/Z is
q
Z

=
k2

T
+ b2

where β and q/Z are obtained by the slope and intercept of the straight line plotting lgKd versus lgCe.
ΔGT, ΔHT, and ΔST are calculated as follows.

ΔGT = −2.303Rk2 log Ce − 2.303RTb2 log Ce + ΔGA, ΔGA = −2.303Rk1 − 2.303RTb1

ΔHT = 2.303Rk2 log CeΔHA, ΔHA = −2.303Rk1

ΔST = −2.303Rb2 log Ce + ΔSA, ΔSA = 2.303Rb1

3. Results and Discussion

3.1. Biochar Characterization

3.1.1. XRD Analysis

Figure S1 shows the X-ray diffraction (XRD) patterns of the initial biochar and activated biochar
(AB), indicating that the diffraction peaks of the initial biochar matched well with the pattern of
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standard diffraction peaks of sylvite (pdf = No. 41-1476), quartz (pdf = No.46-1045), graphite (pdf =
No. 41-1487), calcite (pdf = No. 05-0586) and brushite (pdf = No. 09-0077), respectively, and also that
the main mineral in AB was quartz (pdf = No. 46-1045). The comparison indicates that interfering
metallic materials on the carbon surface are removed and the silicon content is relatively enhanced.

3.1.2. Zeta Potential Analysis

Figure S2 presents the zeta-potentials of the activated biochar and imprinted biochar. It indicates
that the point of zero charges (PZCs) of the activated biochar and imprinted biochar are absent and
may both locate at around pH < 2.0. The decrease in the zeta-potentials of imprinted biochar could be
attributed to the specific functional groups onto the initial biochar surface, which is distributed to the
–OH groups and –SH groups on the IB surface.

3.1.3. FT-IR Analysis

The FT-IR spectra of MPS, AB and IB are shown in Figure S3. Compared with AB, the spectral
features of MPS in IB are obtained [21,28]. The bands at 2923 cm−1 and 2853 cm−1 reflect –CH2

stretching vibration. A broad peak is noted at 1095 cm−1, due to the Si–O–Si, which shifted
from 1048 cm−1 and indicates MPS interacted on the Si–O site on the surface of activated biochar.
The absorption band at 2152 cm−1 is assigned to S–H vibrations of sulfydryl group.

3.1.4. XPS Analysis

Table 1 presents the binding energies and relative contents of major elements on biochar surface.
For C1s, the content on the initial biochar surface is 53.75%, and it increases after activating and
imprinting, which is attributed to that the Mg, K, etc. ions in elution. For Si2p, after the activated
biochar is treated by the MPS, the chemical shift of Si2p increases from 102.69 eV to 103.72 eV, indicating
that MPS reacted on the surface of the activated biochar with Si–O forming Si–O–Si bends. For S2p,
the results indicate that the content of S on the activated biochar surface is low and the bending energy
is 164.41 eV. After imprinting, the content of S increases and the bending energy of S2p decreases to
163.01 eV; however, the bending energy shifts to 163.89 eV and the content increases to 3.03% after
elution by hydrochloric acid, presenting that MPS acts on the surface of the activated biochar and the
–SH group acts with Cd(II).

Table 1. Binding energies and relative contents of elements on biochar surface.

Sample
Binding Energy (eV) Surface Atomic Composition (%)

C1s Si2p S2p C1s Si2p S2p

Initial biochar 284.80 102.07 164.39 53.75 9.31 0.17
Actived biochar 284.79 102.69 164.41 65.29 13.92 0.29

No-elution biochar 284.79 103.72 163.01 67.75 12.63 2.84
Imprinted biochar 284.81 103.73 163.89 69.33 13.28 3.03

3.2. Adsorption Experiment Results

3.2.1. Adsorption Kinetics

Figure 2 shows that the uptake of Cd(II) by IB is rapid during the initial 120 min and the
equilibrium is reached within 960 min (q960 was similar to q1440). In Figure 2, the adsorption data match
the pseudo-second-order kinetic model well (R2 = 0.9964), and the parameters of pseudo-second-order
kinetics are fitted. The calculated qe (6.76 mg·g−1)from the pseudo-first-order kinetic model agrees
very well with the experimental data. Thus, the adsorption process is a chemisorption process.
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Figure 2. (a) Relation between Cd(II) adsorption amount and the contact time; and (b) the kinetic fitting line.

3.2.2. Adsorption Isotherms

The equilibrium adsorption isotherm is fundamental in describing the interactive behavior
between solute and sorbent, and it is important for the design of adsorption system. Figure 3a shows
the Cd(II) adsorption capacity on IB at different initial Cd(II) concentrations and temperature. It is
evident that the initial Cd(II) concentrations affect the adsorption capacity of IB to Cd(II): the adsorption
capacity of IB increase with the initial Cd(II) concentration, and adsorption favors higher temperatures.

 

  

Figure 3. Adsorption isotherms parameters: (a) Adsorption isotherms of Cd(II) on IB; (b) The fitting
line of Langmuir model; (c) The fitting line of Freundlich model; (d) Plots of lnKd – 1/T of IB.
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Figure 3b,c (Langmuir and Freundlich, respectively) shows the isotherm constants and the
correlation coefficients (R2) obtained by linear regression. It indicates that the adsorption process is
well described by the Langmuir model (R2

Langmuir > R2
Freundlich). The fact that the Langmuir isotherm

fitted the experimental data very well may be due to homogenous distribution of active sites on
the IB surface. ΔS0 and ΔH0 were calculated from the slope and intercept of Van’t Hoff plots of
lnKd versus 1/T (Figure 3d). In Table 2, negative ΔG0 and positive ΔH0 indicate that the adsorption
process is spontaneous and endothermic. The positive ΔS0 reflects an increase in randomness at the
solid/solution interface during Cd(II) adsorption on IB.

Table 2. Thermodynamic parameters for adsorption of Cd(II) on the imprinted biochar.

C0

(mmol·L−1)
ΔH0

(kJ·mol−1)
ΔS0

(J·mol−1·K−1)

ΔG0 (kJ·mol−1)

298.15 K 303.15 K 308.15 K

0.02 39.43 203.87 −21.35 −22.37 −23.39
0.04 38.57 197.44 −20.30 −21.29 −22.27
0.06 29.92 166.04 −19.58 −20.41 −21.24
0.08 25.44 147.27 −18.46 −19.20 −19.94
0.10 16.84 116.60 −17.92 −18.51 −19.09

3.2.3. Stoichiometric Displacement Theory of Adsorption

However, these gas–solid adsorption equations were originally derived only for gas–solid
adsorption systems, and they have not been related to the strong interactions that exist among the
solute, solvent and solid sorbent in a liquid–solid adsorption process. The adsorption mechanisms of
liquid–solid systems are more complex than those in gas–solid systems. In addition, the volume of
the adsorption layer on solid sorbent surface cannot be estimated accurately, so the values of ΔH, ΔS
and ΔG cannot be calculated accurately. Recently, stoichiometric displacement theory of adsorption
(SDT-A) [29–31] has been used to explain the adsorption mechanisms of solute in liquid–solid system.

The data in Table 3 and Figure 4 indicate that: (1) At the same initial Cd(II) concentrations,
the negative ΔGA indicates that Cd(II) adsorption on the IB was a spontaneous and heat release process,
while increasing temperature benefits the adsorption. ΔGT was negative and decreases, indicating
that the increasing temperature was beneficial to the Cd(II) adsorption. (2) At the same adsorption
temperature, the constant ΔGA and ΔHA indicate that the adsorption process was a spontaneous and
exothermic process, which was unaffected by the Cd(II) concentrations. (3) Under different conditions,
the function variable of ΔST indicated that the degree of disorder of the whole system increased.
Compared to the thermodynamic parameters derived from Langmuir, the values of ΔG varied little,
however, the values of ΔH and ΔS greatly differ.

Table 3. Thermodynamic parameters of SDT-A for Cd(II) adsorption on IB.

C0

(mmol·L−1)

ΔHT (kJ·mol−1) ΔST (J·mol−1·K−1) ΔGT (kJ·mol−1)

298.15 303.15 308.15 298.15 303.15 308.15 298.15 303.15 308.15

0.02 21.05 21.70 22.68 142.83 146.21 150.29 −21.53 −22.54 −23.64
0.04 17.42 18.15 18.95 126.11 129.48 133.16 −21.19 −22.22 −22.08
0.06 15.20 15.78 16.35 115.93 118.56 121.18 −19.36 −19.94 −20.76
0.08 13.00 13.48 13.89 105.78 108.00 109.90 −18.54 −19.26 −19.97
0.10 11.69 12.00 12.25 99.78 101.19 102.35 −18.06 −18.68 −19.29

ΔHA = 17.03 kJ·mol−1, ΔSA = 124.33 J·mol−1·K−1, ΔGA = −20.04 kJ·mol−1 (298.15 K), −20.66 kJ·mol−1 (303.15 K),
−21.28 kJ·mol−1 (308.15 K).
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Figure 4. Plots of lnKd − lgCe of IB.

3.2.4. Effect of pH

Figure 5a presents the effect of initial pH of Cd(II) solution on the adsorption capacity of IB.
It indicates that the initial pH of Cd(II) solution affects the adsorption process, especially the adsorption
capacity. At the initial pH range of about 3.0–8.0, the adsorption capacity of IB to Cd(II) remains
approximately stable (average about 6.26 mg·g−1), and there is a sharp decrease at pH > 8.0. At different
pH environments, Cd(II) solution exhibited in different forms during the adsorption process, and the
different forms affected the adsorption behaviors. The Cd(II) solution chemistry could be calculated
to generate the concentration logarithmic diagram of each component at different pH. The relative
species distribution of cadmium is calculated from the hydrolysis constants (logβ1 = 4.17, logβ2 = 8.33,
logβ3 = 9.02, logβ4 = 8.62) [32]. The precipitation curve of cadmium is calculated from the precipitation
constant of Cd(OH)2(s) (Ksp = 5.27 × 10−15) and the initial Cd(II) concentration (1.0 × 10−4 mol·L−1).
Cd(II) is found to form precipitation at pH ≈ 7.75 (the equations are shown in the Supplementary
Materials). Figure 5b shows the lgC-pH of the Cd(II) hydrolysis components as a function of pH when
the Cd(II) concentration is 0.1 mmol·L−1. It indicates that the main component at pH = 3.0–8.0 is in the
form of Cd(II) ion, while the main component is Cd(OH)2(s) at pH > 8.0, when the reaction with IB is
week. At lower pH (<3.0), the Cd(II) has to compete with hydrogen ion among the exchange sites.
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Figure 5. (a) The effect of initial pH of Cd(II) solution on the adsorption capacity of IB; and
(b) Logarithmic diagram of Cd(II) hydrolysis components (c = 0.1 mmol·L−1).
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3.2.5. Effect of Sorbent Dosage

The effect of sorbent dosage on adsorption capacity of IB to Cd(II) is shown in Figure S4.
It indicates that the sorbent dosage is an important factor to the adsorption capacity. Figure S4
shows that the removal efficiency increases from 26.05% to 78.66% when the sorbent dosage increases
from 0.5 to 5.0 g·L−1 (Figure S5). With higher adsorbent dosage, more active sites compete for the
same amount of Cd(II) ions, therefore only the higher affinity active sites will be occupied. resulting
in a decrease in adsorption capacity. For a constant initial Cd(II) concentration, the increase sorbent
dosage provides more functional groups and active sites, thus leading to the removal efficiency of
Cd(II) increasing. When the dosage is 2.0 g·L−1, the adsorption amount is 6.72 mg·g−1 and the removal
efficiency is 73.34%; however, the removal efficiency does not change with the increasing dosage. Thus,
2.0 g·L−1 adsorbent is selected as the optimum dose.

3.2.6. Selective Adsorption

Competitive adsorption of Cd(II)/Cu(II), Cd(II)/Zn(II), Cd(II)/Co(II) and Cd(II)/Pb(II) were
investigated in their double mixture systems. Relative selectivity coefficients (η = kIB:kNIB) for
Cd(II)/Cu(II), Cd(II)/Zn(II), Cd(II)/Co(II) and Cd(II)/Pb(II) are 6.06, 5.98, 6.81 and 8.05, respectively,
and the relative selectivity coefficients (η = kIB:kBS) are 5.37, 5.85, 6.50 and 6.10 (Table S1).

The results indicate that IB has a higher selectivity for Cd(II), even in the presence of Co(II), Pb(II),
Zn(II) and Cu(II) interferences in the same medium due to the coordination geometry selectivity of IB,
which could provide ligand groups arranged in a suitable way for coordination of Cd(II). Although
some ions have similar size with Cd(II) and some ions have high affinity with the ligand, IB still
exhibits high selectivity for extraction of Cd(II) in the presence of other metal ions. The results also
indicate that the adsorption capacity and selectivity of biochar based (BS) is low.

3.2.7. Desorption and Repeated Use

Desorption of Cd(II) from IB is studied in a batch experimental set-up. The best desorption time
is found to be 8 h. With a single washing, desorption ratio is up to 89.19% (0.5 h: 33.67%; 1.0 h: 48.56%;
2.0 h: 65.96%; 4.0 h: 79.33%; 8.0 h: 89.19%; 12 h: 89.67%; 16 h: 90.13%; and 24 h: 90.18%).

To verify the reusability of IB, the cycle of adsorption–desorption was repeated seven times
using the same sample. The results reveal that IB could be used repeatedly without significantly
losing its adsorption capacities. Adsorption capacity of IB decreased only 15.64% after five
adsorption–desorption cycles (Figure S6).

4. Conclusions

A biochar prepared by agricultural waste was modified using 3-Mercaptopropyltrimethoxysilane
Epoxy-chloropropane via Ionic-imprinted Technique. IB adsorbed Cd(II) at suitable pH of about 3.0–8.0
and dosage of 2.0 g·L−1. During the initial 120 min, the removal of Cd(II) from IB was rapid, and the
equilibrium time was about 960 min. The adsorption process matched well with pseudo-second-order
kinetic model and Langmuir model. The results of adsorption isotherms and SDT-A informed that IB
adsorption capacity increased with the initial Cd(II) concentration and the adsorption temperature,
and the adsorption process was spontaneous and endothermic. IB had a higher selectivity for Cd(II) in
the presence of Co(II), Pb(II), Zn(II) and Cu(II), which provided ligand groups arranged in a suitable
way for coordination of Cd(II). Overall, 6.0 mol·L−1 hydrochloric acid could remove Cd(II) from IB
effectively, and the desorption ratio was up to 89.19% with a single washing. Adsorption capacity of
IB decreased only 15.64% after five adsorption–desorption cycles.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/11/2/299/s1,
Figure S1: XRD patterns of initial biochar and activated biochar. Figure S2: Zeta-potentials of activated biochar
and imprinted biochar. Figure S3: FT-IR spectra of MPS, activated biochar, and imprinted biochar. Figure S4:
Effect of sorbent dosage on adsorption capacity of SRFB to Cd(II). Figure S5: The relation between desorption
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ratios and desorption time. Figure S6: The relation between adsorption-desorption cycle and absorption capacity.
Table S1: The selectivity parameters of Cd(II) adsorption on IB and NIB.
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Abstract: Activated carbons prepared by chemical activation from three different types of waste
woods were treated with four agents: melamine, ammonium carbamate, nitric acid, and ammonium
persulfate, for the introduction of nitrogen and oxygen groups on the surface of materials. The results
indicate that the presence of the heteroatoms enhances the capacitance, energy density, and power
density of all samples. The samples treated with ammonium persulfate show the maximum of
capacitance of 290 F g−1 while for the melamine, ammonium carbamate, and nitric acid treatments,
the samples reached the maximum capacitances values of 283, 280, and 455 F g−1 respectively.
This remarkable electro-chemical performance, as the high specific capacitances can be due to several
reasons: i) The excellent and adequate textural characteristics makes possible a large adsorption
interface for electrolyte to form the electrical double layer, leading to a great electrochemical double
layer capacitance. ii) The doping with hetero-atoms enhances the surface interaction of these materials
with the aqueous electrolyte, increasing the accessibility of electrolyte ions. iii) The hetero-atoms
groups can also provide considerable pseudo-capacitance improving the overall capacitance.

Keywords: nitrogen and oxygen doped activated carbon; surface chemistry; supercapacitor
capacitance; energy power density

1. Introduction

As a consequence of the change in the energy model to which we are involved, together with the
challenge of mitigating climate change, one of the main technologies with serious possibilities of being
implemented are high-performance energy storage and conversion devices as fuel cells, batteries or
supercapacitors [1–3]. Supercapacitors are electrochemical devices capable of provide an unusually
high energy amount, that is high power density. During the rechargeable electrochemical cycles the
charge carriers migrate reciprocally between electrolytes and electrodes. Supercapacitors have also
excellent reversibility together with long cycle life, therefore supercapacitors are specifically good
candidates for large-scale applications of portable and automotive electronic systems. Nevertheless,
one inconvenience of supercapacitors is the relatively low energy density, an in this line, many efforts
are being made by designing and optimizing the materials for the corresponding electrodes.

Carbon based materials are probably the best candidates for this type of electrochemical
applications taking in account the extended literature published during the last years [4–6]. On the
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other hand, a different type of precursors are used for the preparation of activated carbon from waste
agriculture products such as olive stone [7–9], melia azedarach stones [10], argan seed shells [11],
coconut [12,13], etc., by using different methods of chemical and physical activation [14,15]. The use
of biomass wastes for carbon electrodes preparation and its use as supercapacitors is one of the best
available options, not only for their very high electro-chemical performance but also for the economy
of the synthesis process [3]. Indeed, for the electrochemical applications, the pore structure and an
adequate surface chemistry are crucial, and carbon-based materials obtained from woods are easy
tunable in both ways. For example, the capacitive behavior of carbon materials can be further improved
by the presence of active species that contribute to the total specific capacitance by the pseudo-capacitive
effect [16,17]. Others works have found that functional groups containing heteroatoms such as O and
N are very favourable to improve the capacitance, and these groups can be introduced using different
doping methods, as chemical oxidations, plasma treatment, or electrochemical treatments. [18–20].
The main aim of oxidation of a carbon surface is obtaining a more hydrophilic surface structure with
groups such as carboxyl groups [21,22]. When oxygen containing groups are present on the surface
of the activated carbon they affect the capacitance of this material mainly enhancing its wettability,
and therefore increasing the capacitance and providing high energy and power densities; these type
of groups can also produce pseudo capacitance effects. Several types of compounds have been used
as oxidizers: ammonium per sulfate, sodium hypochlorite and permanganate, concentrated nitric or
sulfuric acid or hydrogen peroxide. Furthermore, it has been reported that nitrogen groups modify
the electron donor/acceptor characteristics of carbon materials depending on the type of interactions
between the nitrogen and carbon atoms. The nitrogen-containing groups generally provide basic
property, which could improve the interaction between carbon materials and acid molecules, such as
dipole-dipole, H-bonding, covalent bonding, among others. The nitrogen groups can be formed by
treatment with urea, melamine, nitric acid, and others types of containing nitrogen molecules [16,17,23].

In this work we present the treatment of three types of activated carbons, produced from
chemical activation of waste woods, with four agents: nitric acid and ammonium persulfate for the
introduction of oxygen groups; and melamine and ammonium carbamate for the introduction of
nitrogen functionalities on the surface of the activated carbons and finally, the effects of these oxygen
and nitrogen groups on the electrochemical performances of the corresponding electrodes have been
comparatively studied and discussed, showing these materials as excellent candidates to form part of
applicable supercapacitors.

2. Materials and Methods

2.1. Synthesis of Modified Activated Carbons Samples

The activated carbons (ACs) were prepared by chemical activation with KOH of three different
woods: custard apple, fig tree, and olive tree following the method described previously [11].
The samples were prepared by impregnation with KOH in a weight ratio of 1:1. The mixtures were
heated at 60 ◦C to dryness and after that at 110 ◦C until evaporation total of the water. The solids
produced were carbonized under N2 flow (300 cm3 min−1) and heating rate of 5 ◦C min−1, at 300 ◦C
for 1 h followed by activation at 800 ◦C for 2 h. The produced activated carbons were washed with
HCl (1 M) and with distillated water until neutralization of the washing water and total elimination of
chloride. The samples were designated as CK, FK, and OK, indicating that they were obtained from
custard apple, fig tree, and olive tree, respectively.

The pre-prepared samples were treated with two oxidative agents for the introduction of oxygen
surface groups: nitric acid and ammonium persulfate; and with ammonium carbamate and melamine
for the introduction of nitrogen groups.

In details, the treatment with nitric acid was carried with 1 M diluted nitric acid at boiling
temperature. Nitric acid (1 M) was slowly added through the funnel. The oxidation was carried out
at the boiling temperature for 2 h. The oxidized ACs were washed with distillated water until the
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absence of nitrates, and then dried overnight at 50 ◦C. The prepared samples were denoted FKN, OKN,
and CKN.

The treatment with ammonium persulfate (NH4)2S2O8 to introduce surface oxygen functionalities
was performed as reported by Moreno-Castilla [24]. In detail, the treatment was carried out with a
saturated solution of this salt in H2SO4 1 M (1 g of carbon/10 mL of solution) at 25 ◦C for 48 h. After
the treatment, the samples were washed with distilled water until absence of sulfates was reached.
The prepared samples were denoted FKS, OKS, and CKS.

The treatment with melamine was prepared by mixing 0.5 g of activated carbon with 33 mg of
melamine dissolved in 20 mL of ethanol as described in our previous work [11]. After stirring this
slurry, the solvent was slowly removed by evaporation and the remaining residue was heat-treated at
750 ◦C for 1 h under N2 flow (60 cm3 min−1). The corresponding samples were denoted FKM, OKM,
and CKM.

Finally, the introduction of nitrogen functionality by using ammonium carbamate was carried by
mixing 2 g of ammonium carbamate and 2 g of activated carbon in 20 mL of distillated water. After
stirring this slurry, the residue was heated at 550 ◦C for 1 h and 600 ◦C for 1 h, both under N2 flow
(60 cm3 min−1). The prepared samples denoted FKC, OKC, and CKC.

2.2. Characterization

Textural characterization was carried out by gas adsorption, using N2 and CO2 at −196 ◦C
and 0 ◦C, respectively, in a Quantachrome Autosorb-1 equipment (Anton Paar QuantaTec, Boynton
Beach, FL, USA). The apparent surface area (SBET) together with: the micropore volume (W0), the
mean micropore width (L0) and the microporous surface (Smic), were obtained applying the BET and
Dubinin–Radushkevich equations, respectively. The total pore volume, Vtotal, was considered as the
volume of N2 adsorbed at P/P0 = 0.95 and the mesopore volume, Vmeso, was obtained by the difference
between Vtotal and the micropore volume obtained from nitrogen adsorption.

The surface chemistry of the activated carbons was studied by X-ray photoelectron spectroscopy
(XPS) and temperature programmed desorption coupled with mass spectrometry (TPD). TPD and
XPS analysis were carried out as described elsewhere [11]. For TPD a heating rate of 20 ◦C min−1 to
1000 ◦C was used. Total oxygen content, OTPD, was measured counting the amount of CO and CO2

evolved [11]. During the XPS analysis C1s, O1s, N1s, and S2p spectra were recorded and deconvoluted
as described elsewhere [11].

2.3. Electrochemical Measurements

The electrochemical measurements were performed in a two electrodes system as described
elsewhere [25,26]. The working temperature was 25 ◦C using H2SO4 (1 M) as electrolyte. Glass
fibrous material was used as a separator. The preparation of the working electrodes was carried out as
described elsewhere [26]. The voltage window was 0–0.9 V in H2SO4 (1 M). In the mentioned voltage
interval, Cyclic voltammetry (CV) was performed at different scan rates (0.5, 2.5, 5, 10 and 20 mV s−1).
The gravimetric capacitance obtained from CV, CCV (F g−1), the gravimetric capacitance obtained from
galvanostatic charge–discharge analyses, CGD (F g−1), the capacitance value, Cmax, obtained from
impedance spectroscopy measurements, and the electrical energies, E (Wh Kg−1) and power densities,
P (W Kg−1) for two-electrode cell were calculated as described elsewhere [26]. Finally, the stability of
supercapacitors was also monitored by charge–discharge cycles as described elsewhere [25].

3. Results and Discussion

3.1. Structural and Textural Characterization

Table 1 shows the characterization data obtained from N2 adsorption–desorption and CO2

adsorption isotherms; the results indicate a change after the modification with different treatments for
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the introduction of oxygen and nitrogen functionalities. Figure S1 collects the N2 adsorption–desorption
isotherms at 77 K for CK-series as example.

From the data it can be seen that the treatment with melamine and ammonium carbamate, for all
samples, increase the surface area and also the pore volume increase, which can be due to the thermal
treatment at higher temperature and also the modification can cause the degradation of non-carbon
impurities, resulting in an increase in surface area (CKC = 1706 m2 g−1, FKC = 1669 m2 g−1, OKC =
1314 m2 g−1). The only difference between the three samples was that the FK series shows a decreasing
of the pore diameter; however, both CK and OK series show an increasing of the pore diameter. On the
other hand, the results indicate a decreasing of micropore volume after the treatment with ammonium
carbamate but a slow increasing with the melamine treatment. Furthermore, all samples show an
increasing of the micropore diameter indicating a destruction, or fusion of microporous structure.

Table 1. Textural characteristics of modified activated carbons.

Sample

N2 CO2

SBET

m2/g
W0(N2)
cm3/g

L0(N2)
nm

Vtotal

cm3/g
Vmes

cm3/g
W0(CO2)

cm3/g
L0(CO2)

nm

CK 1504 0.59 1.20 — — 0.35 0.70
CKM 1525 0.60 1.16 0.75 0.15 0.37 0.70
CKC 1706 0.68 1.27 0.85 0.17 0.06 0.95
CKN 46 0.01 4.84 0.10 0.09 0.13 0.46
CKS 1042 0.41 1.16 0.54 0.13 0.32 0.61
FK 1024 0.41 1.30 — — 0.31 0.70

FKM 1575 0.63 1.26 0.80 0.17 0.35 0.67
FKC 1669 0.67 1.28 0.84 0.17 0.06 0.99
FKN 287 0.11 1.40 0.20 0.09 0.07 0.93
FKS 1114 0.44 1.36 0.59 0.15 0.32 0.62
OK 1273 0.49 1.30 — — 0.34 0.70

OKM 1400 0.56 1.34 0.77 0.21 0.23 0.63
OKC 1314 0.53 1.32 0.69 0.16 0.30 0.71
OKN 153 0.06 2.81 0.15 0.09 0.14 0.47
OKS 1075 0.42 1.30 0.58 0.16 0.25 0.61

For all samples treated with melamine and ammonium carbamate, W0(N2) is inferior to W0(CO2)
indicating the presence of constriction at micropores entrances and partial accessibility of N2 molecule
at −196 ◦C. So, the treatment with melamine and ammonium carbamate for the introduction of
nitrogen functionalities has the more significant effects on the microporous structure of all the three
samples treated.

The results of the oxidation with the treatment with ammonium persulfate indicate decreasing in
the surface area, mesoporous and microporous volume, and mesoporous and microporous diameter
by partially destroying micro and mesopore walls. The oxidation with nitric acid indicates destruction
of the pore structure and of mesopore and microporous volume. This is due to the destruction of
pore walls and micropore blocking by oxygen-containing groups introduced during the chemical
modification. The only exception is that the sample FKN shows lower pore destruction (0.11 cm3 g−1)
than the both two other samples CKN (0.01 cm3 g−1) and OKN (0.01 cm3 g−1). Furthermore, of the
three series of samples, all the samples with the same treatment have a similar value of the mesopore
volume (0.09 cm3 g−1).

The surface chemistry of all activated carbon samples was characterized by XPS and TPD
experiments. Table 2 contains the O and N surface contents determined by XPS as well as the
quantification of the amount of CO and CO2 desorbed in these experiments. The results of the TPD
indicate that samples have a wide range of surface oxygen groups being, in all the cases, the CO
evolved groups larger than the CO2. The treatment of the three activated carbons CK, FK, and OK
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showed similar higher oxygen contents, CO/CO2 ratio. The samples treated with ammonium persulfate
and nitric acid has a very higher amount of oxygen varying from 14.08 to 27.02%.

Table 2. Surface chemistry of the modified activated carbons.

Sample Oxps (wt.%) Nxps (wt.%)
OTPD

(wt.%)
CO

(mmol g−1)
CO2

(mmol g−1)
CO/CO2

CKM 1.7 1.6 1.0 0.11 0.26 0.42
CKC 3.7 0.8 2.1 0.45 0.43 1.05
CKN 21.4 1.1 25.5 1.16 7.41 0.16
CKS 15.5 0.9 14.0 0.87 3.96 0.22
FKM 1.9 2.1 1.0 0.19 0.23 0.83
FKC 4.3 0.7 2.1 0.48 0.42 1.14
FKN 20.6 0.9 25.3 1.22 7.32 0.17
FKS 16.0 0.5 15.1 0.94 4.26 0.22

OKM 6.1 1.0 3.7 0.26 1.03 0.25
OKC 5.7 0.9 7.0 0.41 1.98 0.21
OKN 22.0 1.4 27.0 1.78 7.85 0.23
OKS 15.0 0.2 14.4 0.89 4.02 0.22

All the samples treated with nitric acid show lower OXPS than OTPD that is, there is a non-uniform
oxygen surface groups distribution; on the contrary, ammonium persulfate treated samples present a
uniform distribution of the oxygen content, OXPS (CKS = 15.5 wt.%; FKS = 16.0 wt.%; OKS = 15.0 wt.%)
are similar to OTPD values (CKS = 14.0 wt.%; FKS = 15.1 wt.%; OKS = 14.4 wt.%). It is important to
note that for oxidized samples, CO/CO2 ratio was generally lower than in those treated with melamine
or ammonium carbamate because the oxidation mainly increased the amount of CO2-evolving groups
such as carboxyl acid groups, which usually increases during oxidation treatments [24]. This increase
in the oxygen surface functionalities is accompanied by a decrease in the hydrophobicity because
oxygen functionalities with large polarity have been introduced, e.g., carboxyl groups. The different
types of oxygen groups present on the surface of carbon materials decompose upon heating producing
CO and CO2 at different temperatures. In this line, CO2 evolves at low temperatures as a consequence
of the decomposition of the acidic groups, typically carboxylic groups and/or lactones [26]. However,
the CO evolution takes place at higher temperatures and it is related to the decomposition of basic or
neutral groups such as carbonyls, phenols, and ethers.

The treatment of the activated samples with melamine and carbamate ammonium increased the
content on nitrogen, which was fixed forming part of pyridinic (N-6), pyrrolic, and/or pyridonic (N-5)
and quaternary-N (N-Q) groups [23]. The treatment greatly increased the amount of N-6 functionalities
and reduced the amount of N-Q functionalities. The results indicate that the melamine treatment fix
more nitrogen contents than the ammonium carbamate and also that show higher oxygen contents in
the surface than those treated with melamine.

In order to characterize the surface chemistry in the outermost layer of the materials, XPS analysis
was performed. The deconvolution of C1s, O1s, N1s, and S2p signals, and the corresponding peaks
fitting showed the presence of diverse contributions to Binding Energies (BEs) that are displayed in
Supplementary Figures S2–S4 and in Table 3, together with their corresponding percentages.
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Table 3. XPS data obtained after deconvolution of the high-resolution XP spectra.

Sample
C1s

(eV)
FWHM

(eV)
Peak
(%)

O1s

(eV)
Peak
(%)

N1S

(eV)
Peak
(%)

S2p3/2

(eV)
Peak
(%)

CKM 284.5 1.34 65 531.6 33 398.3 33
285.7 17 532.9 67 399.4 28
286.9 7 400.5 24
288.4 5 401.6 15
290.2 4
291.7 2

CKC 284.5 1.48 65 531.3 49 398.4 20
285.8 18 533.4 51 399.4 31
287.2 7 400.5 31
288.5 5 401.6 18
290.3 4
291.6 1

CKN 284.5 1.45 60 531.4 39 399.3 16
285.8 19 533.0 61 400.5 11
286.9 6 401.5 34
288.6 12 405.5 40
290.1 3
291.5 1

CKS 284.6 1.40 61 531.5 36 168.2 62
285.8 19 533.0 64 169.5 38
287.0 6
288.5 11
290.3 3
291.7 1

FKM 284.6 1.35 62 531.4 36 398.4 28
285.6 19 533.0 64 399.4 31
286.8 8 400.5 28
288.3 5 401.9 13
290.2 4
291.6 1

FKC 284.6 1.35 65 531.1 36 398.4 28
285.8 18 533.3 64 399.4 31
287.1 7 400.5 28
288.5 5 401.9 13
290.3 4
291.5 1

FKN 284.6 1.43 58 531.5 36 399.6 12
285.8 21 533.1 64 400.5 13
286.9 5 401.6 35
288.6 12 405.7 40
290.1 2
291.5 1

FKS 284.5 1.43 62 531.6 40 168.2 67
285.9 16 533.0 60 169.4 33
287.0 7
288.5 11
290.3 4
291.9 1
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Table 3. Cont.

Sample
C1s

(eV)
FWHM

(eV)
Peak
(%)

O1s

(eV)
Peak
(%)

N1S

(eV)
Peak
(%)

S2p3/2

(eV)
Peak
(%)

OKM 284.6 1.37 66 531.4 53 398.3 27
285.7 17 533.0 47 399.4 31
286.9 7 400.5 27
288.5 4 401.6 16
290.1 4
291.5 2

OKC 284.5 1.38 66 531.2 48 398.3 20
285.8 17 533.0 52 399.5 40
287.1 6 400.5 32
288.6 5 401.9 8
290.2 4
291.6 1

OKN 284.6 1.45 58 531.5 39 399.5 16
285.7 21 533.1 61 400.5 14
287.0 6 401.6 26
288.6 12 405.6 45
290.1 2
291.3 1

OKS 284.5 1.42 62 531.5 48 168.2 71
285.9 18 533.1 52 169.2 29
287.0 7
288.5 9
290.2 4
291.6 1

The C1s spectrum for the all the modified samples contains two main peaks centered at 284.5 ±
0.1 (~63% on average) and 285.7 ± 0.2 eV (~18% on average) corresponding to C=C and C-C bonds,
respectively [26–28]. Only minor peaks were detected at higher BE, which is typical for an activated
carbon with a low oxygen content. It is important to note that after treatment with nitric acid and
ammonium persulfate, samples that have been oxidized show an increase in the presence of O-C=O
groups (288.6 ± 0.1 eV) [26–28] going from ~ 5% to ~ 11% on average.

The deconvolution of the spectra O1s is presented in the Table 3, which can be deconvoluted into
two peaks. The first one centered at 531.6 ± 0.4 eV attributed to the presence of the oxygen double
bonded C=O groups. The second peak at 532.9 ± 0.5 eV indicates the presence of the singly bonded
oxygen (-O-) in C-O [26–28]. An important observation is made when comparing the precursors used
for the preparation of the activated carbons. For the samples prepared from custard apple and fig tree,
the same distribution of oxygenated species is observed (40% of C=O groups and 60% of C-O groups,
on average), however, for samples prepared from wood of olive tree this proportion changes (50%
C=O and 50% C-O, on average)

The chemical state of nitrogen present in the treated samples with melamine and ammonium
carbamate is further discussed on the basis of the XPS results. Deconvolution of the N1s spectra
resulted in four peaks. The first, centered at 398.3 ± 0.1 eV, designated N-6, is attributed to pyridinic-N,
with the nitrogen atom in a six-membered ring and contributing with one p-electron to the aromatic
π−system (~26% on average). The second peak at 399.4 eV can be attributed to the presence of nitrile
groups present in the samples (~32% on average). The third peak centered at 400.5 eV, which is
ascribed to pyrrolic-N or pyridone-N and will be referred as N-5 (~28% on average). Both groups
have similar chemical environment for the nitrogen atom, with two p-electrons contributing to the
π−system. Finally, the fourth peak at 401.6 ± 0.3 eV is attributed to quaternary nitrogen (N-Q) (~14%
on average), which compared to pyridinic-N is defined as relatively more positively charge nitrogen
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incorporated in a graphene layer [29–32]. All samples showed a uniform distribution of the nitrogen
groups introduced.

As expected, the samples treated with oxidizing agents showed a different distribution of these
groups. For the samples oxidized with nitric acid, two notable changes are observed in comparison
with the aforementioned samples: a) the peak attributed to pyridinic-N groups close to 398.3 eV is not
appreciable; and b) the presence of a broad peak centered at 405.6 eV is observed (~42% on average),
which can be attributed to nitrogen of the NO2 groups [33]. It is important to highlight that for the
samples treated with ammonium persulfate, the presence of nitrogen groups in not detectable by
means of XP spectroscopy analysis.

Finally, only for the samples treated with ammonium persulfate a small amount of sulphur
was detected on the surface due to the epoxy groups formed during the synthesis of the materials.
The S2p peak could be deconvoluted with a doublet of sulfate (S2p3/2 at 168.2 eV and S2p1/2 at 169.4 eV)
indicating the presence of groups SO2 in the surface of these materials [34].

3.2. Electrochemical Characterization

The electrochemical characterization was evaluated in H2SO4 1 M with two electrode system.
Figure 1 shows the CV curves of all the electrodes tested between 0 and 0.9 V at the scan rate of 0.5 mV
s−1. It can be seen that the samples treated with melamine, ammonium carbamate, and ammonium
persulfate, show a quasi-rectangular shape, which is a feature of electrochemical double-layer capacitors.
In contrast, the samples treated with nitric acid show non-rectangular shape due to the effect of the
presence of the higher content of oxygen surface groups evolved as CO2 which induces some diffusional
restrictions due to the interaction between strong oxygen surface groups and the ions of the electrolyte,
setting aside the CVs curves from the purely capacitive shape.

Figure 1. Cyclic voltammograms at 0.5 mVs−1 of all samples: (a) CK-series, (b) FK-series and (c)
OK-series in H2SO4 1 M. Treatments: melamine (red), ammonium carbamate (green), nitric acid (blue),
and ammonium persulfate (black).

Figure 2 shows the galvanostatic charge–discharge curves, it is clear that the curves of all oxidized
samples exhibit a slightly distorted triangular shape, due to the pseudo-capacitive behavior of the
oxygen functional groups. This distortion was more significant for the nitric acid treated samples. In
contrary, the nitrogen doped samples show a symmetric triangular shape indicating a good diffusion
inside the pore structure.
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Figure 2. Galvanostatic charge-discharge curves at 125 mA g−1 for all samples: (a) CK-series, (b)
FK-series and (c) OK-series. Treatments: melamine (red), ammonium carbamate (green), nitric acid
(blue), and ammonium persulfate (black).

The specific capacitance versus current density for all samples was further collected to study the
rate performance. The results are presented in Figure 3 and indicate that all the treatment process give
samples with a good stability at higher current density of 10 A g−1 except for samples treated with nitric
acid, which present a lower stability and a fast decreasing of the capacitance with the increasing of the
current density. On the other hand, it is found that the samples oxidized by ammonium persulfate
show the largest specific capacitances at current densities between 250 mA g−1 and 10 A g−1 for all
modified samples except for FK series at high current densities. The maximum specific capacitance of
312 F g−1 was attained at a current density of 125 mA g−1 for OKS, which is much higher than those of
FKS (237 F g−1) and CKS (290 F g−1).

Figure 3. Variation of the specific capacitance with current density in H2SO4 1 M for all samples: (a)
CK-series, (b) FK-series, and (c) OK-series. Treatments: melamine (red), ammonium carbamate (green),
nitric acid (blue), and ammonium persulfate (black).

Remarkably, the specific capacitance of ammonium persulfate treated samples cannot still be
maintained at higher current density, which is due to the effect of oxygen functionalities. The retention
ratio of those samples from 125 mA g−1 to 10 A g−1 was between 36% and 67%. These above results
clearly show and confirm that the introduction of a large amount of oxygen-containing groups and the
increased amount of mesopores are very effective enhancing the electrolyte accessibility, leading to fast
ion response and higher capacitance and that the presence of surface quinone groups increases the
capacitance of oxidized activated carbons by introducing pseudo-capacitance effects; nevertheless, the
oxidation of the surface no always produced one way effects because also fixes carboxyl groups which
thereby increasing its ohmic resistance [35] due to their high polarity, bind water molecules that hinder
and retard electrolyte diffusion into the microporosity.
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The nitric acid treated samples show a fast decreasing in the capacitance at higher current densities
due to the destruction of the pore structure and also to the higher values of oxygen present in the
surface functionalities of treated samples.

It is known that the increase in the population of the CO-desorbing complexes can has positive
effect on the capacitance, while the CO2-desorbing complexes show a negative effect in double-layer
formation. Upon heat-treating the oxidized carbon, most of the CO2-desorbing complexes were
removed while the population of CO-desorbing complexes reached a maximum. This treatment has
produced electrodes with the highest capacitance. Cyclic voltammetry showed that the presence of the
CO desorbing complexes significantly enhanced the double-layer formation and thus the capacitance.
This indicates that due to the local changes of electronic charge density a proton adsorbed by a
carbonyl or quinone-type site facilitates an excess specific double-layer capacitance. The faradic current
increased with the total number of oxygen atoms on the surface, indicating that both the CO- and
CO2-desorbing complexes enhanced the redox process.

It has been reported that surface N functionalities are electrochemically active because they
are electron-rich [36,37]. In this way, protons can be attracted to the electrode surface, producing
pseudo-capacitive interactions [38]. For the melamine nitrogen doped samples, the result indicate that
the sample FKM presents the higher capacitance 283 F g−1 followed by CKM 236 F g−1 and OKM 225
F g−1, this difference of the capacitance can be explained by the nitrogen content of all the samples
(Table 3) which indicates that the samples FKM has more than 2% of nitrogen contrary to both the
two others ones which have a nitrogen content of 1.6% for CKM and 1% for OKM. This can also be
explained by the difference of surface area between all samples. The results (Table 2) indicate that those
samples show good retention stability between 50 and 60% due to an adequate pore structure of all
samples facilitating a good penetration of the electrolyte inside the porosity at high current densities.

For the ammonium carbamate modified samples, all the samples present the seam values of the
nitrogen content 0.8%, so the difference of the capacitance and the electrochemical performance can
be explained by the difference of the porous structure. The results (Table 4) indicate that the sample
FKC has the higher capacitance of 280 F g−1 compared to both of the two other samples CKC 199 F g−1

and OKC 216 F g−1. This difference can be explained by the difference in pore volume and especially
the micropores volume. The sample FKC has a micropore volume of 0.67 cm3 g−1 which is higher
than both the other ones. Those samples present capacitance retention at current density of 10 A
g−1 varying from 42% for FKC to 84% for OKC and 57% for CKC. This difference is due in one part
to the pore diameter and also to the difference of oxygen amount. It is known that the presence of
oxygen in the surface chemistry can affect the capacitance retention and especially at higher current
densities. This remarkable electro-chemical performance, as the high specific capacitances can be
due to the excellent and adequate textural characteristics which makes possible a large adsorption
interface for electrolyte to form the electrical double layer, leading to a great electrochemical double
layer capacitance; but also the doping with hetero-atoms enhances the surface interaction of these
materials with the aqueous electrolyte, increasing the accessibility of electrolyte ions. The hetero-atoms
groups can also provide considerable pseudo-capacitance improving the overall capacitance.

In order to get insights on the influence of surface chemistry on the electrochemical performance
of the electrodes, electrochemical impedance spectroscopy (EIS) was used. The Nyquist plots and their
corresponding equivalent circuits are shown in Figure 4 (the continuous line represents the adjustment
of the experimental data to the equivalent circuit model). In order to obtain kinetic parameters,
impedance data were fitting to the equivalent circuit proposed by Zhang et al. [39] using ZVIEW
software, version 2.7, the results are shown in Table 5. The equivalent circuit proposed is based in a
fractional-order model, which consists of a series resistor (Rs), a parallel resistor (Rct), a Constant-Phase
Element (CPE), and a Walburg-like element (W). The ionic resistance of the electrolyte, the intrinsic
resistance of the active material, and the contact resistance at the electrode/current collector interface
are contained in the Rs. Therefore an Rct represents the faradic charge transfer resistance at the interface
between the current collector and the active material. Finally, the W represents the diffusive resistance.
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To evaluate the goodness of fit of the experimental data to the equivalent circuit, the statistic Xi
2

was used. We obtained values in the range of 1.0 × 10−3 for all of the fitted data (Table 5). Thus, we
determined that the proposed equivalent circuit fits the experimental data reasonably well.

Table 4. Electrochemical capacitances (F g−1) of modified samples in H2SO4 1 M. Retention capacitance
at 10 A g−1 referred to 125 mA g−1.

Sample
Cv

0.5 mV s−1
Ccp

125 mA g−1
Ccp

2 A g−1
Ccp

10 mA g−1
Retention (%)

CKM 205 236 181 139 59
CKC 153 199 139 115 58
CKN 153 176 16 - 8*
CKS 180 290 231 174 60
FKM 200 283 186 144 51
FKC 210 280 190 119 43
FKN 169 259 35 - 14*
FKS 171 237 189 85 36

OKM 167 225 176 135 60
OKC 180 216 206 183 85
OKN 143 145 11 - 48*
OKS 218 312 268 208 67

* Retention capacitance at 2 A g−1.

Figure 4. Nyquist plots obtained from EIS experiments on H2SO4 1 M for all the samples: (a) CK-series,
(b) FK-series, (c) OK-series, and (d) equivalent circuit model. Treatments: melamine (red), ammonium
carbamate (green), nitric acid (blue), and ammonium persulfate (black).

Once oxygen and nitrogen have been introduced to the material, Rs decreases dramatically, so
that the formation is no longer perceptible in the figure, indicating a decrease in the formation of
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the solid-electrolyte interface layer. For all the samples treated with melamine the Rs value is the
lowest (0.2 Ω), so that this effect can be attributed to a decrease in the formation of the solid-electrolyte
interface layer due to the increase in the nitrogen functional groups which improve the hydrophobicity
of the material, thus making the surface more wettable with electrolyte [40,41].

The charge transfer resistances (Rct) of all nitrogen treated samples are varying between 0.05–2.18 Ω.
A faster ion diffusion and lower impedance on the electrode/electrolyte are taking place, being this
deduced from the small semicircles formed when the faradic charge transfer resistance (Rct) of electrodes
in H2SO4 electrolyte is represented. Those lower resistances due to the lower change in the pore
structure after the melamine and ammonium carbamate treatments. In contrast, the oxygenated
samples show a higher internal resistance compared to nitrogenated ones (for example: OKM = 0.05 Ω,
OKC = 1.74 Ω vs. OKN = 5.04 Ω, OKS = 2.00 Ω). This higher resistance due to the lower pore diameter
resultants from the treatment with nitric acid and ammonium persulfate. In addition, all curves show
a Walburg-like element angle higher than 45◦, indicating the suitability of the electrode materials
for supercapacitors.

Table 5. Equivalent series resistance (Rs), charge transfer resistance (RCT), and Cmax at 1 mHz, from EIS.

Sample Rs (Ω) Rct (Ω) Xi
2 τ (s) C’max (F g−1)

CKM 0.20 1.45 2.1 × 10−3 0.62 170
CKC 0.21 1.32 3.1 × 10−3 0.62 134
CKN 0.30 4.45 5.0 × 10−3 159.17 196
CKS 0.24 5.18 9.0 × 10−4 1.98 118
FKM 0.25 1.48 3.7 × 10−3 1.11 171
FKC 0.51 2.18 1.7 × 10−3 3.55 177
FKN 0.42 1.40 1.5 × 10−3 49.41 173
FKS 0.55 2.94 1.7 × 10−3 1.48 166

OKM 0.29 0.05 1.4 × 10−3 1.48 141
OKC 0.48 1.74 4.0 × 10−4 0.46 157
OKN 0.38 5.04 3.9 × 10−3 159.17 134
OKS 0.22 2.00 9.0 × 10−4 0.62 141

The relaxation time constant (τ) is a quantitative measure of the speed with which the device
can be discharged and this can be calculated using the equation τ = 1/(2 f0), being f0 the transition
frequency between a pure capacitive and a pure resistive behavior that can be obtained from the
maximum within the variation of the imaginary part of the capacitance (C”) against the frequency.
Results collected in Table 5 show that nitrogen doped samples present the faster discharging time
(1.3 s on average) compared to the oxygenated ones and that the acid nitric treated samples (61.97 s on
average) due to the lower microporosity.

The Ragone plots of all the electrodes tested are displayed in Figure 5 and the maximum
and minimum energies and power densities are shown in Table 6. When analyzing the results,
it is clear that both the maximum energy density (Emax) and the maximum power density
(Pmax) have been considerably improved with the introduction of nitrogen groups on the surface,
since the series of materials treated with melamine and sodium carbamate show better results
(average Emax = 6.25 Wh kg−1; average Pmax, = 2363 W kg−1) than the oxidized samples (average
Emax = 1.89 Wh kg−1; average Pmax, = 854 W kg−1). Additionally, these results are adequately related
to the textural properties of the materials, since alkaline treatments increase the volume of mesopores.
Since the power density is influenced by the transport of internal pore ions, this behavior can be
explained to be due to the conditions of the porosity channels and the hydrophobicity of the surface.
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Figure 5. Ragone plots on H2SO4 1 M for all samples: (a) CK-series, (b) FK-series, and (c) OK-series.
Treatments: melamine (red), ammonium carbamate (green), nitric acid (blue), and ammonium persulfate
(black).

Table 6. Maximum and minimum energy densities (Wh Kg−1) and power densities (W Kg−1) of all
samples from Ragone’s plots.

Sample Pmax W kg−1 Emin Wh kg−1 Emax Wh kg−1 Pmin W kg−1

CKM 2825 1.72 6.61 57
CKC 2245 0.81 5.57 57
CKN 184 0.02 0.35 15
CKS 1180 0.42 1.64 26
FKM 2396 1.23 6.90 53
FKC 1461 0.79 7.10 54
FKN 147 0.03 0.95 21
FKS 997 0.12 1.40 26

OKM 2214 0.92 5.44 53
OKC 3039 2.35 5.88 56
OKN 111 0.01 0.22 13
OKS 2506 1.82 5.41 45

The energy released decreased at higher power density; but the energy densities of nitrogen
doped samples were acceptable at higher power density. The long-term stability of electrodes is
a very important property that can limit the application of any materials as supercapacitors for
practical applications. Figure 6 shows the variation in the gravimetric capacitance with the number of
charge–discharge cycles at a constant current density of 1 A g−1 employing H2SO4 1 M as electrolyte.
After 10,000 cycles the retention capacity for the all modified samples are between 97.0%, and 100%.

Figure 6. Variation of the gravimetric capacitance (CGD) with the number of charge discharge cycles at
1 A g−1 in the potential window between 0 and 0.9 V in H2SO4 1 M for all samples: (a) CK-series, (b)
FK-series, and (c) OK-series. Treatments: melamine (red), ammonium carbamate (green), nitric acid
(blue), and ammonium persulfate (black).
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4. Conclusions

In this study, three series of ACs were prepared by KOH activation of different woods: Custard
apple tree (CK-series), Fig tree (FK-series) and Olive tree (OK-series). The ACs were treated with four
agents: melamine, ammonium carbamate, nitric acid, and ammonium persulfate, for the introduction
of nitrogen and oxygen groups on the surface of materials with the aim to study the influence of
surface chemistry on the electrochemical performance of biomass-derived carbon electrodes for its use
as supercapacitors. The results showed that the treatments introduce different nitrogen functionalities,
such as pyridine quaternary-N and oxidized nitrogen, which improve the wettability and the ions
transfers. The effectiveness of the activation and doping methods is very good, obtaining comparable
materials in porosity and relative chemical properties, in spite of the different origins of the woods.
The obtained electro-chemical results are also very remarkable, since after 10,000 cycles, the retention
capacity for the all modified samples are between 97.0% and 100%.; with the advantage that very cheap
waste materials can be used for the supercapacitor development. Nevertheless, it should be clarified
that the treatment with nitric acid, although it is also very reproducible in its effects, is not an advisable
doping treatment because it destroys the microporosity and, therefore, reduces the electrochemical
performance. Finally, the high electro-chemical performance, such as the very remarkable specific
capacitances, can be probably due to the excellent and adequate textural characteristics, as high
surface areas, which makes possible a large adsorption interface for electrolyte to form the electrical
double layer, leading to a great electrochemical double layer capacitance; as well as the doping with
hetero-atoms which enhances the surface interaction of these materials with the aqueous electrolyte,
increasing the accessibility of electrolyte ions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/15/2458/s1,
Figure S1. N2 adsorption and desorption isotherms at 77K of CK-series samples. Figure S2: High resolution XPS
deconvoluted spectra in the corresponding regions: (a) C1s, (b) O1s, (c) N1s and (d) S2p3/2 for the activated carbons
prepared from Custard apple tree wood (CK-Serie). Figure S3: High resolution XPS deconvoluted spectra in the
corresponding regions: (a) C1s, (b) O1s, (c) N1s and (d) S2p3/2 for the activated carbons prepared from Fig tree
wood (FK-Serie). Figure S4: High resolution XPS deconvoluted spectra in the corresponding regions: (a) C1s, (b)
O1s, (c) N1s and (d) S2p3/2 for the activated carbons prepared from Olive tree wood (OK-Serie).
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Abstract: Nitrogen hybridization is an attractive way to enhance the wettability and electric
conductivity of porous carbon, which increases the capacitance of carbon-based supercapacitor,
however, there is lack of low-cost methods to prepare the nitrogen-doped porous carbon materials.
Herein, a novel facile nitrogen-containing bio-phenolic resin was synthesized by polymerization
of the carbamate bio-oil, Phenol and paraformaldehyde. As a precursor of nitrogen-doped porous
carbon, the nitrogen-containing bio-phenol resin was activated by the one-step molten-salt method.
The resultant nitrogen-doped porous carbon showed a high specific surface area up to 1401 m2·g−1.
As a supercapacitor electrode, the nitrogen-doped porous carbons showed specific capacitance
of 159 F·g−1 at 0.5 A·g−1. It also exhibited high cyclic stability with 94.8% retention of the initial
specific capacitance over 1000 charge-discharge cycles at 1.0 A·g−1. The results suggest that these
nitrogen-containing bio-phenol resin provide a new source of nitrogen-doped porous carbon for
high-performance supercapacitor electrodes.

Keywords: nitrogen-doped; bio-phenol resin; porous carbon; molten salt; supercapacitor; electrode material

1. Introduction

A supercapacitor is a new generation of energy storage device, and its core component is electrode
material. Among the electrode materials, porous carbon materials were the first to be studied and
the most mature for technical application [1,2]. The incorporation of nitrogen into the porous carbon
structure can improve its wettability, conductivity, and increases its specific capacitance [3]. There
are two ways to incorporate the nitrogen element into the porous carbons [4]. One is the treatment
of porous carbon by nitrogenous compound at high temperature; The other is carbonization of
nitrogen-containing carbon precursors, for example, nitrogen-containing phenolic resins. Because
the latter have higher nitrogen content and more stable cycling stability in super capacitors than the
former, there is a lot of literature on nitrogen-containing phenolic resins for preparing nitrogen-doped
porous carbons [5–9]. However, the preparation of nitrogen-containing phenolic resin is not effective,
which hinders the mass production of nitrogen-doped porous carbons.

In recent years, with the development of sustainable chemical technology, the cheap bio-oil, which
is generally produced by fast pyrolysis of rich lignocellulosic biomass, can often be used as partial
substitute of phenol to synthesize bio-based phenolic resin [10–15]. Bio-oil provides a promising
renewable resource to substitute petroleum-based phenol; however, few studies have used phenol-rich
bio-oil to synthesize nitrogen-containing phenolic resin.
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In this study, we present a novel synthesis of nitrogen-containing phenol resin by amino
esterification bio-oil. The nitrogen-containing phenolic resin was facilely synthesized by phenol,
formaldehyde and the amino esterification bio-oil, then, the bio-phenol resin as a precursor of
nitrogen-doped porous carbon was simultaneously carbonized and activated in molten salt with
one-step method. The nitrogen-doped porous carbons show excellent supercapacitor performance.

2. Materials and Methods

2.1. Chemicals and Materials

Bio-oil was produced from rapid pyrolysis of Poplar Sawdust at 500 ◦C. Urea, Phenol and
Paraformaldehyde were analytical grade and purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China).

2.2. Synthesis of Nitrogen-Containing Bio-Phenolic Resin

The 50 g of bio-oil was added into a 3-neck boiling flask. The flask was heated by an oil bath to
130 ◦C until melted. An appropriate amount of urea (bio-oil to mass urea ratio of 100:50) was added
and stirred evenly then heated to 150 ◦C and held until no ammonia escaped. After the reaction
finished, the products were naturally cooled to room temperature and the black bitumen solid, called
carbamate bio-oil, was obtained. A specific amount of carbamate bio-oil was added into the boiling
flask, heated by oil bath to 90 ◦C. Phenol and poly formaldehyde (50% of the quality of carbamate
bio-oil) was added. The mixture was held at 90 ◦C for 5 h. The product became a bio-phenolic resin
after cooling.

2.3. Preparation of Nitrogen-Doped Porous Carbon

The bio-phenolic resin was cured at 100 ◦C for 1 h then at 180 ◦C for 2 h. The 3 g of heat
cured bio-phenolic resin was weighed and mixed with a precise molar ratio of NaCl-KCl-KOH
(NaCl:KCl:KOH = 4:4:1) salt. The mixture was placed in a tube furnace and heated from room
temperature to 900 ◦C in a high purity N2 atmosphere. The mixture was held at 900 ◦C for 4 h before
being allowed to cool to room temperature. The product was washed with a 0.1 mL/L solution of HCL
and Deionized water repeatedly until the filtrate neutralized. The product was then dried at 80 ◦C for
12 h to form the porous carbon.

2.4. Characterization of Resin and Porous Carbon

The molecular structure of the bio-oil after amino esterification was determined by an infrared
(IR) spectrometer (Nicolet IS10, Thermo Scientific, Waltham, MA, USA). The thermogravimetric
(TG) analysis of the phenolic resin was carried out by the Thermogravimetric Analyzer (Netzsch
TG209F1Libra®, Selb, German). The nitrogen content of phenolic resins was characterized by the
elemental analyzer (Vario EL cube, Elementar, Langenselbold, German). The morphology of the
specimens was determined using emission scanning electron microscopy (SEM) (Hitachi S-4800,
Tokyo, Japan). The XRD patterns of specimens were investigated with a powder diffractometer
(Bruker D8 Davinci, Leipzig, Germany). Raman spectra were recorded on a Raman spectrometer (JY
HR800, Horiba, Montpellier, France). The pore structure of the specimen was determined by Nitrogen
adsorption-desorption isotherms at 77 K on an Automatic adsorption instrument (Mike ASAP2460,
Micromeritics Instrument Corp., Norcross, GA, USA).

2.5. Preparation of Working Electrode and Electrochemical Analysis

The working electrode was prepared as follow: The porous carbon material (80 wt.%), acetylene
black (10 wt.%) and polytetrafluoroethylene (10 wt.%) were used to prepare a uniform paste. The paste
was then coated on a nickel foam current collector.
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The electrochemical analysis of the specimen was carried out using a three-electrode configuration
on the electrochemical workstation (CHI CHI660E, Shanghai, China) in a 6 mol/L KOH electrolyte
with a range of −1 to 0 V.

To further evaluate the porous carbon as an electrode in symmetrical supercapacitor device, a
CR2032 coin-type cell was assembled using the porous carbon as symmetrical electrodes, using a
separator with the electrolyte of 6 M KOH solution. The performance of the device in terms of its energy
density (E) and power density (P), which can be estimated using the following equations: E = 1/2CU2,
P = E/Δt, where C represents the specific capacitance based on the galvanostatic charge-discharge
results of supercapacitor, while U refers to the potential change within the discharge time Δt.

3. Results and Discussion

3.1. IR and TG Analysis

In order to testify the chemical structure change, carbamate bio-oil was characterized by IR.
Figure 1a is the result of IR spectra of carbamate bio-oil. Compared with bio-oil, the carbonyl
absorption peak of 1700 cm−1 increased noticeably after amino esterification. The 3180–3360 cm−1

absorption peak is the symmetric and asymmetric vibration of amino N-H, showing two adjacent strong
absorption peaks, while in the bio-oil there is only the absorption peak of hydroxyl in 3300–3500 cm−1.
Based on the above analysis, it can be seen that carbamate was introduced, there are reactive amides,
and the N element was successfully introduced.

 
Figure 1. (a) IR spectra of bio-oil before and after carbamate; (b) TG-DTG curves of bio-phenolic resins.

Figure 1b is the result of thermogravimetry-derivative thermogravimetry (TG-DTG) curves of
bio-phenolic resins. It can be seen that with the amination of bio-oil, the char yield of the bio-phenolic
resin is nearly 46% at 800 ◦C. The higher char yield of the bio-phenolic resin means more resin carbon.
These would good for the mass production of nitrogen-doped porous carbons.

3.2. SEM and Elemental Analysis

Molten salt one-step activation is a preparation method for activated porous carbon. Figure 2 is
the SEM images of molten salt activated porous carbon specimen derived from bio-phenolic resins. It
can be seen that the specimen has an abundant porous structure. Under a high-temperature molten
salt environment, a resin precursor can be activated with a KOH activator. In the process of activation,
the KOH in the molten salt system reacts with some of the carbon atoms, such as at the edge of the
defect structure of the carbon atoms connected with the heteroatoms [16]. This activation makes
the pore structure of the carbon material further developed. The microstructure of the activated
carbon is changed by the complex carbonization and activation [17] so that it has a microporous and
mesoporous structure.
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Figure 2. Scanning electron microscopy (SEM) with different magnifications and element mapping
images of porous carbon. (a) 2000×; (b) 10,000×; (c) 22,000×; (d) C element mapping; (e) N element
mapping; (f) O element mapping.

The content of nitrogen in the bio-phenolic resins is important to a property of porous carbon.
After testing, the nitrogen content in the bio-phenolic resins was as high as 9%. When these bio-phenolic
resins were changed into activated carbon, the nitrogen content of the activated carbon still remains
5.6%. The mapping images of C, N and O elements of the activated carbon are shown in Figure 2.
It is known that the elements C, N and O are distributed in large quantities evenly throughout the
materials. The result indicates that the N and O elements in the bio-phenolic resin can be retained and
the activated carbon is nitrogen-doped porous carbon.

3.3. XRD X-ray Diffraction and Raman Spectral Analysis

The XRD patterns of the nitrogen-doped porous carbon was shown in Figure 3a. It was showed
that the carbon has a broad “steamed bun” diffraction peak at the 28◦ and 42◦. The result represents
the existence of the amorphous carbon and graphite structure [18]. Figure 3b is the Raman spectra
of the nitrogen-doped porous carbon. It displayed apparent D and G peaks. The D peak is the
characteristic absorption peak of amorphous carbon. The G peak is considered as the absorption peak
of the graphite structure [19]; therefore, it is confirmed that the nitrogen-doped porous carbon belongs
to the amorphous carbon and has a higher degree of graphitization.

3.4. Surface Area and Porosity Determination Using N2 Adsorption

Figure 4a is the N2 absorption-desorption isotherms of the porous carbon. The isotherms show
the characteristics of the typical type I isotherms, indicating that the pore distribution is mainly
microporous, and has a lower mesoporosity [20,21]. The pore size distribution of the porous carbon
is shown in Figure 4b. It is further concluded that the pore size is mainly concentrated below 2
nm. Because of this fact, the activation with KOH produces a large number of micropores, which
improves the specific capacitance of the carbon [22], we use this method to produce the porous carbon.
The obtained carbon reached the specific surface area and pore volume of 1401 m2/g and 0.61 cm3/g
(Table 1), respectively.
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Figure 3. (a) XRD patterns of the porous carbon; (b) Raman spectrum the porous.

Figure 4. (a) Nitrogen adsorption-desorption isotherms; (b) pore size distributions.

Table 1. Textural properties of the carbon materials.

SBET
a (m2/g) Smicro

b (m2/g) Vtotal
c (cm3/g) Vmicro

d (cm3/g) D e (nm)

1401 1132 0.609 0.453 1.768

a = Brunauer-Emmett-Teller (BET) surface area. b = Micropore surface area, derived from the t-plot method.
c = Total pore volume, measured at P/P0 = 0.98. d Micropore volume, derived from the Dubinin-Astakhov method e
Micropore average diameter, calculated by the Barret-Joyner-Halenda (BJH) method.

3.5. Analysis of Electrochemical Energy Storage

Figure 5a is the cyclic voltammetry (CV) curve of the specimen at different scanning rates. It can
be seen that the CV curve of the specimen presents a rectangular shape under cycling rate of 50 mV/s,
indicating that the electric double-layer provides most of the capacitance. It also shows that the
electrode has better conductivity and higher current response. With the sweep speed increasing to the
200 mv/s, the corresponding curve still has no obvious distortion and keeps the approximate rectangular
shape. A gradual increase in the area of the curve shows the good electrochemical characteristics of the
material [23].
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Figure 5. (a) cyclic voltammetry (CV) curves of porous carbon at various scan rates; (b) galvanostatic
charge/discharge curves of porous carbon under various current densities; (c) specific capacitance
versus current density of porous carbon; (d) cycling stability of porous carbon at 1A/g; (e) Nyquist plots.

Figure 5b is a galvanostatic charge/discharge curve with different current densities. The curve
approximates an isosceles triangle. Because it shows excellent reversible and charge/discharge
performance, this porous carbon can be used as electrode material for a supercapacitor. When the
current density is 0.5, 1.0, 2.0, 6.0, 8.0 and 10.0 A/g, the specific capacitance is 159, 148, 113, 90, 85 and
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81 F/g respectively. With the increase of current density, the capacitance began to show a certain degree
of decline.

Figure 5c is the specific capacitance variation under different current densities. Because the porous
structure of specimens is mainly microporous and less mesoporous, when the current density increases
from 0.5 A/g to 10 A/g, the specific capacitance drops from 159 F/g to 81 F/g, and the capacitance
retention rate is only 52.6%. Mesoporous carbon provides a channel for ion migration. At high current
density, ions can migrate quickly in the channel, thus increasing the capacitance retention rate. The low
ratio of mesoporous carbon in these specimens lead to unsatisfactory capacitance retention rate [24].

In order to test the cyclic stability of the specimen, 1.0 A/g current density is used to charge/discharge
1000 times. The capacitance retention curve is shown in Figure 5d. After 1000 cycles, the specific
capacitance remained of 94.8%. This curve shows that the nitrogen-doped porous carbon electrode has
excellent cycling stability [25].

The electrochemical impedance spectroscopy measurement is a useful method to test the
conductivity of electrode materials. Measurement results can be shown by Nyquist plot. Figure 5e is
the Nyquist plot of the carbon electrodes. It can be seen from the figure that the impedance curve in the
high frequency region is a semicircle, reflecting the charge transfer process at the electrode/electrolyte
interface. The equivalent impedance simulation analysis is performed on the measured impedance
map. As shown in the figure, the RESR value (0.535 Ω) is indicated that the electrode material has a
low internal resistance [26].

A two carbon electrode symmetrical supercapacitor was assembled to evaluate its electrochemical
performance. Figure 6 shows the Ragone plot for the symmetrical supercapacitor with the calculated
power density and energy density. Compared to other types of activated carbon reported in the
literature [27–30], when the current density is 0.5 A/g, the device shows a good energy density of
6.11 Wh/kg at a power density of 258 W/kg.

Figure 6. Ragone plot related to energy and power densities of carbon supercapacitor.

4. Conclusions

This study provides a novel facile synthesis method of nitrogen-containing bio-phenolic resin.
The nitrogen-containing bio-phenolic resin is an ideal precursor for preparation of nitrogen-doped
porous carbon. Future work should focus on enlarging the capacity of nitrogen-doped mesoporous
carbon. The nitrogen-doped porous carbon electrode has excellent cycling stability and could be used
for a wide range of applications in supercapacitor.
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Abstract: A total of two carbon xerogels doped with cobalt and nickel were prepared by the sol–gel
method. The obtained carbon xerogels underwent further surface modification with three binary
metal oxides namely: nickel cobaltite, nickel ferrite, and cobalt ferrite through the hydrothermal
method. The mesopore volumes of these materials ranged between 0.24 and 0.40 cm3/g. Moreover,
there was a morphology transformation for the carbon xerogels doped with nickel cobaltite, which
is in the form of nano-needles after the hydrothermal process. Whereas the carbon xerogels doped
with nickel ferrite and cobalt ferrite maintained the normal carbon xerogel structure after the
hydrothermal process. The prepared materials were tested as electrocatalysts for oxygen reduction
reaction using 0.1 M KOH. Among the prepared carbon xerogels cobalt-doped carbon xerogel had
better electrocatalytic performance than the nickel-doped ones. Moreover, the carbon xerogels doped
with nickel cobaltite showed excellent activity for oxygen reduction reaction due to mesoporosity
development. NiCo2O4/Co-CX showed to be the best electrocatalyst of all the prepared electrocatalysts
for oxygen reduction reaction application, exhibiting the highest electrocatalytic activity, lowest onset
potential Eonset of −0.06 V, and the lowest equivalent series resistance (ESR) of 2.74 Ω.

Keywords: carbon gels; mesoporosity; electrocatalysis; oxygen reduction reaction

1. Introduction

The energy problem is one of the most important challenges the world is facing right now. Finding
new sources of energy production and how to store this energy has become a major challenge. Lithium
ion batteries are a kind of batteries that are used in portable electronics and electric vehicles [1].
Although lithium ion battery produces electricity with high energy density and low self-discharge, it
presents some hazards as it contains a flammable electrolyte.

Fuel cells are electrochemical devices that are able to convert chemical energy into electrical
energy when fuel and oxidant are supplied [2]. According to their working mechanism, fuel cell bears
similarities in both batteries and engines, however, it has superior advantages as it does not need
recharging and generates drinking water when the used fuel is hydrogen, so, it is considered as a
“zero emission engine.” Because it is environmentally friendly, fuel cells find commercial application in
transportation, stationary power generation, and in low power portable devices. Fuel cells are facing
some difficulties that delay its entry into the market. These difficulties can be attributed to economic
factors, materials designing problem, and inadequacies in electrochemical devices operation [2,3].

The fuel cell is a galvanic cell that consists of two electrodes, anode and cathode. The anodic fuel
cell reaction is either the direct oxidation of hydrogen or the oxidation of methanol. The cathodic fuel
cell reaction is usually oxygen reduction reaction (ORR) and in most cases the source of oxygen is
air. The major factor that limits the fuel cell performance is the cathodic oxygen reduction reaction

Materials 2019, 12, 2446; doi:10.3390/ma12152446 www.mdpi.com/journal/materials53



Materials 2019, 12, 2446

(ORR), as it consists of several steps in which molecular oxygen dissociates at the catalyst surface
and combines with hydrogen ions [4,5]. Different factors can influence the reaction kinetics at the
electrode surface, but still the electrocatalyst itself has the major effect. There are two pathways for the
oxygen reduction reaction in aqueous electrolyte: four-electron and two-electron pathways. The direct
four-electron pathway is preferable because the Faradaic efficiency of the reaction is greater; also it
does not involve peroxide species in the solution.

To date, Pt and its alloys are the best known electrocatalysts for the ORR [6–9]. In order to
reduce the cost of using pure Pt metal as a catalyst, alloying Pt with another metal reduces the cost;
however the metal leaches away gradually [9,10], resulting in the loss of performance that reduces
the total fuel cell efficiency and limits their market use. The current fuel cell technology is based on
the development of non-precious metals and Pt-free electrocatalysts [10]. Transition metal oxides
are new materials that exhibit excellent activity in many applications because of their rich redox
reactions, higher conductivity than simple oxides, and availability of active sites. Wang et al. [11]
fabricated graphene-nickel cobaltite nanocomposite (GNCC) that was used as a positive electrode
in supercapacitors application. Higher capacitance was obtained for GNCC (618 F·g−1) compared
with graphene-Co3O4 (340 F·g−1) or graphene-NiO (375 F·g−1) due to the rich numbers of Faradaic
reactions on the nickel cobaltite. Moreover, Genqiang Zhang et al. [12] synthesized NiCo2O4-rGO
hybrid nanosheets electrocatalysts for the oxygen reduction reaction. He found a comparable current
density and onset potential with those of commercial Pt/C catalysts. In another study [13], cobalt ferrite
thin films were prepared and tested as anode for lithium-ion batteries.

Carbon nanomaterials such as carbon nanotubes and graphene were applied as electrocatalysts
for ORR application [14,15] and exhibited good performance due to their surface active sites that are
necessary for reactants adsorption, bond-breaking and new bond-formation, and products desorption.
A new emerging class of carbon nanomaterials is carbon gel [16,17], which has good electrochemical
properties and high surface areas. Recently, carbon gels were tested as electrodes in methanol
oxidation [18], supercapacitors [19], environmental applications [20,21], and oxygen reduction reaction
(ORR) [22,23]. Carbon gels, in both of its forms xerogels and aerogels, offer the opportunity to be used
as it is or doped with metals which enhances its electrochemical activity as the metal doping influences
the obtained surface area and morphology [24–26].

To the best of our knowledge, bimetal oxides-doped carbon xerogels have not been tested before as
electrocatalysts for oxygen reduction reaction in basic medium. So, in this work carbon xerogels were
prepared by sol–gel process using two metal salts as polymerization catalysts namely cobalt acetate and
nickel acetate to investigate the role of the metal catalyst. Moreover, the resultant two carbon xerogels
were further doped with different binary metal oxides of nickel cobaltite, nickel ferrite, and cobalt
ferrite through the hydrothermal method. The prepared samples were employed as electrocatalysts for
oxygen reduction reaction, as this is one of our main goals to study the effect of bimetal oxides on the
morphology of carbon gels and its activity toward ORR.

2. Materials and Methods

2.1. Preparation of Carbon Xerogel

The used monomers for preparation of carbon xerogels were resorcinol (R) and formaldehyde (F)
with a molar ratio of R/F = 1/2. These monomers were dissolved in water (W) in the presence of cobalt
acetate and nickel acetate as the polymerization catalysts. The amount of cobalt and nickel in the final
carbon structure was calculated to be 6 wt.% and the used molar ratio between resorcinol and water
R/W was 1/17. After stirring, the clear solution was filled in glass molds and placed in the oven for one
day at 40 ◦C then five days at 80 ◦C. The obtained organic gel was placed in acetone for 3 days to allow
solvent exchange to save the porosity during the drying method. The organic gels were dried using
the microwave drying method (domestic Samsung microwave F600G, Samsung, MWF600G, Beijing,
China) under Ar-gas flow at power of 10% for 10 min) to get their corresponding organic xerogels,

54



Materials 2019, 12, 2446

followed by the carbonization process in tube furnace (Carbolite Gero single zone EVA, Carbolite Gero
Neuhausen, Germany) at 900 ◦C for 2 h with a heating rate of 1 ◦C/min to get the carbon xerogels.

2.2. Binary Metal Oxides Surface Modification (XY2O4/CX)

The obtained cobalt and nickel-doped carbon xerogels were further doped with three different
bimetal oxides through the hydrothermal process. Nickel cobaltite (NiCo2O4), nickel ferrite (NiFe2O4),
cobalt ferrite (CoFe2O4) were chosen to be used as the bimetal oxides for doping.

In the synthesis of NiCo2O4/Co-CX and NiCo2O4/Ni-CX, typically 120 mg of carbon xerogel was
dispersed into 40 mL N,N-dimethylformamide (DMF). Then, Ni(Ac)2·6H2O (0.125 gm; 0.5 mmol),
Co(Ac)2·4H2O (0.250 gm; 1 mmol), and urea (0.360 gm; 6 mmol) were dissolved in 30 mL solution of
H2O and ethylene glycol with a volumetric ratio of 1:2. The two solutions were sonicated for 15 min
and were placed in a polytetrafluoroethylene lined stainless steel autoclave at 180 ◦C for 12 h. The
black precipitate obtained after the hydrothermal reaction was collected by centrifugation (4000 rpm
for 5 min), washed several times with water and ethanol, dried at 60 ◦C for 12 h, and finally calcined at
360 ◦C for 3 h with a heating rate of 5 ◦C/min.

The same procedure was followed for the preparation of nickel ferrite (NiFe2O4) and cobalt ferrite
(CoFe2O4) doped carbon xerogel except with replacing the metal salts with the appropriate ones and
maintaining the molar ratios between the two salts at 1:2.

2.3. Characterization

The prepared samples were fully characterized with different characterization techniques. Sample
surface area and porosity were characterized using surface area analysis with N2 adsorption at −196 ◦C
using the Quantachrome instrument (Quadrasorb, Boynton Beach, FL, USA) and then by applying the
Brunauer-Emmett-Teller (BET) equation the isotherms were obtained. Before porosity analysis, the
samples were outgassed for 12 h at 110 ◦C under high vacuum of 10−6 mbar. The mesoporosity of the
prepared materials were calculated by applying the density functional theory (DFT) equation to the
adsorption part of N2-isotherms. Moreover, the samples morphology and particle size distribution
were analyzed using scanning electron microscopy (SEM) and high resolution transmission electron
microscopy (HRTEM), respectively. SEM analysis was performed using Zeiss SUPRA40VP instrument
(Carl Zeiss AG, Oberkochen, Germany), equipped with both SE and BSE detectors and X-Max 50 mm
energy dispersive X-ray microanalysis system.

HRTEM was carried out with FEI Titan G2 60–300 microscope (FEI, Eindhoven, Netherlands)
with a high brightness electron gun (X-FEG) operated at 300 KV and equipped with a Cs image
corrector (CEOS) and analytical electron microscopy (AEM) with a SUPER-X silicon-drift window-less
EDX detector.

XRD analysis was carried out with a BRUKER D8 DISCOVER diffractometer (BRUKER,
Rivas-Vaciamadrid, Spain) equipped with a IμS Cu microsource, operating at 50 KV, 1 mA, and
50 W at 25 ◦C, using a Cu Kα (λ = 15,406 Å) radiation, a Multilayer Optics Monochromator (Quazar
Optics: Montel type 2-dim beam shaping) (Incoatec, Geesthacht, Germany), and a PILATUS3R 100K-A
detector (Dectris Ltd, Baden, Switzerland). Diffraction patterns were recorded between 10◦ and 80◦
(2θ) with a step of 0.02◦ and a time per step of 40 s. The average crystal size was determined using the
Scherrer equation.

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a physical electronics
ESCA 5701 (PHI, Chanhassen, MN, USA) operating at 12 KV and 10 mA and equipped with a MgK
X-ray source (hν = 1253.6 eV). The obtained binding energy values are referred to C1s, O1s, and N1s
peaks at 284.6, 529.3, and 399.3, respectively.

2.4. Electrode Preparation for ORR

A total of 5 mg of the prepared carbon material was dispersed into 400 μL of isopropanol and
30 μL of nafion solution (5 wt.%), and then sonicated (sonication bath, Samarth electronics, for 15 min).
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Ten microliter of the suspended solution was deposited into a glassy carbon electrode with a diameter
of 3 mm and dried under an infrared lamp for 5 min (100 W, R95, Philips, Madrid, Spain).

2.5. Electrochemical Measurements

The electrochemical measurements were carried out using a biologic multichannel VMP3
potentiostat (BioLogic, Seyssinet-Pariset, France). A three-electrode electrochemical cell was used
during the analysis of electrodes performance in which Ag/AgCl and Pt electrodes were used as
reference and counter electrodes, respectively. The used electrolyte was 0.1 M potassium hydroxide
(KOH), which is first saturated with nitrogen then saturated with O2 to evaluate the electrocatalyst
performance in the absence and presence of oxygen. Different electrochemical techniques were used in
the electrode evaluation: (i) cyclic voltammetry (CV), (ii) linear sweep voltammetry (LSV), and (iii)
electrochemical impedance spectroscopy (EIS).

The cyclic voltammetry and linear sweep voltammetry were carried out in a potential range
between 0.4 to −0.8 V. Two scan rates of 5 mV·s−1 and 50 mV·s−1 were used with CV and different
rotation speeds from 500 to 4000 rpm were employed for LSV at 5 mV·s−1 in order to be able to apply
the Koutecky–Levich model for evaluating the electrocatalyst performance and calculating the number
of transferred electrons.

1
j
=

1
jk
+

1
Bω0.5 (1)

B = 0.2nF(DO2)
2/3v−1/6CO2 (2)

where j, current density; jk, kinetic current density; ω, rotation speed; F, Faraday constant; DO2,
oxygen diffusion coefficient (1.9·10−5cm2·s−1); ν, viscosity (0.01cm2·s−1); CO2, oxygen concentration
(1.2·10−6 mol·cm−3).

3. Results

Table 1 is constructed by applying the BET equation for the obtained isotherms of N2 adsorption
at 77 K. The BET surface areas (SBET) ranged between 50 to 156 m2.g−1, as can be seen in Table 1. The
highest surface areas were obtained for the samples doped with nickel ferrite NiFe2O4, which means
these samples have high microporosity as appears from their pore size (Lo) data.

Table 1. Surface area analysis.

Sample
SBET W0(N2) L0(N2) V0.95(N2) Vmeso(N2) SDFT VDFT L0(DFT)

m2/g cm3/g nm cm3/g cm3/g m2/g cm3/g nm

NiFe2O4/Ni-CX 156 0.06 1.91 0.46 0.40 185 0.47 2.18
NiCo2O4/Ni-CX 57 0.02 2.20 0.27 0.24 103 0.31 2.60
CoFe2O4/Ni-CX 84 0.03 1.98 0.35 0.31 127 0.36 2.84
NiFe2O4/Co-CX 112 0.04 1.77 0.33 0.29 139 0.37 2.84
NiCo2O4/Co-CX 64 0.03 2.98 0.30 0.27 128 0.32 2.84
CoFe2O4/Co-CX 50 0.02 1.48 0.27 0.25 85 0.29 2.18

W0 is the micropore volume, L0 is the pore size, V0.95 is the pore volume at relative pressure of 0.95, Vmeso is the
mesopore volume. SDFT, VDFT, and L0(DFT) are the surface area, pore volume, and pore size obtained from DFT
calculations, respectively.

Doping of carbon xerogel with bimetal oxides promote mesoporosity of carbon structure and
this mesoporosity is confirmed by applying the DFT equation to the adsorption part for the obtained
N2- isotherms (Figure 1). The DFT pores diameters (Lo(DFT)) ranged from 2.18–2.84 nm and
the samples doped with nickel cobaltite, NiCo2O4, showed homogenous particle size distribution.
The mesoporous character of these samples is confirmed by the type-IV shape of their corresponding
adsorption–desorption isotherms (Figure S1 in Supplementary Materials), also showing all of their
significant hysteresis cycles.
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Figure 1. DFT analysis for adsorption part of N2-adsorption/desorption isotherms, (a) bimetal oxides
doped cobalt xerogels, (b) bimetal oxides doped nickel xerogels.

The existence of the binary metal oxides inside the carbon matrix is confirmed by XRD analysis
(Figure 2) in which the crystallinity of the bimetal oxides is confirmed by the XRD pattern with the
absence of any contaminated peaks. The XRD pattern of nickel cobaltite doped carbon xerogels and
their corresponding planes is presented in Figure 2c.

The morphology of the prepared samples is revealed from the SEM images (Figure 3). The carbon
xerogel undergoes morphology transformation from continued connected spherical particles to
nano-needle like structure when doped with nickel cobaltite (Figure 3a,b), while it maintains its original
morphology when doped with nickel ferrite (Figure 3c,d) or cobalt ferrite (Figure 3e,f).

The homogeneity and dispersity of the doped bimetal oxides nanoparticles inside the carbon
matrix is studied from the TEM images (Figure 4). The metal nanoparticles are well dispersed inside
the carbon structure in case of the doped samples with nickel ferrite (Figure 4c,d) and cobalt ferrite
(Figure 4e,f). In addition, the nano-needle structure for nickel cobaltite with different lengths and
widths was formed in both cobalt-doped carbon xerogels (Co-CX, Figure 4a) and nickel-doped carbon
xerogels (Ni-CX, Figure 4b) [18].
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Figure 5 shows the XP spectra of the prepared electrocatalysts in the presence of the metal cations
in divalent and trivalent oxidation states. The prepared electrodes were tested as electrocatalysts for
ORR application and their cyclic voltammograms for nickel cobaltite doped ones are presented in
Figure 6.

The linear sweep voltammetry (LSV) technique is used with rotating desk electrode (Figure 7),
and the electrocatalytic activity at different rotation speed is shown in Figure 8. The data obtained from
LSV were used in order to apply the Koutecky–Levich model for the determination of the number of
electrons transferred (Figure 9).

  

 
Figure 2. The XRD patterns for (a) bimetal oxides doped cobalt xerogels, (b) bimetal oxides doped
nickel xerogels and (c) nickel cobaltite doped cobalt and nickel carbon xerogels.
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 3. Scanning electron microscopy (SEM) images for (a) NiCo2O4/Co-CX, (b) NiCo2O4/Ni-CX,
(c) NiFe2O4/Co-CX, (d) NiFe2O4/Ni-CX, (e) CoFe2O4/Co-CX, and (f) CoFe2O4/Ni-CX.
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(c) (d) 

  
(e) (f) 

Figure 4. High resolution transmission electron microscopy (HRTEM) images for (a) NiCo2O4/Co-CX,
(b) NiCo2O4/Ni-CX, (c) NiFe2O4/Co-CX, (d) NiFe2O4/Ni-CX, (e) CoFe2O4/Co-CX, and (f) CoFe2O4/Ni-CX.
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(a) (b) (c) 

Figure 5. Deconvolution of the XP spectra for the prepared materials. (a) NiFe2O4 and CoFe2O4 doped
carbon xerogels, (b) NiCo2O4 and CoFe2O4 doped carbon xerogels and (c) NiCo2O4 and NiFe2O4

doped carbon xerogels.

 

Figure 6. Cyclic voltammograms (CV) of (a) NiCo2O4/Co-CX in both nitrogen (black) and oxygen
(red) saturated electrolyte and (b) NiCo2O4/Ni-CX in both nitrogen (black) and oxygen (red)
saturated electrolyte.
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Figure 7. Linear sweep voltammograms (LSV) for (a) Co-CX and (b) Ni-CX doped with different
bimetal oxides.

  

 
Figure 8. Linear sweep voltammograms (LSV) for (a) NiCo2O4/Co-CX, (b) NiCo2O4/Ni-CX at 5 mV.s−1

with different speeds from 500 rpm to 4000 rpm and (c) comparing the LSV for NiCo2O4/Co-CX and
NiCo2O4/Ni-CX at 4000 rpm.

Electrochemical impedance spectroscopy (EIS) is an important technique for the evaluation of
the performance of an electrode in certain applications by calculating the electrode resistance and
equivalent series resistance (ESR). The EIS was performed by applying a frequency range from 100 KHz
to 1 mHz with a sinusoidal signal amplitude of 10 mV, and the data obtained from EIS is shown in
Figure 10.
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Figure 9. Variation of number of electron transferred with E vs. Ag/AgCl for bimetal oxides doped
(a) Co-CX and (b) Ni-CX.

  

 
Figure 10. Nyquist plots obtained from EIS for bimetal oxides doped (a) Co-CX, (b) Ni-CX and (c) nickel
cobaltite doped cobalt and nickel carbon xerogels.

4. Discussion

Samples doped with nickel cobaltite have well developed mesoporosity and in case of
NiCo2O4/Co-CX the mean pore size is 2.98 nm, while for NiCo2O4/Ni-CX is 2.20 nm. The mesoporosity
development is an indication for better accessibility of electrolyte ions inside the carbon structure,
which in turn make these materials good electrocatalysts in catalysis application [27–29].

Energy-dispersive X-ray spectroscopy (EDXS) analysis also confirmed the presence of the different
metals in the samples. Figure S2 contains the analysis carried out on the sample NiCo2O4-CoCX, as
an example.
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Determination of mean particle sizes for the prepared samples was carried out by applying Scherrer
equation for the obtained XRD patterns (Table 2). Higher particle sizes were obtained for the nickel
cobaltite doped carbon xerogels. The higher mean particle sizes for nickel cobaltite doped samples
indicates higher active sites in these samples which promote the electrocatalytic reduction of oxygen.
For example, in NiCo2O4/Co-CX the mean particle size is about 25.5 nm while for NiFe2O4/Co-CX and
CoFe2O4/Co-CX is 19.8 and 21.8 nm, respectively. Likewise for Ni-CX series the NiCo2O4/Ni-CX has
the highest particle size of 24.1 nm.

Table 2. Mean particle size obtained from Scherrer equation.

Sample dXRD (nm)

NiCo2O4/Co-CX 25.5
NiFe2O4/Co-CX 19.8
CoFe2O4/Co-CX 21.8
NiCo2O4/Ni-CX 24.1
NiFe2O4/Ni-CX 21.1
CoFe2O4/Ni-CX 20.2

Table 3 collects the binding energies (B.E.) and chemical composition corresponding to carbon,
oxygen, and nitrogen with respect to the chemical composition analysed by XPS. The oxygen peak
at lowest B.E. 529.8 ± 0.3 eV corresponds to the oxygen atoms bond to transition metal cations with
oxidation states +2 and +3.

On the other hand, the XPS results corresponding to the region Fe2p are collected in Table 4 and
Figure 5. Fe2p3/2 peaks centred at 709.9 ± 0.2, 711.2 ± 0.3, and 713.2 ± 0.2 eV have been assigned
to Fe2+ situated in octahedral holes (Fe1), Fe3+ situated in octahedral holes (Fe2), and Fe3+ situated
in tetrahedral holes (Fe3), respectively. This means that iron is forming part of compounds type
M2+

x M3+
1−x[Fe2+

y Fe3+
1−y]O4 [30] being M = Co and/or Ni.

Table 3. Binding energies and chemical composition of C1s, O1s, and N1s.

Sample C1s O1s N1s

eV
FWHM

eV
Peak % eV Peak % % (Mass)

%
(Atomic)

eV % (Mass)
%

(Atomic)

NiCo2O4/Co-CX 284.6 1.4 70.9 529.3 36.7 28.8 32.7 399.3 0.2 0.3
285.7 8.9 530.7 24.7 400.7
286.3 9.7 531.8 23.3
288.5 10.4 533.2 15.3

NiCo2O4/Ni-CX 284.6 1.4 67.5 529.1 34.9 29.6 32.3 398.9 0.2 0.2
285.6 11.0 530.7 27.8 400.4
286.4 10.4 531.8 22.4
288.5 11.1 533.2 14.9

NiFe2O4/Co-CX 284.6 1.4 71.8 528.7 15.7 25.3 28.0 399.3 0.2 0.3
285.7 8.8 530.1 50.4 400.7
286.3 9.4 531.6 24.4
288.5 10.1 533.1 9.5

NiFe2O4/Ni-CX 284.6 1.4 62.5 530.1 40.0 21.9 21.6 398.7 0.6 0.7
285.7 20.0 531.9 43.9 400.3
286.8 10.5 533.6 16.2
288.9 7.0

CoFe2O4/Co-CX 284.6 1.6 66.9 529.7 63.9 28.6 38.5 399.4 0.4 0.7
285.6 17.3 531.3 25.9 400.3
286.6 5.6 533.0 10.2
288.5 10.2

CoFe2O4/Ni-CX 284.5 1.5 67.5 529.6 52.4 26.9 30.9 399.3 0.4 0.5
285.6 12.5 531.3 35.2 400.5
286.4 8.3 533.1 12.5
288.4 11.7
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Table 4. XPS results collected after deconvolution of Peaks.

Sample Fe2p3/2 Fe Co2p3/2 Peak Co Ni2p3/2 Peak Ni %Fe(II) %Fe(III) %Fe(III) %Fe(III)

eV
%

(Mass)
eV %

%
(Mass)

eV %
%

(Mass)
Oct Total Oct Teth

NiCo2O4/Co-CX 779.2 43.0 21.6 854.3 34.4 12.1
780.6 57.0 855.9 65.6
783.9 860.9
788.8 863.2
794.4 871.9
796.2 873.7
801.6 878.7
804.5 881.7

NiCo2O4/Ni-CX 779.2 43.7 18.7 854.2 32.3 11.2
780.6 56.3 856.0 67.7
784.1 860.8
788.8 863.5
794.4 871.7
796.2 873.5
802.4 878.5
804.8 881.5

NiFe2O4/Co-CX 709.9 22.6 854.2 43.7 10.2 32.9 67.1 43.2 56.8
711.5 855.6 56.3
713.4 860.3
718.7 862.5
723.2 871.7
725.1 873.2
727.1 877.7
731.8 880.6

NiFe2O4/Ni-CX 710.0 15.6 854.3 39.3 7.8 21.9 78.1 50.2 49.8
711.2 855.6 60.7
713.1 860.9
718.4 865.3
723.2 871.8
724.7 873.6
726.9 878.3
731.9 881.5

CoFe2O4/Co-CX 709.8 32.7 779.6 48.7 14.2 30.7 69.3 52.7 47.3
711.3 781.3 51.3
713.3 785.4
718.5 788.7
723.1 795.1
724.8 796.8
727.0 802.2
732.1 804.8

CoFe2O4/Ni-CX 709.9 24.8 779.7 53.1 10.7 0.0 35.9 64.1 47.1 52.9
711.4 781.5 46.9
713.3 785.4
718.4 788.5
723.1 795.1
724.9 796.7
726.7 801.7
732.6 804.5

Different Co2p3/2 peaks with respect to Co2p spectra peaks have been deconvoluted and assigned
as the following: In the case of CoFe2O4 phases the peaks centred at 779.6 ± 0.1 correspond to Co2+

situated in tetrahedral holes whereas those centred at 781.5 ± 0.2 correspond to Co2+ situated in
octahedral holes [30], therefore these metals deposited on the surface of the samples are forming part
of the compounds type (Co2+

x Fe3+
y )[Fe2+

z Fe3+
1−yCo2+

1−x]O4 where cations in parenthesis are situated in
tetrahedral positions while cations in brackets are situated in octahedral positions. However, in the
case of NiCo2O4 phases the peaks centred at 779.2 ± 0.1 correspond to Co2+ situated in octahedral
holes whereas those centred at 780.6 ± 0.2 correspond to Co3+ situated in tetrahedral holes [4,31].

Finally, the XPS spectra of Ni2p region shows peaks at 854.2± 0.1 y 871.7± 0.2 eV which correspond
to Ni2+ as well as peaks at 855.9 ± 0.3 y 873.5 ± 0.2 eV corresponding to Ni3+ cations [31]. Therefore,
XPS results show the metals as divalent or trivalent species in all the cases. Taking into account all this
XPS analysis, we can conclude that the different phases that have been synthetized and supported on
the different samples of this work correspond with the stoichiometries collected in Table 5.
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Table 5. Samples stoichiometries obtained from XPS.

Sample Stoichiometry

NiCo2O4/Co-CX (Co0.86Ni0.14)[Co1.14Ni0.86]
NiCo2O4/Ni-CX (Co0.87Ni0.13)[Co1.13Ni0.87]
NiFe2O4/Co-CX (Fe0.66Ni0.34)Fe1.24Ni0.76]
NiFe2O4/Ni-CX (Fe0.78Ni0.22)[Fe1.22Ni0.78]
CoFe2O4/Co-CX (Co0.34Fe0.66)[Fe1.34Co0.66]
CoFe2O4/Ni-CX (Co0.32Fe0.68)[Fe1.32Co0.68]

For ORR application, there is a reduction peak for oxygen saturated electrolyte for both
NiCo2O4/Co-CX (Figure 6a) and NiCo2O4/Ni-CX (Figure 6b). This reduction peak is absent when the
electrolyte is saturated with nitrogen (Black line), which means that these electrodes have electroactivity
toward oxygen reduction reaction. Also, as it can be seen from the linear sweep voltammograms (LSV)
(Figure 7) that the electrocatalytic activity for the nickel cobaltite doped carbon xerogels is higher than
that for samples doped with nickel ferrite or cobalt ferrite and the onset potential for that sample is
lower because of the increase in mesoporosity that allows higher accessibility for the electrolytic ions to
access the pores (Table 1). The onset potentials Eonset for all samples are compiled in Table 6, in which
the lowest onset potentials Eonset of −0.06 V is obtained for NiCo2O4/Co-CX. Similar data was obtained
for NiCo2O4/Ni-CX with onset potential Eonset of −0.07 V. As it can be seen, samples doped with nickel
ferrite and cobalt ferrite have comparable onset potentials.

Table 6. Parameters obtained from LSV at 4000 rpm (values of n refer to K-L fitting for data at −0.8 V)
and equivalent series resistance (ESR) calculated from the Nyquist plot.

Sample
Eonset n

ESR

V Ω

NiCo2O4/Co-CX −0.06 4.0 2.74
NiFe2O4/Co-CX −0.31 2.7 23.26
CoFe2O4/Co-CX −0.32 2.7 15.90
NiCo2O4/Ni-CX −0.07 3.5 6.18
NiFe2O4/Ni-CX −0.19 2.6 10.57
CoFe2O4/Ni-CX −0.28 2.2 22.03

In order to evaluate the number of transferred electrons during the reaction for each electrocatalyst,
linear sweep voltammetry was carried out at 5 mV·s−1 at different rotating speeds from 500 rpm to
4000 rpm, in order to apply the Koutecky–Levich model (Figure 8). The LSV for NiCo2O4/Co-CX is
presented in Figure 8a, in which the activity is promoted by increasing the rotating speed due to better
diffusion of the electrolyte ions inside the pores. LSV data for NiCo2O4/Ni-CX are shown in Figure 8b.
At the same rotating speed of 4000 rpm (Figure 8c), the activity of NiCo2O4/Co-CX to oxygen reduction
is higher than that of NiCo2O4/Ni-CX, indicating their current densities.

The data obtained from fitting the linear sweep voltammograms to the Koutecky–Levich model
(Figure 9) confirms that there is a promotion in the number of electrons transferred during the
oxygen reduction reaction by doping the carbon xerogels with NiCo2O4. For example, in case of
NiCo2O4/Co-CX (Figure 9a) the reaction takes place by the four electron pathway which is the favored
one for oxygen reduction reaction (Table 6). While in case of NiCo2O4/Ni-CX and the rest of the
electrocatalysts, the reaction occurs by both two and four electrons transfer pathways.

The electrochemical impedance spectroscopy (EIS), were performed for all prepared samples using
the two electrode configuration in which 6 M KOH was used as the electrolyte in order to evaluate the
electrode resistance and equivalent series resistance ESR (Figure 10). The activity of nickel cobaltite
doped carbon xerogels toward ORR can also be attributed to the good electrical conductivity of nickel
cobaltite relative to nickel ferrite or cobalt ferrite [32] as it can be seen from the Nyquist plots with
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lower electrode resistance for these samples (Figure 10). The equivalent series resistance ESR for the
prepared samples was calculated from the Nyquist plot and is compiled in Table 6. Figure 10a shows
the Nyquist plots for cobalt doped carbon xerogels (Co-CX) with the three bimetal oxides, the lowest
ESR was obtained for NiCo2O4/Co-CX which equals to 2.74 Ω that reveals higher electrical conductivity
and higher electrochemical performance to oxygen reduction. Likewise in case of nickel doped carbon
xerogels (Ni-CX) (Figure 10b), the lowest ESR was achieved for NiCo2O4/Ni-CX with 6.18 Ω. Moreover,
comparing Co-CX and Ni-CX doped NiCo2O4 (Figure 10c), the activity of carbon xerogels doped with
cobalt is higher than that of nickel doped one because of the development of mesoporosity and lower
electrode resistance, this tendency is in good agreement with our previous published work [23]. On the
other hand, by comparing our electrocatalyst NiCo2O4/Co-CX with the ones in previously published
materials such as NiCo2O4-rGO hybrid nanosheets in the same conditions [12], lower onset potential
of −0.06 V was found compared to −0.073 V vs. Ag/AgCl indicating higher electrocatalytic activity to
ORR. In addition, the ORR current density at a rotating speed of 2500 rpm and at −0.8 V vs. Ag/AgCl
for NiCo2O4/Co-CX is about −6.3 mA.cm−2 while for NiCo2O4-rGO is about −2.0 mA·cm−2. The
higher activity for ORR is also confirmed with the calculated number of electrons transferred which in
case of NiCo2O4/Co-CX nanocomposite is n = 4.0 while for NiCo2O4-rGO hybrid nanosheets n = 3.8.

5. Conclusions

Binary metal oxides doped carbon xerogels were successfully prepared by the sol–gel process
followed by a designed hydrothermal method. For all the prepared materials, the metal cations exist as
divalent and trivalent species that occupy both the corresponding tetrahedral and octahedral positions
in the crystal structure. The presence of metal cations inside the carbon xerogel structure develops the
mesoporosity that makes these materials promising electrocatalysts for ORR. Nickel cobaltite doped
carbon xerogels developed a new nano-needle like structure morphology and showed the highest
electrocatalytic performance and lowest onset potential for oxygen reduction reaction. In general,
development of mesoporosity of carbon xerogel together with increasing its electrical conductivity
by bimetal oxides doping, especially nickel cobaltite based phase, improved the electrocatalytic
performance in oxygen reduction reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/15/2446/s1,
Figure S1: Figure S1: Nitrogen isotherms at −196 ◦C for samples: (a) NiFe2O4/Co-CX, �; NiCo2O4/Co-CX, �;
CoFe2O4/Co-CX, � and (b) NiFe2O4/Ni-CX, �; NiCo2O4/Ni-CX, �; CoFe2O4/Ni-CX, �. Adsorption curve—open
symbols; desorption curve—closed symbols. Figure S2: EDXS analysis carried out on sample NiCo2O4-CoCX.
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Abstract: Rapid depletion of fossil fuel and increased energy demand has initiated a need for
an alternative energy source to cater for the growing energy demand. Fuel cells are an enabling
technology for the conversion of sustainable energy carriers (e.g., renewable hydrogen or bio-gas)
into electrical power and heat. However, the hazardous raw materials and complicated experimental
procedures used to produce electro-catalysts for the oxygen reduction reaction (ORR) in fuel cells
has been a concern for the effective implementation of these catalysts. Therefore, environmentally
friendly and low-cost oxygen reduction electro-catalysts synthesised from natural products are
considered as an attractive alternative to currently used synthetic materials involving hazardous
chemicals and waste. Herein, we describe a unique integrated oxygen reduction three-dimensional
composite catalyst containing both nitrogen-doped carbon fibers (N-CF) and carbon microspheres
(N-CMS) synthesised from apricot sap from an apricot tree. The synthesis was carried out via
three-step process, including apricot sap resin preparation, hydrothermal treatment, and pyrolysis
with a nitrogen precursor. The nitrogen-doped electro-catalysts synthesised were characterised by
SEM, TEM, XRD, Raman, and BET techniques followed by electro-chemical testing for ORR catalysis
activity. The obtained catalyst material shows high catalytic activity for ORR in the basic medium by
facilitating the reaction via a four-electron transfer mechanism.

Keywords: oxygen reduction reaction (ORR); catalysis; carbon nanotubes; carbo microsphere;
N–doped carbon

1. Introduction

The continued rise in global energy demand and the depletion of the world’s non-renewable
resources has initiated a global push towards renewable energy sources. Among the most promising
methods for producing renewable energy are fuel cells, which have emerged as a promising avenue
of research due to their ability to generate high power density [1]. Fuel cells are devices that
electrochemically combine gaseous fuel (e.g., hydrogen) and an oxidant gas (e.g., oxygen) to produce
electricity and heat by an oxygen reduction reaction (ORR) [1]. The efficiency of fuel cells and their
practical applicability is dependent on the ORR catalyst present in the cell [2]. However, slow kinetics
have hindered fuel cells from being utilised outside of a laboratory environment [3]. Currently,
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platinum (Pt) catalysts have outperformed all other catalysts in areas such as activity, stability,
and selectivity [4] and have dominated the fuel cell industry as the preferred ORR catalysts [5–7].
However, these catalysts have been overlooked for industrial scale-up due to their high cost and low
availability [8]. To overcome this problem, non-precious transition metals (Fe, Co, Ni) in addition to
hetero atoms have been trialed to enhance the ORR activity [9–13]. The transition metals have the
ability to significantly increase ORR catalytic activity by facilitating the incorporation of hetero atoms,
such as nitrogen, in the carbon matrix during pyrolysis [14–17]. The incorporation of electro-negative
nitrogen into a graphitic carbon framework has shown to induce high positive charge density on
adjacent carbon atoms [18]. The electron donor properties of nitrogen-doped adjacent carbon atoms
trigger a favourable diatomic O2 adsorption and ultimately weaken the O2 bond strength to facilitate
ORR activity [15,18–21].

The high electrical conductivity of the mesoporous carbon materials [22] and their metal oxide
hybrids has been utilised in applications such as lithium-ion batteries [23,24], super capacitors [25,26],
and catalysts [27–29] in recent years. Various chemical approaches have been developed to
synthesise nitrogen-doped carbon materials for ORR catalysis utilising materials such as graphene [30]
and carbon nanotubes (CNTs) [31]. Carbon materials doped with nitrogen precursors, such as
melamine (C3H6N6) [32,33], ethylene diamine (C2H4(NH2)2) [34], o-phenylenediamine (C6H8N2) [11],
and ammonia (NH3) [35], have shown high ORR activity. Mesoporous N-doped carbon spheres
synthesised using multiple different methods, such as the one-pot soft template method [22], spray
pyrolysis [36,37], and self-polymerisation [38], each show outstanding catalytic potential for ORR
catalysis. However, high cost, hazardous chemical usage and waste has limited their translation into
scale-up industrial applications [22,36–38].

To address this problem, green chemistry approaches using low-cost natural materials to
synthesise mesoporous carbon (e.g., plant Typha orientalis [39], catkin [40], lignin [41], and soya
chunks [42]) have been successfully demonstrated as efficient ORR catalysts. Apricot trees
(Prunus armeniaca L.) are widely cultivated in areas where a scarcity of water remains the main
obstacle for cultivation [43]. In many regions, apricot trees suffer from gummosis, a bark disease [44]
resulting in the formation of sap which oozes out from the wounds caused from factors including
weather, infection, insects, or mechanical damage. The sap commonly appears as an amber-coloured
material, which contains various sugar components, such as xylose, arabinose, rhamnose, glucose,
mannose, and galactose [45]. Analysis performed by Lluveras et al. [45] revealed that apricot sap
consists of polysaccharides, primarily arabinose and galactose. Polysaccharides, such as galactose,
glucose, sucrose, and starch, have been shown to undergo dehydration and subsequent aromatisation
when hydrothermally treated at 160–200 ◦C, resulting in their conversion to char material with nano-
or micrometer-size smooth carbon spheres [27,46].

Carbon microspheres (CMS) have recently attracted attention due to their unique applications,
high density, and high strength in carbon product fabrication [47]. Carbon-spheres synthesised using
polysaccharides have successfully been implemented in the application of catalysis for synthetic
fuel [27], Li-ion batteries [48], and electrochemical capacitors [49]. Previously, hybrid CMS containing
transition metals have been synthesised using polysaccharides [27,46]. The ability of the iron oxides to
bind with the oxygen functional groups in the sugar molecules through coulombic and/or electrostatic
interactions has resulted in the formation of iron oxide encapsulated carbon spheres [27]. Similar
hybrid materials can be synthesised using the polysaccharides present in apricot sap, which have not
been used for any catalytic application in the past.

This work explores the use of apricot sap containing sugar molecules as a natural source
and method for the generation of a new type of three-dimensional (3D) hybrid N-doped ORR
electro-catalysts composed of microspherical and nanotubular structures. These catalysts were
synthesised through a three-step process as shown in Scheme 1. Firstly, an apricot sap resin suspension
containing polysaccharides of arabinose and galactose was prepared. Secondly, the apricot resin
solution was hydrothermally treated with iron oxide nanoparticle or cobalt precursors to obtain a char
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material with carbon microspheres embedded with magnetic nanoparticles. Finally, the char material
was pyrolysed (950 ◦C) with a nitrogen precursor of melamine to dope the graphitic carbons with
nitrogen. The pyrolysed composite material forms an integrated composite material with both carbon
fibers (CFs) and CMS. A similar integrated structure was reported in our previous paper, where we
hypothesised that the decomposition of melamine during pyrolysis causes disruption to the iron oxide
magnetic nanoparticle clusters’ (FeMNPC) surface that is embedded in the carbon sphere to diffuse
FeMNPC particles out of the sphere to catalyse the formation of N-doped carbon fibers (N-CFs) [50].
This hybrid carbon catalyst contains N-CFs and N-doped carbon microspheres (N-CMS) with magnetic
nanoparticles, forming a unique 3D intergrated morphology.

 

Scheme 1. Schematic procedure of three-dimensional (3D)-integrated N-doped carbon microspheres
(CMS) and N-doped carbon fibers N-CFs catalysts from apricot sap. (A) Apricot sap collected from the
apricot tree; (B) apricot sap dissolved in water (apricot resin suspension); (C) apricot resin suspension
containing FeMNP, hydrothermally treated to produce magnetic insoluble char material (carbonised
resin) with FeMNP embedded CMS structures (HT-APG-Fe); and (D) HT-APG-Fe pyrolised with
melamine to form N-doped integrated structures containing N-CFs and N-CMS (N-APG-Fe). FeMNP:
iron oxide magnetic nanoparticle.

The structural and chemical composition of the prepared N-doped 3D integrated catalyst with
FeMNPs (N-APG-Fe) and cobalt nanoparticle clusters (CoMNPs) (N-APG-Co) were characterized with
SEM, TEM, XRD, Raman, and BET followed by testing their electrochemical catalytic properties and
ORR activity. The conversion process of the naturally occurring waste and apricot sap material into
an effective electro-catalyst for ORR reaction is also described.

2. Results and Discussion

2.1. Formation of Integrated Morphology of N-CFs and N-CMS

The steps involved in the synthesis of N-APG-Fe are shown in Scheme 1. In the first step, apricot
sap (Scheme 1A) was dissolved in water (70 ◦C) to make a translucent light-orange colour resin
suspension (Scheme 1B). In the second step, the resin suspension was hydrothermally treated in
the presence of FeMNPs. During this process, the oxygen functional groups (i.e., OH and C=O)
bind to the iron oxide particles through Coulombic interactions to form a hybrid material [27].
During the hydrothermal process (Scheme 1(Ca)), sugar molecules polymerise (Scheme 1(Cb)) to
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form intermolecular crosslinks between linear or branched oligosaccharides due to dehydration [46].
As a result of dehydration and polymerisation, oxygen functional groups associated with the sugar
molecules were reduced along with their negative charges to make the polymerised material more
water-insoluble. Subsequently, the insoluble material (char) settles as FeMNPs-embedded spheres
with a hydrophobic core and hydrophilic shell [46,51,52] (Scheme 1(Cc)). In the final process,
the hydrothermally obtained char is pyrolysed in the presence of melamine at 950 ◦C to introduce N
atoms into the carbon framework. The pyrolysed composite material forms an integrated composite
material with both N-CF and N-microspheres (Scheme 1D). During pyrolysis, the decomposition of
melamine caused disruption to the spheres’ surface and caused the FeMNPCs embedded within the
sphere to diffuse out [50], which catalysed the formation of N-CF [53]. The synthesised hybrid material,
which consists of both N-CF and N-CMS, formed a unique 3D integrated morphology.

2.2. Structual and Chemical Characterisation of Prepared 3D N-Doped Carbon Composites

The morphology of the hydrothermally induced char material (HT-APG-Fe) was determined
using SEM (Figure 1), which shows the formation of carbon microspheres (1–6 μm). The image of
a broken sphere (Figure 1A, inset) shows FeMNPCs embedded within the microspheres. EDX analysis
conducted on the particles (Figure S1 in supporting information (SI)) indicated that an average of
57% (wt %) of the material consisted of Fe, confirming the presence of FeMNPCs in the carbon sphere.
The magnetic property of the material was confirmed by applying an external magnet to the sample.

 

Figure 1. SEM images of (A) carbon microspheres formed from char material of hydrothermally treated
apricot resin (HT-APG-Fe), (B) integrated structure composed of CMS and CFs of HT-APG-Fe pyrolysed
with melamine at 950 ◦C (N-APG-Fe) (inset shows the presence of micro spheres and CFs), (C) carbon
micro spheres of HT-APG-Fe pyrolysed without melamine at 950 ◦C (APG-Fe), (D) formation of CFs
from FeMNPC from the sphere interior of N-APG-Fe (red arrow shows FeMNPC diffused out of the
sphere after pyrolysis with melamine), (E) formation of CF from FeMNPC diffused out of the sphere in
N-APG-Fe (red arrow shows the CF forming from the tip of FeMNPC), and (F) TEM image of FeMNPC
diffused out of the sphere in N-APG-Fe.

In order to make HT-APG-Fe catalytically active, it was pyrolysed with a N precursor (melamine)
(N-APG-Fe) at 950 ◦C to introduce N atoms into the carbon framework and improve catalytic properties
(Figure 1B). The nitrogen doping eliminates the electro-neutrality of the carbon framework and
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generates favourable charged sites for oxygen adsorption [19,54]. Similarly, to compare the catalytic
activity of the N-doped and non N-doped catalysts, HT-APG-Fe was pyrolysed without melamine
(APG-Fe) at 950 ◦C and the SEM image is presented in Figure 1C. The SEM revealed that APG-Fe
formed interconnected smooth microspheres in the range of 1–6 μm. Interestingly, in contrast to
the smooth CMS formed in APG-Fe (Figure 1C), the catalysts pyrolysed with melamine (N-APG-Fe)
(Figure 1B) formed an integrated composite material with both CF and CMSs. EDX analysis was
performed to determine the N-doping on CMS and CF and revealed an average of 2.55 and 2.04 (At %)
of N presented in the CMS and the CF, respectively. During pyrolysis, the decomposition of melamine
causes disruption to the FeMNPC’s surface that is embedded in the carbon sphere for the FeMNPC
particles to diffuse out of the sphere and form N-CFs (Figure 1D,F).

To demonstrate if this synthetic procedure is generic for the formation of 3D integrated N-CMS
and N-CF structures, we repeated the procedure using cobalt precursors, which is commonly used
as an alternate transition metal to fabricate ORR catalysts. The SEM images of the hydrothermally
produced structures (Figure S2A), pyrolysed with and without melamine (Figure S2B,C), respectively,
revealed that integrated structures with carbon spheres and CFs, similar to N-APG-Fe, were produced
when the hydrothermally reduced char materials containing cobalt oxide nanoparticles were pyrolyzed
with melamine. The hydrothermally produced char material without any nanoparticles (HT-APG,
Figure S3A), when pyrolysed with melamine (Figure S3B), did not produce any integrated products
of CMS and CFs. As the integrated structures were only seen on the catalysts with transition metals
(Figures 1B and S2B in SI), we deduce that both a transition metal oxide and a nitrogen precursor are
needed for the synthesis of the integrated structure comprised of both N-CMS and N-CFs. Previously,
we reported a 3D integrated structure of N-CMS and N-CFs using sugar galactose (N-GAL-Fe) [50].
A similar morphology was observed in N-APG-Fe, which demonstrates that the presence of galactose
in the apricot sap also contributes significantly to the formation of the integrated structure.

The morphologies of N-CF in N-APG-Fe and N-APG-Co (Figure 2A,B) were further investigated
with TEM. The images clearly illustrate that the N-CFs originate from the tip of the MNPC. An EDX
analysis was conducted on the particles at the tip of the CF (Figure 2A,B) and revealed 59.20% and
18.50% (wt.%) of Fe and Co, respectively, suggesting that the CFs are formed by a metal-induced
mechanism [53]. The TEM images of CF from N-APG-Fe (Figure 2C) and N-APG-Co (Figure 2D) show
that the CFs possess an irregular corrugated morphology with a width of approximately 150–500 nm,
similar to those reported by M. Terrones et al. [55]. To investigate the presence of N-doping on these
CFs (which facilitate ORR) [31], an EDX elemental analysis was performed on CFs grown from Fe
(Fe-CF) and Co (Co-CF). The N-content was found to be 2.04 and 6.32 At. % for Fe-CF and Co-CF,
respectively, compared to 0% in the non-doped sample, confirming nitrogen doping on CF. This reveals
that C and N precursors from pyrolysed melamine had diffused into the metal clusters to form the
CF [53,56].

The XRD analysis conducted on N-APG, APGFe-N, and APGCo-N is shown in Figure 3A.
The diffraction peaks seen at 25.78◦, 42.66◦, and 44.83◦ for APGFe-N and APGCo-N correspond
to diffraction facets (002), (110), and (101), respectively, assigned to the presence of graphitic
carbon [57–59]. Similarly, N-APG showed peaks at 23.96◦, 42.53◦, and 44.67◦ for diffraction facets
(002), (110), and (101), respectively. The positive shift of the (002) peak of N-APG from 23.96◦ to 25.78◦

in N-APG-Fe and N-APG-Co can be assigned to the formation of the graphitic crystalline structure
induced by the reduction of the oxygen functional group containing sugar molecules with a metal
MNPC [60].

74



Materials 2018, 11, 205

 

Figure 2. SEM images of N-CF obtained from (A) N-APG-Fe and (B) N-APG-Co. TEM image of
(C) N-APG-Fe and (D) N-APG-Co.

Figure 3. (A) XRD spectrum of N-APG, N-APG-Fe, and N-APG-Co, (B) Raman spectrum of N-APG,
N-APG-Fe, and N-APG-Co, (C) N2 adsorption/desorption isotherm of APG-Fe, N-APG-Fe, N-APG-Co,
and N-APG-Co, (D) FTIR spectrum of HT-APG-Fe, APG-Fe, and N-APG-Fe.

The Raman spectrum performed on N-APG, N-APG-Fe, and N-APG-Co is shown in Figure 3B.
N-APG-Fe and N-APG-Co show three characteristic peaks at 1342, 1581, and 2684 cm−1 for the D, G,
and 2D bands, respectively, while N-APG showed only the D and the G band at 1338 and 1583 cm−1,
respectively. The additional 2D band indicates the presence of crystalline graphitic carbon material
formed during the annealing process. This was facilitated by the reduction of oxygen groups in the
sugar molecules by the addition of FeMNPC [61,62]. The ID/IG of N-APG (1.07), N-APG-Fe (1.16),
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and N-APG-Co (1.13) shows the disruption of sp2 bonds and the formation of sp3 defect sites [63,64],
which are associated with the N-doping on the carbon framework. The higher ID/IG for N-APG-Fe
and N-APG-Co compared to N-APG revealed that the transition metal particles have facilitated
the incorporation of N atoms to the carbon framework to distort the graphitic framework [15,65].
This shows that the addition of transition metals formed greater positive sites on the adjacent carbon
atoms to adsorb oxygen, thus enhancing the ORR activity.

The N2 sorption isotherms of non-doped APG-Fe and APG-Co differ from the doped N-APG-Fe
and N-APG-Co (Figure 3C). The characteristic type IV isotherm and H4 hysteresis loop for APG-Fe and
APG-Co shows the presence of mesoporous slip-like pores [62,66,67] with mean pore size distributions
of 4.64, 5.62, 7.68, and 13.84 Å (Figure S4). The surface area of the prepared catalysts was measured
using Brunauer-Emmett-Teller (BET) and is shown in Table 1. The surface area measured for the doped
catalysts was much lower than that of the non-doped catalysts. We hypothesise that the mesopores on
the surface of the carbon microspheres on the non-doped catalysts contributed to the higher surface
area. The significant reduction in the surface area of the doped sample can be assigned to the disruption
of these mesopores or blocked pores due to the decomposition of melamine during pyrolysis.

Table 1. Surface area of doped and non-doped apricot catalysts with Fe and Co.

Catalyst Surface Area (m2/g)

APG-Fe 235.38
N-APG-Fe 73.15
APG-Co 375.62

N-APG-Co 39.86

The presence of any carbonyl groups was analysed by FTIR, which can form condensation
products with melamine. The FTIR spectra of hydrothermally treated (HT-APG-Fe), pyrolysed without
melamine (APG-Fe), and N-doped (N-APG-Fe) materials are presented in Figure 3D. HT-APG-Fe
showed characteristic peaks at 1213, 1590, 1706, and 3390 cm−1 [68–70], which can be attributed to
C-O and C-H stretching, the stretching vibration of C=O, carbonyl vibrations, and the stretching
vibration of O-H, respectively. The presence of oxygen functional groups suggests that the carbon
spheres were formed with a hydrophilic shell containing oxygen groups as suggested by Sun et al. [46]
and Mer et al. [54]. When the peaks corresponding to the carbonyl groups of doped N-APG-Fe and
non-doped APG-Fe were compared, a reduction of the intensity of the N-APG-Fe was observed.
Since carbonyl groups can interact with the amine group of melamine [71], we hypothesised that the
melamine was attached to the carbon spheres before undergoing complete decomposition. It is likely
that these condensation products caused surface disruption of the microspheres and studies need to be
undertaken to confirm this hypothesis.

XPS measurements were performed to determine the nitrogen species present in the N-APG-Fe
catalyst. The high-resolution XPS C 1s spectrum (Figure S5) showed a variety of carbon bonds,
including C-C (285.04 eV), C-N (286.03 eV), and O-C=O (290.03 eV) [72–74]. The high-resolution N 1s
XPS spectra displayed in Figure S5B showed three distinct peaks, including pyridine-N (398.38 eV),
graphitic-N (401.35 eV), and nitrogen oxide-N (403.12 eV) [75,76]. The high percentage (45.57 At. %)
of pyridinic N (in the N1s analysis) along with 63.03 At. % of C-N (in the C1s analysis) in N-APG-Fe
clearly demonstrates efficient N-doping on the carbon framework to facilitate O2 adsorption. Similar
peaks for C 1s and N 1s were observed for N-APG-Co (Figure S6). The N-doping on the graphitic
carbon framework altered the electro-neutrality of the nano-carbon material. The pyridinic nitrogen
with its strong electronic affinity induced high positive charge density on the adjacent carbon atoms.
Thus, the electron donor properties of the N-doped adjacent carbon atoms are favourable for weakening
the strength of the O-O bond to facilitate ORR activity [2,19,77]. However, the XPS analysis did not
show any presence of Fe or Co. This showed that Fe-N-C sites were not formed and only N-C carbon
has been formed.
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2.3. Electrochemical Characterisation of Catalytic Performance

The electrochemical activity of N-doped (N-APG, N-APG-Fe, and N-APG-Co) catalysts were
examined by cyclic voltammetry (CV) (Figure S7). The voltammograms between 0 and 1.2 V show
well-defined cathodic peaks centered at 0.55, 0.67, and 0.74 V, respectively. The voltammograms of
N-APG-Fe and N-APG-Co showed a higher positive overpotential shift, 120 and 190 mV, respectively,
compared N-APG. These results indicate that the hybrid structures of N-CF and N-CMS formed by the
introduction of Fe and Co have aided to increase ORR activity and O2 uptake. Since the XPS did not
detect any Fe-N-C active sites, these enhancements of ORR activity can be attributed to N-C catalytic
sites merely in both the N-CF and N-CMS in the hybrid structure in N-APG-Fe and N-APG-Co.

To understand the reaction kinetics of N-APG, N-APGFe and N-APGCo, Rotating Ring Disc
Electrode(RRDE) was employed to quantify the overall electron transfer number (n) and percentage of
hydrogen peroxide (% HO2

−). To explore the dependence on galactose sugar in the electron transfer
kinetics, N-GAL-Fe was contrasted against these catalysts in the potential range between 0.10–1.15 V
and the ring (Figure 4A) and disc (Figure 4B) currents. The onset potential measured for these catalysts
(Table 2) showed a positive shift for N-APG-Fe (0.88 V) and N-APG-Co (0.86 V) compared to N-APG
(0.84 V), revealing that the hybrid structures have initiated the ORR faster. However, the half-wave
potential (E1/2) of all of these catalysts shifted negatively compared to the standard Pt/C. The negative
shift in the E1/2 is due to the absence of any M-N-C catalytic active sites present in the catalysts.
Liu et al. [78] described that M-N-C active sites perform the ORR reaction with a more positive E1/2
compared to N-C active sites in the catalysts.

Figure 4. Rotating ring disc voltammograms of (A) ring current, (B) disc current of N-APG, N-APG-Co,
N-APG-Fe, N-GAL-Fe, and Pt/C electrodes in oxygen-saturated 0.10 M KOH at 2000 rpm at a scan
rate of 10 mV/s. (C) Percentage HO2- and (D) number of electrons of N-APG, N-APG-Fe, N-APG-Co,
and Pt/C electrodes at various potential calculated according to RRDE data. RHE: reversible
hydrogen electrode
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Table 2. Surface area of doped and non-doped apricot catalysts with Fe and Co.

Product
Current density

(mA/cm2) at 0 V (RHE)
Onset Potential

(RHE) (V)
Number of Electrons (n)

(0.10–0.70 V) (RHE)
% HO2

−
(0.10–0.70 V) (RHE)

N-APG 3.05 0.84 2.96–3.34 51.64–32.77
N-APG-Co 4.03 0.86 3.59–3.67 20.16–16.08
N-APG-Fe 4.91 0.88 3.48–3.87 25.99–6.19
N-GAL-Fe 5.81 0.96 3.54–3.65 22.54–17.25

Pt/C 6.70 1.04 3.69–3.95 15.20–2.15

The number of electrons transferred using N-APG, N-APG-Co, N-APG-Fe, and N-GAL-Fe
catalyst electrodes within the potential region 0.10–0.70 V is shown in Table 2. The electron transfer
number towards four of these catalysts reveals that the ORR reaction is carried out predominantly via
a four-electron transfer mechanism. The catalytically analysed values and comparison chart of n and
% HO2

− at 0.40 V (Figure S8) shows that both of the N-doped apricot and galactose catalysts follow
a similar trend, showing the significance of galactose in the electron transfer mechanism. Unlike the
doped catalysts, the non-doped catalysts did not perform effectively (Figure S9). The electro-chemical
properties summarised in Table S1 in the SI of these catalysts showed a negative onset potential and
lower electron transfer numbers than the doped catalysts. This shows that the doping of nitrogen has
created more catalytically active sites for ORR. The stability of the N-APG-Co and N-APG-Fe was
determined by cycling the catalysts between 0.00 V and 1.15 V at 100 mVS−1 in an oxygen-saturated
0.1 M KOH solution (Figure S10 in the SI). The results show that after 6000 cycles the onset overpotential
had increased by 30 mV and 40 mV for N-APG-Co and N-APG-Fe, respectively, indicating only a slight
deterioration of the catalysts.

The kinetics of electron transfer using the details obtained from RRDE and the scheme suggested
by Damjanovic et al. [79] are described in the SI. The rate constants were calculated based on these
equations for the N-APG, N-APG-Co, N-APG-Fe, and N-GAL-Fe in the potential region of 0.10–0.65 V
(Figure S11 in SI). The calculated rate constants showed that N-APG-Co, N-APG-Fe, and N-GAL-Fe
were predominantly driven by a four-electron k1 kinetics, while in N-APG, the ORR was carried out
via both the k1 and k2 pathways. The calculated value of the ratio of k1/k2 presented in Table S2
in the SI and Figure 5 showed k1/k2 >1 for all catalysts. The higher values of k1/k2 for N-APG-Co,
N-APG-Fe, and N-GAL-Fe compared to N-APG showed a dominant four-electron k1 electron transfer
pathway for these catalysts that demonstrates that the presence of the hybrid structure of N-CF and
N-CMS significantly contributes to the generation of the active sites for oxygen adsorption.

Figure 5. The ratio of rate constant k1/k2 for, N-APG, N-APG-Fe, N-APG-CO and N-GAL-Fe in the
potential range of 0.10–0.65V.
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In order to compare the efficiency of the N-doped apricot catalysts and galactose catalysts, the
materials were contrasted against similar catalysts, and the comparison is presented in Table S3 in
the SI. The comparison revealed that these catalysts had similar levels of activity compared with
other synthetic material presented in the literature. While the performance of these materials is lower
than the highest-performing Pt catalysts, the advantages of this approach are the scalable, stable,
low-cost, and natural non-hazardous starting materials and the ease of their synthesis. However,
the use of apricot sap in industrial large-scale production may be limited by its low yield. Our previous
paper demonstrated the synthesis of a similar hydride structure comprising N-CF and N-CMS to
fabricate C-N electrodes for ORR using galactose as the source. This approach has the potential
to be implemented to synthesise C-N electrodes with similar integrated hybrid structures using
natural and synthetic feedstocks containing polysaccharides. Furthermore, the production of efficient
ORR catalysts at a lower cost to current catalysts, using natural resources and environment-friendly
processes, may provide a step forward for natural products.

3. Materials and Methods

3.1. Materials

Apricot sap from an Apricot Moorpark tree (Prunus armeniaca) (South Australia) was collected
from a local garden. Iron (II) chloride tetra hydrate (FeCl2·4H2O) (Sigma Aldrich, St Louis, MO,
USA), iron (III) chloride hexa hydrate (FeCl3·6H2O) (Chem Supply, Gillman, Australia), hydrochloric
acid (HCl) (Chem Supply, Gillman, Australia), ammonia (Chem Supply, Gillman, Australia), cobalt
(II) acetate (Sigma Aldrich, St Louis, MO, USA), melamine (Sigma Aldrich, St Louis, MO, USA),
and platinum standard catalyst (20 w% Vulcan XC-72) were used as purchased.

3.2. Methods

3.2.1. Synthesis of Carbonaceous Spheres from Apricot Sap (HT-APG)

The apricot sap (cca 100 g) was cut by a knife from a tree. The sap was washed with fresh water
and dried in open air for 12 h. The sap (25 g) was dissolved in water (100 mL) and heated to 70 ◦C
with manual stirring. The resin suspension was sealed and left for 24 h in an open environment.
The obtained transparent light orange suspension was then filtered to obtain a contaminant-free resin
suspension. The resin suspension (50 mL) was transferred in to an autoclave and heated at 180 ◦C for
18 h. The char was centrifuged and washed with distilled water (6 × 35 mL). The washed char was
then freeze dried for 24 h. The final product weighed 1.62 g.

3.2.2. Synthesis of Cobalt Embedded Carbonaceous Spheres (HT-APG-Co)

Cobalt (II) acetate (150 mg) was dissolved with 50 mL of filtered resin suspension and stirred for
30 min. The product was then transferred to an autoclave and heated for 18 h at 180 ◦C. The product
was cooled to room temperature and transferred in to a centrifuge tube and centrifuged with repeated
washing with distilled water for six times (6 × 35 mL) and four times with 0.5 M H2SO4. The washed
char was then freeze-dried for 24 h.

3.2.3. Synthesis of Maghemite Nanoparticles

Maghemite nanoparticles were synthesised according to the previously established method [80].
Briefly, FeCl2·4H2O (39.76 g) and FeCl3·6H2O (16.29 g) were dissolved in 1 M HCl (100 mL).
The solution was stirred for 2 h and the pH adjusted to 9.8 using 2 M ammonia solution. Finally,
the product was centrifuged and washed three times with distilled water (35 mL) and once with
ethanol (35 mL) and dried for 6 h at 60–70 ◦C.
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3.2.4. Synthesis of Fe-Embedded Carbonaceous Spheres (HT-APG-Fe)

Maghemite nanoparticles (200 mg) were suspended in the filtered resin suspension (50 mL) and
stirred for 30 min, transferred to an autoclave, and heated for 18 h at 180 ◦C. The product was collected
and centrifuged by washing with distilled water (6 × 35 mL) and four times with 0.5 M H2SO4.
The product was then freeze-dried for 24 h and denoted as HT-APG-Fe.

3.2.5. Synthesis of Fe-Embedded Carbonaceous Spheres with Galactose (HT-GAL-Fe)

Maghemite nanoparticles (200 mg) were added into a suspension of 0.02 mole galactose in 40 mL
water and mixed with stirring for 30 min. The mixture was transferred in to a Teflon autoclave and
heated up to 180 ◦C for 18 h. Then, the product was collected, centrifuged, and repeatedly washed,
six times with deionised water and four times with 0.5 M H2SO4. The product was collected and
freeze-dried for 24 h (referred to as HT-GAL-Fe).

3.2.6. Pyrolysis of Carbonaceous Spheres with N-Precursor (N-Doped Carbon Spheres)

Each of the hydrothermally treated samples HT-APG, HT-APG-Fe, HT-APG-Co, and HT-GAL-Fe
were ground together with melamine (1:10 w/w) using a mortar and a pestle. The mixture was placed
in a tubular furnace and pyrolysed at 950 ◦C for 3 h under Ar at the rate of 10 ◦C/min. The N-doped
products are referred to as N-APG, N-APG-Fe, N-APG-Co, and N-GAL-Fe, respectively.

3.2.7. Pyrolysis of Carbonaceous Spheres without N-Precursor

Hydrothermally synthesised HT-APG, HT-APG-Fe, HT-APG-Co, and HT-GAL-Fe were
individually pyrolysed at 950 ◦C for 3 h under Ar at the rate of 10 ◦C/min in the tubular furnace.
The pyrolysed products are referred to as APG, APG-Fe, APG-Co, and GAL-Fe, respectively.

3.2.8. Preparation of Catalytic Inks

Catalytic ink was prepared by ultra-sonication of each catalyst (2 mg) and suspended in Nafion
suspension (1 mL of 1%). The prepared ink (10 μL) was carefully deposited on a glassy carbon rotating
disc electrode (3 mm) and a rotating ring disc electrode (4 mm). The sample was then allowed to dry
in air for 12 h.

3.3. Characterization

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX)
were obtained using a Quanta 450 (FEI, Hillsboro, OR, USA) at an accelerating voltage of 10 kV.
For EDX, three readings were obtained and the average was recorded. Transition electron microscopy
(TEM) investigation was carried out using a Tecnai G2 Spirit (FEI, Hillsboro, OR, USA) operated at
120 kV. X-ray diffraction (XRD) was performed at 40 kV and 15 mA in the range of 2θ = 10–70◦ at a speed
of 10◦/min using a Miniflex 600 (Rigaku, Akishima, Tokyo, Japan). Gas adsorption isotherms were
conducted using a Micromeritics 3-Flex or ASAP2020 analyser (Micro metrics Instruments Corporation,
Norcross, GA, USA). The Brunauer–Emment–Teller (BET) surface area and pore size distribution
were calculated using software on the Micromeritics 3-Flex or ASAP 2020 analyser (Beckman Coulter,
Indianapolis, IN, USA). Fourier transform infrared (FTIR) spectroscopy was conducted using Spectrum
100 (Perkin Elmer, Waltham, MA, USA). Raman analysis was conducted using a LabRAM Evolution
(Horiba Yvon, Kyoto, Japan) using a 532 nm wavelength. XPS was conducted on a custom-built
SPECS instrument (Berlin, Germany). All XPS (X-ray photo electron spectroscopy) measurements
were performed on sample prepared by drop-casting onto Si using a non-monochromatic Mg source
operating at 120 kV and 200 W. High resolution XPS spectra were collected using a pass energy of
10 eV with an energy step of 0.1 eV.
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Electrochemical Characterization

The ORR reactions were conducted utilising a Rotating Ring Disc Electrode (RRDE) apparatus
connected to a bi potentiostat (CH 1760 C, CH Instruments Inc., Austin, TX, USA) in a standard
three-electrode cell with an oxygen-saturated KOH (0.1 mol/L) solution. The glassy carbon electrode,
platinum, and reversible hydrogen electrode (RHE) were used as the working, counter, and reference
electrodes, respectively. The scan rate of the reaction was 0.01 Vs−1 in the range of 0 and 1.1 V. The cycle
was repeated until stable voltammograms were obtained before the RRDE readings were derived at
different speeds from 400 to 2400 rpm.

The reaction kinetics of the catalysts were examined by employing RRDE to quantify the overall
electron transfer number (n) and percentage of hydrogen peroxide (% HO2

−) at rotation speeds from
400 to 2400 rpm in an oxygen-saturated 0.1 M KOH solution. To elucidate the overall number of
electrons (n) and % HO2

− produced in the ring against the applied potential, Equations (1) and (2)
were employed [10,81].

n =
4ID

ID + IR
N

(1)

%H2O2 = 100
2IR

ID N + IR
(2)

where ID and IR are the disc and ring currents, respectively, and N is the collection efficiency.

4. Conclusions

The phenomenon of converting a naturally occurring apricot sap from an apricot tree into a 3D
hybrid ORR electro-catalyst composed of N-CF and N-CMS is reported and verified by SEM and TEM.
The MNPs initially embedded within the CMS diffused out of the CMS to catalyse for the formation
of corrugated hollow N-CF due to the surface destruction caused by the decomposition of melamine
during pyrolysis. The 3D integrated N-CMSs and N-CF ORR electro-catalysts prepared using FeNP
(N-APG-Fe) or CoNP (N-APG-Co) showed a predominant four-electron transfer pathway for the ORR
within the potential region of 0.10–0.70 V. The spherical morphology obtained from non-hazardous
apricot sap can be employed in a wide range of areas, such as catalysis applications, absorption studies,
and drug delivery.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: EDX
analysis of FeMNPC, Figure S2: SEM images of (A) hydrothermally treated apricot sap resin and cobalt
acetate (HT-APG-Co), (B) pyrolysed HT-APG-Co at 950 ◦C with the presence of nitrogen precursor melamine
(N-APG-Co), and (C) pyrolysed HT-APG-Co at 950 ◦C without melamine (APG-Co), Figure S3: SEM images of
(A) hydrothermally treated apricot sap resin (HT-APG), (B) pyrolysed HT-APG at 950 ◦C with the presence of
nitrogen precursor melamine (N-APG), and (C) pyrolysed HT-APG at 950 ◦C without melamine (APG), Figure S4:
Pore size distribution of (A) APG-Fe and (B) APG-Co, Figure S5: XPS core level spectra of N-APG-Fe for (A) C1s
and (B) N1s, Figure S6: XPS core level spectra of N-APG-Co for (A) C1s and (B) N1s, Figure S7: Cyclic Voltammetry
of (A) N-APG, (B) N-APG-Fe, and (C) N-APG-Co at a scan rate of 10 mVS-1 in oxygen-saturated 0.1M KOH
solution, Figure S8: (A) Comparison of number of electrons and (B) % HO2

− of N-APG, N-APG-Co, N-APG-Fe,
N-GAL-Fe, and Pt/C catalysts electrodes at 0.4 V applied potential in oxygen-saturated 0.10 M KOH electrolyte
at 2000 rpm at a scan rate of 10 mV/s, Figure S9: Rotating ring disc voltammograms of (A) ring current and
(B) disc current of catalysts electrodes APG, APG-Co, APG-Fe, GAL-Fe, and Pt/C, pyrolysed without the presence
of melamine in oxygen saturated 0.1 M KOH at 2000 rpm at a scan rate of 10 mV/s. (C) Percentage peroxide,
and (D) number of electrons of APG, APG-Fe, APG-Co, and Pt/C electrodes at various potential calculated
according to RRDE data, Figure S10: RDE polarisation curves of (A) N-APG-Co and (B) N-APG-Fe with a scan
rate of 100 mVS−1 before and after 6000 potential cycles in an oxygen saturated KOH solution, Figure S11: Rate
constants of (A) N-APG, (B) N-APG-Co, (C) N-APG-Fe, and (D) N-GAL-Fe, Table S1: Electro chemical properties
of non-doped apricot sap and galactose catalysts, Table S2: Comparison of performance of N-APG-Fe, N-APG-Co,
and N-GAL-Fe with other similar carbon-based catalysts.
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Abstract: Nitrogen-doped carbon materials with enhanced CO2 adsorption were prepared by the salt
and base co-activation method. First, resorcinol-formaldehyde resin was synthesized with a certain
salt as an additive and used as a precursor. Next, the resulting precursor was mixed with KOH and
subsequently carbonized under ammonia flow to finally obtain the nitrogen-doped carbon materials.
A series of samples, with and without the addition of different salts, were prepared, characterized
by XRD (X-ray powder diffraction), elemental analysis, BET (N2-adsorption-desorption analysis),
XPS (X-ray photoelectron spectroscopy) and SEM (Scanning electron microscopy) and tested for
CO2 adsorption. The results showed that the salt and base co-activation method has a remarkable
enhancing effect on the CO2 capture capacity. The combination of KCl and KOH was proved to be
the best combination, and 167.15 mg CO2 could be adsorbed with 1 g nitrogen-doped carbon at 30 ◦C
under 1 atm pressure. The materials characterizations revealed that the introduction of the base and
salt could greatly increase the content of doped nitrogen, the surface area and the amount of formed
micropore, which led to enhanced CO2 absorption of the carbon materials.

Keywords: nitrogen-doped carbon materials; carbon dioxide adsorption; salt and base;
co-activation method

1. Introduction

Terrible scenarios of global warming are attributed to the emission of built-up greenhouse gases.
Among these greenhouse gases, carbon dioxide (CO2), released by the combustion of fuels and from
certain industrial and resource extraction processes, is one of the main components. Thus, there are many
concerns about reducing carbon dioxide in greenhouse gases. As a result, extensive research efforts
have been undertaken to develop feasible materials for CO2 capture [1]. Carbon dioxide adsorption
especially by porous materials has become a hot research topic because these materials possess
many advantages such as low energy requirements, quick and convenient processes of adsorption
and desorption compared with chemical absorption [2]. In this context, many porous materials
including zeolites [3–5], other inorganic molecular sieves [6–13], metal-organic frameworks [14–19]
and carbon-based materials [20–24] have been investigated.

Among them, carbon-based materials are widely accepted as a promising candidate for CO2

adsorption due to their chemical inertness, low cost, high surface area and tunable pore structures. The
porous structure and high surface area of carbon materials allow the introduction of several functional
groups on the surface to increase the capacity of CO2 adsorption. Various carbon-based materials
including metal-carbon composites [25], biowaste derived carbons [26–29] and nitrogen-doped carbons
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(NC) [30–41] have been applied in CO2 capture. Among them, nitrogen doped carbon materials
have been reported to exhibit an excellent CO2 capture capacity and high adsorption selectivity. The
incorporation of nitrogen in carbon materials can greatly improve their CO2 capture capacity by
providing basic adsorption sites. In fact, besides nitrogen-doping, the CO2 adsorption of carbon
material could also be remarkably enhanced by base activation [42,43]. For example, nitrogen-free
microporous materials [44–47] prepared by alkali etching have been demonstrated to be highly efficient
in CO2 adsorption. It is noteworthy that alkali etching usually led to the formation of a small amount of
micropores and, in other words, the pore structure was changed. Thus, it brings a debate on the exact
role of doped nitrogen and pore properties for CO2 adsorption. Recently, it has been reported that the
pore structure has a determining effect on CO2 adsorption at lower temperature and lower pressure,
while doped nitrogen plays an important role at higher temperature and higher pressure [48–50].
Therefore, it will be highly desirable to develop a porous carbon material enriched in nitrogen and
dominated by micropores.

Based on the above discussions, here, we presented nitrogen-doped carbon materials with
high CO2 capture capacity, which were prepared by the salt and base co-activation method with
resorcinol-formaldehyde resin as a precursor. The experimental results showed that the salt and
base co-activation method could greatly improve the CO2 capture capacity of nitrogen-doped carbon
material. The characterization analysis revealed an obvious increase of the doped nitrogen content and
the amount of the micropores formed in the carbon material prepared by the salt and base co-activation
method, which might be the reason for the enhancement of CO2 adsorption. Therefore, a conclusion
could be drawn that CO2 adsorption was determined by both micropores and the doped nitrogen.

2. Materials and Methods

2.1. Materials Preparation

Precursors of carbon materials were synthesized by a low temperature hydro-thermal method
according to the reported references [51–53]. The precursor applied was synthesized as following:
Typically, resorcinol (R, 2.20 g, 20 mmol), formaldehyde (F, 3.25 g, 40 mmol, 37 wt % aqueous solution)
and 9 mL deionized water were added into a 100 mL Teflon®autoclave. Subsequently, 21.2 mg
Na2CO3 (1 mol % relative to resorcinol) and 0.25–1.25 g salts (KCl, KNO3, NaCl, NaNO3, Na2SO4)
were added into the autoclave. The mixture was stirred for 1 h at room temperature, and then the
autoclave was sealed and kept at 80 ◦C for 24 h and cooled it down to room temperature to provide
an R-F resin (R: resorcinol and F: formaldehyde). The wet resin was put into a round-bottom flask
and dried at 130 ◦C in vacuum condition for 3 h and used as the carbon precursor. Precursor without
salt additive was prepared through the same process. Next, the synthesized precursors were mixed
mechanically with KOH (0.4–2.0 g) and then carbonized at 400–700 ◦C (a heating rate of 10 ◦C min−1)
for 3 h under ammonia flow (20 mL min−1). The resulting carbon materials were ultrasonically washed
with deionized water (about 300 mL) until pH ≈ 7.0 and then dried at 80 ◦C for 6 h to provide the
final sample.

2.2. CO2 Adsorption Measurements

CO2 adsorption of the carbon materials was measured using a Mettler-Toledo SDTA851
thermogravimetric analyzer according to the reported references [54–56]. In detail, firstly, 10 mg of
sample was placed in a porcelain crucible with the volume of 0.1 mL. When the temperature reached
30 ◦C, the program was started with carbon dioxide (99.9%) as the reaction gas at a flow of 60 mL
min−1 under 1 atm pressure, and held at that temperature for 50 min. After the completion of the
adsorption, the mass of samples after CO2 adsorption was recorded as m1. Subsequently, the reaction
gas was switched to nitrogen (99.9%) with the same flow rate, and at the same time the temperature
was increased to 200 ◦C at a rate of 10 ◦C min−1 and held for 30 min to ensure the complete removal of
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CO2 that samples’ adsorbed. After that, the mass of samples was recorded as m0, which is used as the
true mass of the sample. CO2 adsorption capacity could be calculated by m1 and m0.

2.3. Characterization Techniques

X-ray powder diffraction (XRD) was performed on a Rigaku D/max-2400 X-ray diffractometer
(Rigaku, Tokyo, Japan) with Ni-filtered Cu Kα radiation at 40 kV and 100 mA. The XRD patterns were
scanned in the 2θ range of 10–80◦.

Elemental analysis (C, N, H and O) of the samples was carried out on a Vario EL microanalyzer
(Elementar, Hanau, Germany).

X-ray photoelectron spectroscopy (XPS) was performed by using a Thermo Scientific ESCALAB
250 instrument (Thermo Fisher Scientific, Waltham, MA, USA) with a dual Mg/Al anode X-ray source,
a hemispherical capacitor analyser and a 5 keV Ar+ ion-gun. All of the spectra were recorded using
non-monochromatic Mg Kα (hν = 1253.6 eV) radiation.

The specific surface area (SBET) was calculated using the Brunauer–Emmett–Teller (BET) equation
with a relative pressure of 0.05–0.30. The total pore volume (VTotal) was obtained at the maximum
incremental volume point. Micropore volume was determined from the Dubinin–Radushkevic
equation. Mesoporous volume was determined by the subtraction of micropore volume from the
total pore volume. Fraction of micropore volume = (micropore volume/total pore volume) * 100. The
micropore size distribution was calculated by the Harvath–Kawazoe (H–K) equation based on the
N2/77 K adsorption data.

SEM was performed with a JEOL JSM-6701F (JEOL, Tokyo, Japan) equipped with a cold FEG
(Field Emission Gun).

3. Results and Discussion

3.1. CO2 Adsorption Performance Test

Figure 1 showed the TG curves of CO2 adsorption and desorption of these samples activated
with 1.2 g KOH and different amount of KCl from 0 to 1.25 g with an interval of 0.25g per 2.20 g
resorcinol. The CO2 adsorption-desorption behavior was measured at 30 ◦C under 1 atm. On the
basis of the amount of KCl added, these samples were denoted as NC-KOH, NC-KOH-KCl-0.25,
NC-KOH-KCl-0.50, NC-KOH-KCl-0.75, NC-KOH-KCl-1.00 and NC-KOH-KCl-1.25. The unactivated
sample was denoted as NC. All these samples were carbonized at 600 ◦C for 3 h under ammonia flow
(20 mL min−1). It can be seen from the Figure 1, all the samples adsorbed CO2 rapidly at the beginning,
then continued with a slower rate and reached an equilibrium in 50 min. During the desorption process,
the adsorbed CO2 is removed rapidly and the mass of samples gradually decreased until a constant
value was reached at 200 ◦C. Figure 1 showed that NC sample had the lowest CO2 adsorption capacity
and a higher CO2 adsorption capacity was observed in the case of NC-KOH sample, which suggested
that the introduction of the base in the carbonization process has a positive effect on the increase of CO2

adsorption capacity. Similar effect could be also observed by adding the salt in the R-F resin synthesis.
Among the tested samples, the samples activated by base and salt exhibited best ability in the CO2

adsorption, which could be attributed to the synergistic effect of base and salt pretreatment. However,
there is no a linear correlation between the CO2 adsorption capacity of the sample and the amount of
the salt added. The CO2 adsorption capacity of the sample firstly increased then declined, and the
maximum (167.15 mg/g) was observed when the sample was activated with 0.75 g KCl and 1.2 g KOH.
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Figure 1. TG curves measured CO2 adsorption and desorption of samples activated by different amount
of KCl and 1.2 g KOH per 2.20 g resorcinol.

After optimizing the amount of KCl, the carbonization temperature of the NC-KOH-KCl-0.75
sample was further optimized in the range of 400–700 ◦C and the results were shown in the Figure 2.
With the increase of the carbonization temperature from 400–600 ◦C, the CO2 adsorption capacity
of the sample was gradually enhanced, but a drop was observed when the temperature reached at
700 ◦C. The best CO2 adsorption performance was obtained when the NC-KOH-KCl-0.75 sample was
carbonized at 600 ◦C.

Figure 2. TG curves measured CO2 adsorption and desorption of samples carbonized at
different temperatures.

Following the above results, the effect of the salt kind was investigated (Figure 3). A series of
different salts such as KNO3, NaNO3, KCl, NaCl and Na2SO4 were added in the R-F resin synthesis
process with the optimized amount of 0.75 g and all the samples were carbonized at 600 ◦C. The results
showed that the kind of the salt added has a great effect on the CO2 adsorption capacity of the sample.
The highest CO2 adsorption capacity was obtained when the NC-KOH-KCl sample was used, and
167.15 mg CO2 could be adsorbed with 1 g NC-KOH-KCl sample. Slight or much lower values were
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observed when the other salts such as KNO3, NaNO3, NaCl and Na2SO4 were used. Among all the
samples tested, the CO2 adsorption capacity of the sample activated by Na2SO4 was the lowest.

Figure 3. TG curves measured CO2 adsorption and desorption of samples activated by different salts.

Finally, the amount of KOH added in the carbonization process was optimized in the range of
0–2.0 g and a series of samples activated with 0.75 KCl and different amounts of KOH were prepared.
The results in the Figure 4 showed that the CO2 adsorption capacity of the NC-KCl-KOH-0.4 sample
was much higher than that of the sample activated only with KCl, which indicated that the introduction
of KOH could greatly increase the CO2 adsorption capacity of the sample. Further increasing the
amount of KOH led to higher CO2 adsorption capacity, but a sudden drop was observed when 1.6 g
KOH was added. The decreased tendency could also be observed when further increasing the amount
of KOH to 2.0 g.

Figure 4. TG curves measured CO2 adsorption and desorption of samples activated by different amount
of KOH and 0.75 g KCl per 2.20 g resorcinol.

In order to better illuminate the effect of salt and base activation on the CO2 adsorption capacity of
nitrogen-doped carbon materials, four typical samples, e.g., NC, NC-KCl, NC-KOH and NC-KCl-KOH
were chosen and further compared (Figure 5). In comparison with NC, NC-KCl and NC-KOH both
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exhibited better CO2 adsorption capacity, which indicated that the base and salt pretreatment both had
a promoted effect on the CO2 adsorption capacity of the carbon materials, but base is superior to salt
by contrast. The highest CO2 adsorption capacity was obtained when the NC sample was activated
by the combination of base and salt, which could be attributed the synergistic effect of base and salt
added in the different steps.

Figure 5. Values of typical samples’CO2 adsorption measured by TGA at 30 ◦C under 1 atm pressure.

3.2. Characterization Results and Discussion

In order to explore the relationship of structure and performance, the prepared samples were
characterized by elemental analysis and N2-adsorption-desorption analysis, and the results are shown
in Tables 1 and 2, and Figure 6. Obviously, the NC-KOH-KCl-0.75 sample has the highest nitrogen
content (12.59 wt %), which implied that the doped nitrogen could promote the CO2 adsorption
(Table 1). The N2-adsorption-desorption analysis revealed that the NC-KOH-KCl-0.75 sample has the
largest specific surface areas and highest fraction of micropore volume to total pore volume, which
means that the large specific area and more micropores formation might favors the CO2 adsorption
(Table 2). Thus, the CO2 adsorption performance of the carbon material could be affected by the content
of the doped nitrogen, the specific area and the amount of micropores.

Table 1. The content of N, C, H and O in samples activated by different amount of KCl and 1.2 g KOH
per 2.20 g resorcinol.

Samples N (wt %) C (wt %) H (wt %) O (wt %)

NC 7.78 76.12 1.91 14.19
NC-KOH 11.99 58.22 2.67 27.12

NC-KOH-KCl-0.25 7.05 69.19 1.76 22.00
NC-KOH-KCl-0.50 8.40 70.09 1.88 19.63
NC-KOH-KCl-0.75 12.59 56.23 2.58 28.60
NC-KOH-KCl-1.00 9.43 68.05 1.88 20.64
NC-KOH-KCl-1.25 8.70 66.12 1.74 23.44

91



Materials 2019, 12, 1207

Table 2. BET surface area and porosity of samples activated by different amount of KCl and 1.2 g KOH
per 2.20 g resorcinol.

Samples SBET (m2 g−1) 1 Vtotal (cm3 g−1) 2 VMicro (cm3 g−1) 3 VMeso (cm3 g−1) 4 FMicro (%) 5

NC 158 0.190 0.055 0.135 29
NC-KOH 1030 0.659 0.401 0.258 61

NC-KOH-KCl-0.25 911 1.013 0.354 0.659 35
NC-KOH-KCl-0.50 900 0.573 0.349 0.224 61
NC-KOH-KCl-0.75 1034 0.634 0.398 0.236 63
NC-KOH-KCl-1.00 858 0.740 0.361 0.379 49
NC-KOH-KCl-1.25 1006 0.615 0.389 0.226 63

1 SBET is the specific surface areas determined by the BET method. 2 VTotal is the total pore volume. 3 VMicro is
the micropore volume. 4 VMeso is the mesoporous volume. 5 FMicro is the fraction of micropore volume to total
pore volume.

Figure 6. The micropore size distribution of samples activated by different amount of KCl and 1.2 g
KOH per 2.20 g resorcinol.

Then, the effect of carbonized temperature on the structure was investigated by the elemental
analysis and N2-adsorption-desorption analysis. It can be seen from the elemental analysis results
shown in Table 3 that higher carbonized temperature led to more doped nitrogen in the range of
400–700 ◦C and the content of doped nitrogen could be increased from 3.5 wt % to 13.08 wt % (Table 3).
The NC-KOH-KCl-700 sample has the highest nitrogen content, but its CO2 adsorption capacity is not
the highest, which means that the CO2 adsorption capacity of the carbon material was not determined
by only the content of the doped nitrogen. Further, N2-adsorption-desorption analysis revealed
a good correlation between the micropore volume and the carbonized temperature. In addition,
micropore volume enlarged with the increase of the carbonized temperature (Table 4 and Figure 7).
The NC-KOH-KCl-600 sample with the best CO2 adsorption performance has the highest fraction of
micropore volume to total pore volume, which is consistent with the above discussions.

Table 3. The content of N, C, H and O in samples carbonized at different temperatures.

Samples N (wt %) C (wt %) H (wt %) O (wt %)

NC-KOH-KCl-400 3.5 66.00 2.13 28.37
NC-KOH-KCl-500 7.74 69.58 1.84 20.84
NC-KOH-KCl-600 12.59 56.23 2.58 28.60
NC-KOH-KCl-700 13.08 63.95 1.30 21.67
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Table 4. BET surface area and porosity of samples carbonized at different temperatures.

Samples SBET (m2 g−1) 1 Vtotal (cm3 g−1) 2 VMicro (cm3 g−1) 3 VMeso (cm3 g−1) 4 FMicro (%) 5

NC-KOH-KCl-400 167 0.210 0.009 0.201 4
NC-KOH-KCl-500 959 0.671 0.369 0.302 55
NC-KOH-KCl-600 1034 0.634 0.398 0.236 63
NC-KOH-KCl-700 1300 0.812 0.483 0.329 59

1 SBET is the specific surface areas determined by the BET method. 2 VTotal is the total pore volume. 3 VMicro is
the micropore volume. 4 VMeso is the mesoporous volume. 5 FMicro is the fraction of micropore volume to total
pore volume.

Figure 7. The micropore size distribution of samples carbonized at different temperatures.

Next, the samples activated by KOH and different salts were characterized by elemental analysis
and N2-adsorption-desorption analysis and the results were shown in Tables 5 and 6 and Figure 8.
Obviously, these samples co-activated by base and salt have high nitrogen content and all exceeded
12 wt % (Table 5). Especially, for the samples activated by KNO3, NaNO3 and Na2SO4, the nitrogen
content above 15 wt % was observed. The N2-adsorption-desorption analysis revealed that the kind
of the activated salt has a great effect on the pore structure of the carbon material. The samples
activated by KCl and NaCl exhibited a specific surface area above 1000 m2 g−1 while the smaller specific
surface area than 1000 m2 g−1 were observed in the case of other salts (Table 6). Similar phenomena
were also observed in the case of total pore volume and micropore volume. It is noteworthy that
the NC-KOH-KCl sample exhibited the highest fraction of micropore volume to total pore volume
although its micropore volume is not the largest, which suggested that a larger micropore volume did
not mean higher CO2 adsorption capacity.

Table 5. The content of N, C, H and O in samples activated by different salts.

Samples N (wt %) C (wt %) H (wt %) O (wt %)

NC-KOH-NaCl 12.27 59.51 1.53 26.69
NC-KOH-KNO3 15.45 56.01 1.51 27.03

NC-KOH-NaNO3 15.37 67.18 1.57 15.88
NC-KOH-Na2SO4 15.22 58.14 1.71 24.93

NC-KOH-KCl 12.59 56.23 2.58 28.60
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Table 6. BET surface area and porosity of samples activated by different salts.

Samples SBET (m2 g−1) 1 Vtotal (cm3 g−1) 2 VMicro (cm3 g−1) 3 VMeso (cm3 g−1) 4 FMicro (%) 5

NC-KOH-NaCl 1217 0.775 0.466 0.309 60
NC-KOH-KNO3 874 0.629 0.327 0.302 52
NC-KOH-NaNO3 854 0.620 0.323 0.297 52
NC-KOH-Na2SO4 926 0.602 0.354 0.248 59
NC-KOH-KCl 1034 0.634 0.398 0.236 63

1 SBET is the specific surface areas determined by the BET method. 2 VTotal is the total pore volume. 3 VMicro is
the micropore volume. 4 VMeso is the mesoporous volume. 5 FMicro is the fraction of micropore volume to total
pore volume.

Figure 8. The micropore size distribution of samples activated by different salts.

Furthermore, in order to explore the difference in the structure of the samples activated by different
amount of KOH, these samples were characterized by elemental analysis and N2-adsorption-desorption
analysis and the results were shown in Tables 7 and 8 and Figure 9. The elemental analysis showed
that the nitrogen content in the NC-KCl sample was 5.28 wt % and the value could be increased to
11.2 wt % by adding 0.4 g KOH (Table 7), which implied that the introduction of KOH could greatly
increase the nitrogen content. The addition of more KOH led to higher nitrogen content, but slight
-promotion effect was observed if the amount of KOH exceeded 1.2 g. Besides, the promotion effect of
KOH was also observed in the specific area. Apart from the NC-KCl-KOH-0.4 sample (Table 8), all
the other samples activated by KOH exhibited a larger specific area than the NC-KCl sample, which
suggested that the introduction of KOH could increase the specific area of the carbon material, but a
certain amount of KOH was required.

Table 7. The content of N, C, H and O in samples activated by different amount of KOH and 0.75g KCl
per 2.20 g resorcinol.

Samples N (wt %) C (wt %) H (wt %) O (wt %)

NC-KCl 5.28 65.28 2.51 26.93
NC-KCl-KOH-0.4 11.2 73.27 1.4 14.13
NC-KCl-KOH-0.8 12.54 61.97 1.39 24.1
NC-KCl-KOH-1.2 12.59 56.23 2.58 28.60
NC-KCl-KOH-1.6 12.65 63.23 1.54 22.58
NC-KCl-KOH-2.0 12.96 58.89 1.4 26.75
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Table 8. BET surface area and porosity of samples activated by different amount of KOH and 0.75g KCl
per 2.20 g resorcinol.

Samples SBET (m2 g−1) 1 Vtotal (cm3 g−1) 2 VMicro (cm3 g−1) 3 VMeso (cm3 g−1) 4 FMicro (%) 5

NC-KCl 903 0.686 0.348 0.338 51
NC-KCl-KOH-0.4 702 0.518 0.269 0.249 52
NC-KCl-KOH-0.8 1352 0.758 0.517 0.241 68
NC-KCl-KOH-1.2 1034 0.634 0.398 0.236 63
NC-KCl-KOH-1.6 1159 0.722 0.445 0.277 62
NC-KCl-KOH-2.0 999 0.575 0.377 0.198 66

1 SBET is the specific surface areasdetermined by the BET method. 2 VTotal is the total pore volume. 3 VMicro is
the micropore volume. 4 VMeso is the mesoporous volume. 5 FMicro is the fraction of micropore volume to total
pore volume.

θ

Figure 9. The micropore size distribution of samples activated by different amount of KOH and 0.75 g
KCl per 2.20 g resorcinol.

XRD patterns of the sample were shown in the Figure 10 and a typical reflection of amorphous
carbon at about 24◦ was observed in all samples, which could be assigned to hexagonal graphite [47].
Besides, a weak peak appeared at approximately 43◦ in all the samples but NC-KCl-KOH sample,
which could be assigned to rhombohedral graphite [47]. By correlating with the CO2 adsorption
capacity, it’s not difficult to make a speculation that the formation of rhombohedral graphite might
produce adverse effect for the CO2 adsorption.
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θ

Figure 10. X-ray diffraction patterns of typical samples.

The contents of C, H and N in the sample were determined by elemental analysis, and the content
of O was calculated by the subtracting from the content of C, H and N from the total content. The
results in Table 9 showed that the activation of the sample by base and salt has a great effect on the
content of N. The nitrogen content in the NC sample was 7.78 wt %, and the value could be increased
to 11.99 wt % by the KOH activation, which suggested that the introduction of KOH might favors
the formation of nitrogen-containing functional groups during ammoxidation process. As is well
known, the existence of the doped nitrogen could provide the basic sites to adsorb CO2 and higher
nitrogen content means more CO2 adsorption sites. Therefore, the higher CO2 adsorption capacity of
the NC-KOH exhibited could be well explained. A similar increase in the nitrogen was observed when
the sample was activated by KOH and KCl, which further confirmed the effect of KOH. Considering
the enhanced CO2 adsorption capacity of NC-KOH and NC-KCl-KOH samples in comparison with
NC, a speculation could be made that the high nitrogen content in the sample is good for the CO2

adsorption by providing more basic sites. It is worth noting that the nitrogen content of the sample
activated by KCl decreased, but its CO2 adsorption capacity reversely increased, which implied that
the introduction of KCl might increase the CO2 adsorption capacity by changing the sample’s pore
structures not increasing the nitrogen content.

Table 9. The content of N, C, H and O in the typical samples determined by elemental analysis.

Samples N (wt %) C (wt %) H (wt %) O (wt %)

NC 7.78 76.12 1.91 14.19
NC-KCl 5.28 65.28 2.51 26.93

NC-KOH 11.99 58.22 2.67 27.12
NC-KCl-KOH 12.59 56.23 2.58 28.60

Then the porosity and BET specific surface area of typical samples were determined by N2

adsorption and desorption and the results are shown in Table 10. Obviously, the samples activated by
KOH and/or KCl had a larger surface area than the NC sample, and the NC-KCl-KOH sample with the
highest CO2 adsorption capacity exhibited the largest surface area, which suggested that the large
surface area might be favorable the CO2 adsorption. A similar phenomenon could also be observed
in the pore volume of the sample and the pore volume of the sample could be increased from 0.19
cm3 g−1 to 0.634 cm3 g−1 by the co-activation of KOH and KCl. However, the NC-KCl sample showed
the biggest pore volume although its CO2 adsorption capacity was lower than that of the NC-KOH
and NC-KCl-KOH samples. In order to gain more insights on the correlation of the pore volume
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and the CO2 adsorption capacity, the micropore and mesoporous volume as well as the fraction of
micropore volume to total pore volume were calculated, respectively. A linear correlation between the
CO2 adsorption capacity and the fraction of micropore volume to total pore volume could be observed,
which suggested that the formation of the micropore should be important for the CO2 adsorption.

Table 10. BET surface area and porosity of typical samples.

Samples SBET (m2 g−1) 1 Vtotal (cm3 g−1) 2 VMicro (cm3 g−1) 3 VMeso (cm3 g−1) 4 FMicro (%) 5

NC 158 0.190 0.055 0.135 29
NC-KCl 903 0.686 0.348 0.338 51

NC-KOH 1030 0.659 0.401 0.258 61
NC-KCl-KOH 1034 0.634 0.398 0.236 63

1 SBET is the specific surface areasdetermined by the BET method. 2 VTotal is the total pore volume. 3 VMicro is
the micropore volume. 4 VMeso is the mesoporous volume. 5 FMicro is the fraction of micropore volume to total
pore volume.

Based on the above discussions, the CO2 adsorption capacity of the sample was determined by
the nitrogen content and the pore structure. By contrast, the latter played a more important role.

The micropore size distribution of typical samples was characterized by using the
Harvath–Kawazoe (H–K) equation based on the N2 adsorption and desorption data (Figure 11).
Obviously, the micropores in the NC sample were very few, which is consistent with its small micropore
volume presented in Table 2. The introduction of KCl in the R-F resin synthesis could promote the
formation of more micropores and the micropore size ranged from 0.3–1.9 nm with a peak at 0.50 nm.
Similar effect could be also observed when adding KOH in the carbonization process of the material.
It’s different from the NC-KCl sample that the NC-KOH sample had more micropores with smaller
pore size and the peak value shifted left to 0.46 nm. The NC-KCl-KOH sample exhibited a nearly same
micropore structure with the NC-KOH sample. It is noteworthy that the size of most micropores in the
three samples activated by base and/or salt is smaller than 0.7 nm, and these pores were reported to
support the CO2 adsorption [48].

Figure 11. The micropore size distribution of typical samples.

The nitrogen bonding configurations were further studied by XPS and the N 1s spectra of typical
samples are shown in Figure 12. Two signal peaks with binding energy at 398.5 and 400.3 eV were
observed in all the samples except for NC-KCl-KOH sample. The peak at 398.5 eV could be assigned
to pyridinic nitrogen and the peak at 400.3 eV to graphitic nitrogen [49]. It can be found that the ratio
of pyridinic nitrogen to graphitic nitrogen was greatly influenced by the pre-treatment activation by
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comparing the relative intensity of pyridinic and graphitic nitrogen peaks. The salt and base activation
pre-treatment led to a decrease in the ratio of pyridinic nitrogen to graphitic nitrogen. In the case of
NC-KCl-KOH sample, only the signal peak corresponding to graphitic nitrogen was observed, which
suggested that graphitic nitrogen could behave as effective binding sites for CO2. It has been reported
that different kinds of nitrogen functional groups have different degrees of effects on materials’ CO2

adsorption [32], which is also the reason for that the material’s nitrogen content obtained by element
analysis could not match its CO2 adsorption performance very well.

Figure 12. N1s XPS spectra of typical samples.

Finally, the surface morphology of typical samples and their precursors were analyzed by SEM
and the results were shown in Figure 13. The morphology of the precursor without KCl activation
took on like-lumps feature. When adding 0.75 g KCl in the precursor synthesis, the morphology could
be changed to form uniform and close-connected small spheres. However, the surface of the NC and
NC-KCl samples both consisted of carbon blocks with different size although the latter contained more
carbon blocks with smaller size. Besides irregular carbon blocks, some uniformly small carbon spheres
could be also observed when introducing 1.2 g KOH in the carbonization process of the precursor
without KCl activation pretreatment, which could be attributed to the etch effect of base. Different from
the above case, only uniformly small carbon spheres were obtained when the sample was co-activated
by 0.75 KCl and 1.2 g KOH, which suggested a synergistic effect of base and salt activation pretreatment
on the regulation of the morphology.
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Figure 13. SEM image of typical samples and their precursors.

4. Conclusions

In this work, a series of nitrogen-doped carbon materials with high CO2 capture capacity were
prepared by the ammoxidation of resorcinol-formaldehyde resin precursor with the aid of salt and/or
base pretreatment activation. An obvious synergistic effect was observed between base and salt and
the combination of 0.75 g KCl and 1.2 g KOH was proven to be the best combination. The sample
co-activated by KCl and KOH exhibited the best CO2 adsorption performance and 1 g typical
NC-KCl-KOH sample could adsorb up to 167.15 mg CO2. The extensive characterization revealed
that the introduction of KCl and KOH could increase the doped nitrogen content, change the nitrogen
bonding configurations, enlarge the specific surface area and promote the formation of micropores
with the size <0.7 nm. Therefore, the CO2 adsorption capacity of the nitrogen doped carbon material
should be co-influenced by the amount and type of doped nitrogen and the pore structure.
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Abstract: Nitrogen-doped graphene oxide sheets (N-GOs) are prepared by employing N-containing
polymers such as polypyrrole, polyaniline, and copolymer (polypyrrole-polyaniline) doped with
acids such as HCl, H2SO4, and C6H5-SO3-K, which are activated using different concentrations of
KOH and carbonized at 650 ◦C; characterized using SEM, TEM, BET, TGA-DSC, XRD, and XPS; and
employed for the removal of environmental pollutant CO2. The porosity of the N-GOs obtained were
found to be in the range 1–3.5 nm when the KOH employed was in the ratio of 1:4, and the XRD
confirmed the formation of the layered like structure. However, when the KOH employed was in
the ratio of 1:2, the pore diameter was found to be in the range of 50–200 nm. The SEM and TEM
analysis reveal the porosity and sheet-like structure of the products obtained. The nitrogen-doped
graphene oxide sheets (N-GOs) prepared by employing polypyrrole doped with C6H5-SO3-K were
found to possess a high surface area of 2870 m2/g. The N-GOs displayed excellent CO2 capture
property with the N-GOs; PPy/Ar-1 displayed ~1.36 mmol/g. The precursor employed, the dopant
used, and the activation process were found to affect the adsorption property of the N-GOs obtained.
The preparation procedure is simple and favourable for the synthesis of N-GOs for their application
as adsorbents in greenhouse gas removal and capture.

Keywords: nitrogen-doped graphene oxide; polypyrrole; polyaniline; CO2; adsorption studies

1. Introduction

CO2 emission is a growing problem, which is mainly caused due to the burning of fossil fuel
for the production of energy, which is used to drive the present day factories and automobiles.
According to the report published by International Monetary Fund (IMF), there are 35.9 billion tonnes
of carbon dioxide emissions worldwide, which is a dangerously alarming level, effecting human lives
and ecological systems. Apart from its impact on the environment, studies have revealed that CO2

emissions have an impact on the gross domestic product (GDP) as well [1].
In order to overcome this problem, efforts are being made throughout the world to curb pollutions

by replacing fossil fuels with other sources of sustainable energy. Apart from this, there are efforts
such as afforestation and reforestation for the consumption of CO2 from the environment [2]. Other
than this, there are attempts being made to enable adsorption of CO2 into materials, which is also
known as CO2 capture and sequestration (CCS) technology, which can be employed further for the
generation of electricity [3–7].
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One of the most commonly used technique is entrapment of CO2, which is carried out by
adsorption techniques using various adsorbents such as MOFs [8], mesoporous material such as
MgO [9], metal decorated phosphorene [10], silica mesospheres [11,12], nanostructrual copolymer, and
ionic liquid [13], etc. Carbon-based material such as carbon nanotubes [14], graphene [15], carbon
spheres [16], activated carbon, and activated carbon fibers [17] has been extensively used for the
entrapment CO2. Among these, graphene and graphene oxide has been extensively used for this study
due to its superior surface area among the various carbon compounds used [18,19]. These were further
modified by impregnating it with various metal salts such as Fe3O4 [20], Mn3O4 [21], Cu [22], Ca [23],
and polymeric additives such as PEI [24] to improve the capture and entrapment of CO2. Further
modification is carried out using nitrogen doping of the graphene sheets, wherein the nitrogen-doped
graphene was employed for the capture of CO2, and it was found to possess better adsorption and
selectivity towards CO2 [25].

Nitrogen-doped graphene is synthesized by employing various methods such as graphene
exposed to ammonia vapors at elevated temperatures, graphene, graphene mixed with melamine
as a source of nitrogen doping on the graphene sheets, the hydrazine steaming process, and the arc
discharge method [26–29]. However, based on the information obtained from the previous literature,
it can be understood that it is the need of the hour to find easier methods for the synthesis of this
important material.

Hence, in continuation of our work on the synthesis of graphene and graphene-based
composites for various applications [30–32], in this study, we prepared the N-doped graphene
oxide sheets by employing ‘N’-containing polymers such as polypyrole, polyaniline, and copolymers
(polypyrrole-anlline) doped with acids such as HCl, H2SO4, and C6H5-SO3-K, which were activated
using different concentrations of KOH. The as-prepared carbonaceous materials were characterized
using SEM, TEM, BET, XRD and XPS and tested for CO2 capture property.

2. Materials and Methods

All materials were obtained from commercial sources such as potassium salt benzene sulphonic
acid (97%) and Sulphuric acid (98%) were procured from BDH, Poole, UK, while the polymeric
precursors, i.e., monomers, such as Pyrrole (98%) and Aniline (99%), were procured from Alfa Aesar,
Karlsruhe, Germany. Hydrochloric acid (~36%), Nitric acid (68%), and Methanol (99.5%) were procured
from Fisher Chemical, Loughborough, UK. Ammonium persulphate (98%) and Pottassium hydroxide
pellets (85%) were procured from Alfa Aesar, Karlsruhe, Germany. Solvents such as Acetone (99.5%)
were procured from Panreac, Barcelona, Spain, and Isopropanol (+99%) was produced from WiNLAB,
Middlesex, UK. All solvents were used as received without further purification.

The surface areas, pore size, and pore volumes of the prepared nitrogen-doped graphene oxide
(N-GOs) were determined through nitrogen adsorption at 77 K, using Automated gas sorption system
Micromeritics analyzer (Gemini VII, 2390 Surface Area and Porosity, Micromeritics, Norcross, GA,
USA). Before analysis, each sample was degassed at 150 ◦C (under N2 flow) for 1 h to eliminate
moisture and gasses. The specific surface area (SBET) was calculated by Brunauer, Emmett, and
Teller (BET) method using adsorption isotherm in the range of 0.05 ≤ p/po ≤ 0.30. The average pore
width and micro-pore volume were measured by Dubinin-Radushkevich (DR) equation from the N2

adsorption isotherm. (DR) equation is expressed by:

W
Wo

= exp

[
−BT2

β
ln2

(
po
p

)]

in which

W = volume of the pores that has been filled at p/po (cm3/g)
Wo = total volume of the micropore system (cm3/g)
β = structural constant related to the width of the Gaussian pore distribution (K−2)
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T = temperature at which the isotherm has been taken (K)
B = similarity constant, depending solely on the adsorbate (-)
po/p = inverse of the relative pressure of the adsorbate (-)

The total pore volume was estimated by Barrett, Joyner, and Halenda (BJH) model from the
quantity of N2 adsorbed at relative pressure (p/po) of 0.99 by the software of the instrument.
The meso-pore volume was calculated by subtracting the micro-pore volume from the total
pore volume:

VMeso = Vt − VMic

in which VMeso is the mesopore volume, Vt is the total pore volume, and VMic is the micropore volume.
Scanning electron microscopy (SEM) images were obtained using JSM-6380-LA (JEOL, Tokyo,

Japan), which was used for morphology analysis showing the surface texture, pore structure, and pore
distribution of the prepared samples. Transmission electron microscopy (TEM) images were recorded
on JEM-1011, transmission electron microscope (JEOL, Tokyo, Japan).

Carbon dioxide uptake and the heat of adsorption of the treated nitrogen-doped graphene
oxide sheets (N-GOs) were measured by Thermo Gravimetric Analyser (TGA)/Differential Scanning
Calorimetry (DSC) SDT-Q600, (TA instruments, New Castle, DE, USA) in the temperature range of
25–1000 ◦C at a heating rate of 10 ◦C min−1, using 99.9999% purity Carbon dioxide, additionally
purified by a molecular sieve filter. Before analysis, each sample of 5–15 mg was cleaned up at
25–120 ◦C to eliminate moisture and gasses (under He flow), and the samples’ heating rate was 10 ◦C
min−1, using isotherm 120 ◦C for 30 min. The carbon dioxide uptake experiments were performed
at 50 ◦C, using uptake isotherm at 50 ◦C, and the flow rate of carbon dioxide was maintained at
100 mL/min for 30 min. The results are calculated as mg/g measurement, which is converted to
mmol/g and presented as such.

2.1. Experimental

2.1.1. Polymer Preparation

Polyaniline (PANI) and Polypyrrole (PPy)

0.04 mol of monomer (aniline, pyrrole) was taken in a round bottomed flask along with 0.06 mol
of desired dopants (HCl, H2SO4, C6H5-SO3-K), and the mixture of reaction was stirred for 30 min at
0–5 ◦C. In another beaker, 13.7 g Ammonium persulphate (APS) was dissolved in 30 mL water and
stirred in beaker for 30 min at 0–5 ◦C, which was added to the previous reaction mixture while stirring
at 0–5 ◦C; the solid product formed wass filtrated and washed with water and methanol.

Poly(Aniline-Co-Pyrrole) Copolymer

0.02 mol of aniline monomer and 0.02 mol of pyrrole monomer were taken in a round bottomed
flask along with 0.06 mol of desired dopants (HCl, H2SO4, C6H5-SO3-K), and the mixture of reaction
was stirred for 30 min at 0–5 C. In another beaker, 13.7 g of APS was dissolved in 30 mL water and
stirred in beaker for 30 min at 0–5 ◦C, which was added to the round bottomed flask containing the
reaction mixture while stirring at 0–5 ◦C; the solid product formed was filtrated and washed with
water and methanol.

Carbonization/Activation of Prepared Polymers

The carbonization/chemical activation of the prepared polymers was performed taking 2 g of the
polymer and mixing it with KOH in weight ratios of 2 and 4, i.e., KOH/Polymer weight ratio of 2 or
4. The mixture was carbonized at 650 ◦C attained at a ramp rate of 3 ◦C/min for 2 h using Carbolite
furnace under nitrogen atmosphere. The weight of the pyrolysed sample was noted. The pyrolyzed
samples were then thoroughly washed with 10 wt % HCl to remove any inorganic salts, and then with
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distilled water until neutral pH was attained. They were then dried in an oven at 120 ◦C. The dry
weight of the washed sample was noted as weight of N-GOs obtained. The samples prepared were
denoted as mentioned in Table 1.

Table 1. List of N-GOs samples prepared and denotation method employed in the manuscript.

Polymers

Polymer:KOH

1:2 3 1:4 3

HCl 2 H2SO4
2 C6H5-SO3-K 2 HCl 2 H2SO4

2 C6H5-SO3-K 2

ppy 1 PPy/HCl-1 PPy/H2SO4-1 PPy/Ar-1 PPy/HCl-2 PPy/H2SO4-2 PPy/Ar-2
PANI 1 PANI/HCl-1 PANI/H2SO4-1 PANI/Ar-1 PANI/HCl-2 PANI/H2SO4-2 PANI/Ar-2

Copolymer 1 Co-P/HCl-1 Co-P/H2SO4-1 Co-P/Ar-1 Co-P/HCl-2 Co-P/H2SO4-2 Co-P/Ar-2
1. Polymer used to prepare the nitrogen-doped graphene oxide sheets; 2. Dopant used when polymer was prepared;
3. Ratio of KOH used along with polymer before carbonization.

2.2. Characterization

Surface area measurements, pore size distribution, and various other surface related parameters
were carried out using the BET method based on N2 physisorption capacity at 77 K using Gemini VII
2390 V1.03 apparatus (Micromeritics, Norcross, GA, USA) with the instrument operating in single-point
and multi-point modes. Prior to analysis, the samples were degassed for 3 h at 150 ◦C. The activated
carbon prepared was also subjected to scanning electron microscopy to find out the surface porosity
and morphology.

3. Results and Discussion

3.1. Textural Properties

The N-GOs obtained after carbonization were weighed, and it was observed that the amount
of N-GOs obtained after the acid wash varied based on the polymer used and the dopant added;
however, there was no particular pattern observed with regard to it. The amount of polymer used
for carbonization was 2 grams, and the highest amount of N-GOs, i.e., about 0.82 g, was obtained
when the polypyrrole doped with HCl was carbonized, while the least amount was obtained from
the carbonization of copolymer, i.e., Poly(aniline-co-pyrrole) doped with H2SO4. The amount of
carbonaceous material obtained from the various polymers and dopants are illustrated graphically in
Figure 1.

Figure 1. Graphical illustration of amount of activated carbon from pyrolysis of various polymers: (A)
amount of N-GOs obtained when carbonization and activation were carried using polymer: KOH at
a ratio of 1:2; (B) amount of N-GOs obtained when carbonization and activation were carried using
polymer: KOH in the ratio of 1:4.
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The surface area analysis revealed that the N-GOs prepared were found to possess surface area
varying from 4.75 m2/g to ~3000 m2/g. It was found that the N-GOs obtained from the carbonization
of polypyrrole, polyaniline, and co-polymer, which were mixed with KOH at a ratio of 1:2 (Figure 2A),
yielded surface area in the range of ~1063–1556 m2/g, while the N-GOs obtained from the carbonization
of polypyrrole, polyaniline, and co-polymer, which were mixed with KOH at a ratio of 1:4 (Figure 2B),
yielded a wide range of surface area ranging from 4.75 m2/g to ~3000 m2/g; among these the samples,
PPy/HCl-2, PPy/H2SO4-2, and PPy/Ar-2 yielded samples with surface areas of 2870 m2/g, 2134 m2/g,
and 2943 m2/g surface area, respectively. These samples of N-GOs, i.e., PPy/HCl-2, PPy/H2SO4-2,
and PPy/Ar-2, were obtained when the polymer polypyrole doped with HCl, H2SO4, and C6H5-SO3-K
was mixed with KOH during the carbonization step in the ratio 1:4, while the same polymer doped
with HCl, H2SO4, and C6H5-SO3-K was mixed with KOH during the carbonization step in the ratio 1:2.
Then, the surface area for the N-GOs obtained was found to be 1491 m2/g, 1374 m2/g, and 1397 m2/g,
respectively. This indicates that the amount of KOH mixed with the polymer before carbonization
plays an important role in the surface area of the N-GOs obtained. In the case of PPy, the surface area
increased up to 64% upon employing KOH in the ratio 1:4 from 1:2; however, in the N-GOs obtained
from PANI and Co-poly, the surface area decreased drastically.

Figure 2. Graphical illustration of surface area of the activated carbon obtained from pyrolysis of
various polymers: (A) amount of N-GOs obtained when carbonization and activation were carried
using polymer: KOH at a ratio of 1:2; (B) amount of N-GOs obtained when carbonization and activation
were carried using polymer: KOH at a ratio of 1:4.

The nitrogen adsorption-desorption isotherms for the N-GOs with higher surface areas of more
than 1400, i.e., PPy/HCl-1, PPy/H2SO4-1, PPy/Ar-1, Co-P /H2SO4-1, PPy/HCl-2, PPy/H2SO4-2,
PPy/Ar-2, and Co-P/H2SO4-2, were selected for further textural and surface morphological
evaluations. The N2 adsorption/desorption isotherms were obtained and plotted in Figure 3.
The different polymeric precursors, and the amount of KOH and dopants employed for the synthesis
were found to have an effect on the textural and surface morphological of the N-GOs obtained, which
was ascertained from the different isotherms obtained. The N2 adsorption/desorption isotherms
curves obtained were found to increase in the low relative pressure, i.e., p/po < 0.2, indicating the
presence of pore structures; the isotherm was found to match to Type I adsorption curves, indicating
the presence of mono layers.

However, in the case of N-GOs obtained by employing KOH at a ratio of 1:4, as the relative
pressure increases the knee of the isotherm becomes more open than the one obtained in the case of
N-GOs obtained by employing KOH at a ratio of 1:2, and a regular increase was observed, indicating
the increase in the amount of nitrogen adsorbed with the increase in relative pressure, signifying
the formation of mesopores with Type IV isotherm. Hence, it can be said that the N-GOs that were
obtained display a combination of the Type I and Type IV isotherms, signifying the formation of
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microporous and mesoporous N-GOs. Furthermore, the occurrence of hysteresis loop of the H4 type
suggests that the pores are random with irregular structures.

Figure 3. Adsorption/desorption isotherms obtained for (A) N-GOs obtained when carbonization and
activation were carried using polymer: KOH at a ratio of 1:2; (B) N-GOs obtained when carbonization
and activation were carried using polymer: KOH at a ratio of 1:4.

3.2. Morphological and Microscopic Analysis

The pore size distribution study was carried out using the BET and the data obtained is presented
graphically in Figure 4. Figure 4A shows the microstructure of the inside of N-GOs prepared
from the polymer substrates employing 1:2 KOH in the pre-carbonization step, which indicates
that the porous structure obtained ranges from 50–200 nm in diameter, with volume ranging from
<0.005–0.01 cm3/g. However, when the N-GOs prepared from the polymer substrates employing
1:4 KOH in the pre-carbonization step were evaluated, they were found to possess diameter ranging
from 1–3.5 nm, while their pore volume ranged from 0.04–0.05 cm3/g. From the values obtained, it is
clear that the KOH treatment pre-carbonization plays an important role in the surface morphology
and porosity of the N-GOs obtained, with the KOH at a ratio of 1:2; the pore diameter ranges from
50–200 nm, and the pore volume denotes that the pores formed are wide and shallow, while with the
1:4 KOH ratio, the pores appear to be long cylindrical capillaries with pore diameter ranging from
1–3.5 nm (Figure 4B).

Figure 4. Pore size distribution for (A) N-GOs obtained when carbonization and activation were carried
using polymer: KOH at a ratio of 1:2 and (B) N-GOs obtained when carbonization and activation were
carried using polymer: KOH at a ratio of 1:4.
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The SEM analysis of the obtained N-GOs was carried out to understand the surface morphology,
while the TEM analysis helps one understand the formation of sheet-like structure as desired. The SEM
and TEM images that were obtained are given in Figures 5 and 6, respectively.

Figure 5. SEM micrograms obtained for N-GOs (A) PPy/Ar-1 (B) PPy/Ar-2.

Figure 6. TEM micrograms obtained for graphene sheets-like structure of (A) PPy/Ar-1 (B) PPy/Ar-2.

The SEM micrograms obtained indicated that a porous structure was well-formed with rigid
borders in case of N-GOs formed from the PPy/Ar-1 obtained when polymer: KOH was at a ratio of
1:2, which is in accordance with the data obtained from the pore size distribution graph obtained as
given in Figure 5A. However, in case of the N-GOs formed from the PPy/Ar-2 obtained when polymer:
KOH was at a ratio of 1:4, the surface appears to be rugged, and porosity is not very evident, as shown
in Figure 5B. Hence, it can be said that the pore size and pore size distribution data of N-GOs is in
good agreement with that of SEM images.

The TEM analysis of the samples revealed that a sheet-like structure was formed that resembled
the exfoliated graphene sheets. However, from the images it is evident that the N-GOs formed from
the PPy/Ar-1 obtained when polymer: KOH was at a ratio of 1:2 appear to be thicker than the ones
obtained when the polymer: KOH was at a ratio of 1:4, i.e., PPy/Ar-2, which indicates the activation
process, effects the thickness of the sheet formed. The porous structure obtained from the TEM images
yielded that it is in the range of 1–3 nm (Figure 6A,B).

3.3. XRD Spectral Analysis

The composition of amorphous carbon is generally made of organized graphite-like microcrystals,
non-organized carbon, and single-reticular-plane carbon [33]. The N-GOs PPy/Ar-1 and PPy/Ar-2
that were prepared by different activation methods and were subjected to XRD analysis to confirm
the composition and the diffraction patterns obtained are shown in Figure 7. The absence of sharp
peaks along with very broad diffraction peaks reveals that the N-GOs formed are amorphous in nature.
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The two obvious diffraction peaks represent, respectively, the diffraction-characteristic peaks of the
microcrystalline (002) and (10l) crystal face of the turbostratic graphite structure of the PPy/Ar-1 and
PPy/Ar-2. The slight difference in the diffraction pattern between the two N-GOs PPy/Ar-1 and
PPy/Ar-2 can be attributed to the extent of disorderliness prevailing in the graphitic structure of
the N-GOs prepared. The varying intensity of the diffraction spectrum suggests that the difference
between the surface of the pores in the PPy/Ar-1 are more occupied with the dopants employed, while
PPy/Ar-2 appears to be more naked and exposed due to the employment of higher amount of KOH
during the activation process [34].

Figure 7. XRD diffractograms obtained for N-GOs PPy/Ar-1 and PPy/Ar-2.

3.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was also conducted to study the chemical compositions of
the N-GOs, i.e., PPy/Ar-1 and PPy/Ar-2 were prepared by employing the polymeric precursors, and
the results are shown in Figure 8. From the results obtained, it is found that the N-GOs PPy/Ar-1 and
PPy/Ar-2 obtained are found to be mainly composed of C, N, and O elements observed in the survey
spectrum. The C 1s spectrum of PPy/Ar-1 (thick line) and PPy/Ar-2 (dotted line) yielded a broad
peak at 284 eV, which can be attributed to the graphitic carbon and C–N [35]. As for N 1s spectrum
of PPy/Ar-1 (thick line) and PPy/Ar-2 (dotted line), it yielded a peak that can be separated into two
peaks with binding energy of 398.1 eV and 400.02 eV. The major peak located at 400.02 eV indicates
the presence of pyrrolic-N (398–402 eV), while the peak at 398.1 can be assigned to pyridinic-N
(397.1–399.3 eV). However, the intensities in the peaks vary, indicating the varying presence of
the pyrrolic-N and pyridinic-N, which indicates that the percentage of presence of pyrrolic-N and
pyridinic-N is found to be greater in PPy/Ar-1 (thick line) than in PPy/Ar-2 (dotted line) [36,37].
The high-resolution O 1s spectra (Figure 6) in case of PPy/Ar-1 (thick line) reveal the presence of
three peaks corresponding to C=O groups (530.8 eV), C–OH, and/or C–O–C groups (532.6 eV), and
chemisorbed oxygen and/or water (535.6 eV), while the PPy/Ar-2 (dotted line) yielded two peaks
corresponding to C=O groups (530.7 eV), C–OH, and/or C–O–C groups (532.9 eV). A variation in
the intensities of the O 1s peaks obtained can be observed in this case, just like in the N 1s spectra.
Moreover, the percentage composition calculated revealed that PPy/Ar-1 possesses more N atoms
on the surface, while the percentage of O atoms is greater in the PPy/Ar-2 sample. The elemental
composition calculated from the XPS spectras of PPy/Ar-1 and PPy/Ar-2 is given in Table 2.
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Figure 8. XPS spectrum obtained for N-GOs PPy/Ar-1 (thick line) and PPy/Ar-2 (dotted line).

Table 2. Elemental composition of N-GOs PPy/Ar-1 and PPy/Ar-2.

N-GOs
Elements

C N O

PPy/Ar-1 80.80 8.08 11.11
PPy/Ar-2 80.80 5.05 14.14

3.5. Thermal Stability

The thermal stability of the synthesized N-GOs was evaluated by employing thermal analysis
by heating the samples in N2 atmosphere from 25 ◦C to 900 ◦C, and it is found that different samples
displayed differing thermal stability (Figure 9). The best thermal stability is displayed by PPy/Ar-1
and PPy/Ar-2, which displays 32.8% and 32.4% weight loss, respectively, while PPy/HCl displays
least thermal stability with a weight loss of ~52%.

Figure 9. TGA thermograms obtained for (A) N-GOs obtained when carbonization and activation were
carried using polymer: KOH in the ratio of 1:2; (B) N-GOs obtained when carbonization and activation
were carried using polymer: KOH in the ratio of 1:4.

111



Materials 2018, 11, 578

3.6. CO2 Adsorption Properties

The preliminary CO2 adsorption-desorption behavior measured at 50 ◦C and 1.0 atm for the
N-GOs samples prepared is shown in Figure 7. Firstly, the N-GOs tested were activated at 120 ◦C by
He flow for 20 min, then cooled down to 50 ◦C. CO2 was then passed over until no further weight gain
was observed and a complete adsorption–desorption cycle was completed. Each N-GO was found to
gradually adsorb CO2 over the first 25 min, which then continued at a slower rate until equilibrium
was apparently achieved, which lasted for 60 min for all samples. A graphical representation of the
CO2 capture pattern exhibited by the various N-GOs is displayed in Figure 10.

Figure 10. CO2 adsorption isotherms measured by TGA-DSC for (A) amount of N-GOs obtained when
carbonization and activation were carried using polymer: KOH at a ratio of 1:2 and (B) amount of
N-GOs obtained when carbonization and activation were carried using polymer: KOH at a ratio of 1:4.

It is observed that other than the polymeric precursor and the dopant employed, the activation
process plays an important role in the CO2 adsorption performance of the N-GOs. Among the various
polymeric precursors employed, the N-GOs obtained from the PPy yielded best surface area and
pore size distribution. The N-GOs obtained from PPy precursor display the best CO2 adsorption
efficiency, while the ones obtained from employing the other N-GOs from Co-PPy-PANI also display
optimum CO2 adsorption capability. Among the N-GOs from PPy, the ones doped with HCl and
H2SO4 display a lower CO2 adsorption capability than the ones obtained from C6H5-SO3-K-doped,
indicating the role played by the dopant. The N-GOs obtained with varying ratios of KOH effected
the CO2 adsorption performance of the N-GOs obtained. In case of N-GOs obtained from PPy, when
the activation is carried out employing KOH in the ratio 1:2, the N-GOs obtained are found to adsorb
CO2 better than those of the N-GOs obtained when KOH was used with the ratio of 1:4. However,
the adsorption pattern obtained is found to be contrary to the surface area of the N-GOs, which is
found to be higher in case of N-GOs obtained employing KOH in the ratio 1:4 than those obtained in
case of 1:2. Hence, the adsorption and capture of CO2 can be attributed to the porosity of the N-GOs
obtained, which in case of polymer: KOH in the ratio of 1:2 was found to possess a wide range of
porosity (i.e., 50–200 nm), while in the case of polymer: KOH in the ratio of 1:4, it was found to be
narrow (i.e., 1–3.5 nm). The activation process with higher amount of KOH renders the pore more
naked and exposed, which reduces the adsorption of CO2. Apart from the pore morphology, it is also
observed that polymeric precursor and the dopant also play an important role.

The heat of adsorption integrated from the TGA-DSC heat flow curves provides information
about the interaction of the CO2 molecules and the active sites in the N-GOs. The heat of adsorption
is found to be in the range of 10–96 kJ/mol, which indicates that the N-GOs obtained displayed
varying interactions between the CO2 molecules and the active sites in the N-GOs, leading to the
fluctuating adsorption of the CO2. Among the N-GOs prepared, the PPy/Ar-1 yielded the highest
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heat of adsorption, i.e., 96.04 kJ/mol, which is higher and more stable (chemical adsorption) than the
heat of adsorption for PPy/Ar-2 (94.13 kJ/mol).

In case of N-GOs, PPy/Ar-1 was found to possess a pore size of 50–200 nm, while PPy/Ar-2
was found to possess a narrow pore size of 1–3.5 nm. PPy/Ar-1 and PPy/Ar-2 possess pyrrolic-N
and pyridinic-N along with C=O groups, C–OH, and/or C–O–C groups. However, the percentage
composition varies in the N-GOs prepared, which can be attributed to the difference in CO2 adsorption.
Of the N-GOs prepared, PPy/Ar-1 possesses a higher percentage of pyrrolic-N and pyridinic-N and
wider pore size that could possibly enhance the interaction of the CO2, which is indicated by a high
heat of adsorption of 96.04 kJ/mol, which greatly promotes CO2 adsorption. However, PPy/Ar-2
displays lower CO2 adsorption, which can be attributed to the narrow pore size of 1–3.5 nm and the
higher percentage of O on the surface of the graphene-like sheets, which could probably hinder the
interaction of CO2 molecule with the pyrrolic-N and pyridinic-N, which is evident by the lower heat
of adsorption 94.13 kJ/mol.

A series of absorbent materials that were previously studied and reported in literature for their
adsorption capacities is compiled in the Table 3. When the saturated CO2 adsorption capacity
of the as-prepared N-GOs is compared to previously reported adsorbent materials, it was found
that the as-prepared N-GOs performed better than a few absorbent materials like Cu-propyl
ethylenediamine-silica and propyl ethylenediamine-silica composites, while many of the adsorbent
materials such as carbonized porous aromatic framework, activated carbon, and mesoporous carbon
were found to be better than the as-prepared N-GOs.

Table 3. CO2 adsorption capacity comparison of various porous materials with N-GOs PPy/Ar-1 and
PPy/Ar-2.

Materials Capacity (mmol g−1) References

Carbonized porous aromatic framework (PAF) 4.5 [38]
Activated carbon-phloroglucinol-500 ◦C 4.37 [39]

Microporous carbon ultrafine fibers 2.92 [40]
N-containing porous carbon monoliths 2.9 [41]

Porous carbon nanosheets 2.88 [42]
Alkali-modified activated Carbon 2.46 [43]

Mesoporous carbons 2.27 [44]
Isoreticular zeolitic imidazolate frameworks 2.2 [45]

Mesoporous carbons 2.14 [44]
Commercially activated carbons including BPL,

Maxsorb, and Norit R1 <2.00 [46]

Soft-templated mesoporous carbons 1.49 [47]
KOH-activated graphite nanofibers 1.35 [48]

PPy/Ar-1 1.28 This work
PPy/Ar-2 1.18 This work

Cu-propyl ethylenediamine-silica composites 0.58 [49]
Propyl ethylenediamine-silica composites 0.45 [49]

4. Conclusions

In conclusion, polymeric precursors such as polypyrrole (PPy), polyaniline (PANI), and copolymer
(PPy-PANI), along with various dopants such as HCl, H2SO4, and C6H5-SO3-K, were employed for
the preparation of N-doped graphene oxide (N-GOs). Among the polymeric precursors employed,
the polypyrrole precursor doped with C6H5-SO3-K yielded the desired N-GOs. The porosity and
surface area varied upon the varying use of KOH. The N-doped graphene (NDG) obtained from the use
of 1:2, polymer: KOH, i.e., PPy/Ar-1, yielded a porosity in the range of 50–150 nm, while the surface
area was found to be 1400 m2/g; however, when 1:4, polymer: KOH, i.e., PPy/Ar-2, the porosity was
found in the range of 1–3.5 nm, while the surface area was found to be ~3000 m2/g. Among the N-GOs
prepared, the N-GOs obtained from employing PPy doped with C6H5-SO3-K was found to display
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the best adsorption property. The N-GOs obtained from PPy doped with C6H5-SO3-K activated by
employing KOH at a ratio of 1:2, polymer: KOH, i.e., PPy/Ar-1, yielded a 1.3 mmol/g adsorption of
CO2; however, when activated with a ratio of 1:4, polymer: KOH, i.e., PPy/Ar-2, yielded a 1.2 mmol/g
adsorption of CO2. Upon comparison of the obtained adsorption CO2 values with the previously
reported ones, it was found that the CO2 adsorption values obtained were for the as-prepared material,
i.e., N-GOs were slightly lower than some of the materials employed earlier, which suggests that these
materials can be studied further by fine tuning them to enhance their adsorption properties. This study
also revealed a facile synthesis of nitrogen-doped graphene oxide and can be extended to various
other polymers, which can be obtained from recyclable material and can be useful for tackling the two
environmental issues of the recycling of polymeric waste and air pollution.
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Abstract: The implementation of carbon capture and storage process (CCS) has been unsuccessful
to date, mainly due to the technical issues and high costs associated with two main stages: (1) CO2

separation from flue gas and (2) CO2 injection in deep geological deposits, more than 300 m, where
CO2 is in supercritical conditions. This study proposes, for the first time, an enhanced CCS process
(e-CCS), in which the stage of CO2 separation is removed and the flue gas is injected directly in
shallow reservoirs located at less than 300 m, where the adsorptive phenomena control CO2 storage.
Nitrogen-rich carbon nanospheres were used as modifying agents of the reservoir porous texture
to improve both the CO2 adsorption capacity and selectivity. For this purpose, sandstone was
impregnated with a nanofluid and CO2 adsorption was evaluated at different pressures (atmospheric
pressure and from 3 × 10−3 MPa to 3.0 MPa) and temperatures (0, 25, and 50 ◦C). As a main result,
a mass fraction of only 20% of nanomaterials increased both the surface area and the molecular
interactions, so that the increase of adsorption capacity at shallow reservoir conditions (50 ◦C and
3.0 MPa) was more than 677 times (from 0.00125 to 0.9 mmol g−1).

Keywords: adsorption; carbon capture and storage process (CCS); carbon dioxide; nanofluids;
nanoparticles and shallow reservoirs

1. Introduction

In recent decades, climate changes have generated negative consequences such as loss of sea ice,
accelerated rise of sea level, extinction of some species, drought and population displacements, among
others [1–5]. These changes are caused by human activities, mainly through the release of greenhouse
gases [4–7]. The anthropogenic emissions of carbon dioxide, CO2, from fossil fuel combustion and
industrial processes contributed to about 78% of the total greenhouse gases emissions [8–10], and CO2

emissions have increased by 46% since pre-industrial times [11,12]. The huge CO2 daily emissions and
their growth increase its responsibility on global climate change [12–16]. Raw material industries such
as chemical, petrochemical, iron, steel, cement, and others, contribute with the most to CO2 emissions
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worldwide [17,18]. The advantage of CO2 industrial emissions is that they are fixed sources so that
they can be controlled in-situ. A typical flue gas from coal-fired boilers may contain 12–14 vol% CO2,
8–10 vol% H2O, 3–5 vol% O2, and 72–77% N2 [19–21]. The method most frequently used at industrial
levels for CO2 capture is absorption. However, this method has significant limitations related to
solvent regeneration, composition of flue gas, CO2 concentration, corrosion, high-energy consumption,
etc. [15,16,18,22]. Other methods are cryogenic distillation, membranes, and adsorption by porous
solids. Hence, the current methods are not enough, and CO2 emissions continue to increase [12,17,23].
For this reason, it is necessary to broaden the portfolio of methods to reduce CO2 emissions significantly
in the years to come.

The Intergovernmental Panel on Climate Change (IPCC) promotes the carbon capture and storage
process (CCS), which allows the geological storage of CO2 emitted by the industry over the long
term [10,18,24]. The CCS process might decrease CO2 emissions by approximately 22% in 2035 [25,26].
The CCS process has three main stages: 1) CO2 capture and separation from flue gas, 2) CO2 transport
to the storage site, and 3) CO2 injection into deep geological storage sites, 300 to 4000 m, and 800 m on
average [22]. In this case, CO2 capture and storage are mainly due to the inter-particle volume filling.
Figure 1a presents a scheme of the CCS process.

(a) (b) 

Figure 1. Configurations of the carbon capture and storage (CCS) process: (a) conventional CCS
process; (b) proposed enhanced CSS (e-CCS) process.

It is estimated that 50% of the CCS projects use sandstone deposits for storage because they have
technical advantages and high availability [24]. Oil and gas deposits are indeed mostly composed of
sandstone, which provides a natural storage structure, with porous texture and upper and lateral seals
that allow long-term storage. Carbon capture and storage have been coupled with other processes
such as enhanced oil recovery (EOR) or enhanced coal bed methane production (ECBM) [24].

However, its in situ industrial implementation has been unsuccessful mainly due to the technical
and economic costs associated with the separation and storage stages. In general, the cost of CO2

capture is 70–80% of the total CCS costs [26–28]. For this reason, the current research focuses mainly
on increasing the CO2/flue gas separation capacity in order to decrease energy consumption, or on
the use of waste energy, among others. This study proposes an alternative to minimize the technical
and economic cost for the viability of the CCS process. Figure 1b presents the configuration of an
enhanced CCS process (e-CCS), in which the stage of CO2 capture/separation is removed, and the flue
gas is injected directly into shallow deposits, at depths less than 300 m. In this case, CO2 remains in a
gaseous state, and the adsorption process controls the capture and storage. The density of CO2 is very
different in gaseous or supercritical conditions, which affects the amount of CO2 stored in the e-CCS
process. For this, it is necessary to add a modifying agent to the surface of the porous medium in order
to improve the adsorption capacity and the CO2 selectivity, since the adsorption (capture/storage)
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process is done underground. In addition, the modifying agent should not affect the naturally porous
structure of the deposit to avoid operational problems.

Nanostructured materials constitute a vast and active field of research in various areas, due to their
intrinsic characteristics that can be adjusted depending on the foreseen application, such as porosity,
structure, molecular affinity, high surface-area-to-volume ratio, high surface activity, dispersion
capacity, and optical and electronic properties, etc. [29]. Nanoparticles have been used to increase
the recovery of oil and gas by modifying the physicochemical properties of the reservoirs [30,31],
and to modify reservoirs’ wettability, asphaltenes adsorption, catalysis and stabilization of fines in
reservoirs, among others [30,32–35]. The obtained results demonstrate their effectiveness in achieving
this objective without obstruction of the porous media. In this way, nanospheres can be an option for
the modification of the surface in shallow reservoirs for the e-CCS process. Although nanoparticles
have been evaluated for the conventional CCS process in the form of a nanofluid used to improve CO2

transport in saline aquifers [36], they have not been used for rock modification and improvement of the
CO2 storage capacity, such as in the case of the proposed e-CCS process, to the best of our knowledge.

Many adsorbents for CO2 capture have been reported, such as carbon materials, metal organic
frameworks, zeolites, alkali metal carbonates, etc. [16,37–39], but not widely at the nanoscale level, with
spherical structures allowing their application in geological deposits. Many carbon nanostructures
have been evaluated for CO2 capture, among them nanofibers, nanosheets, and nanotubes, leading to
adsorption capacities ranging from 0.26 to 4.15 mmol g−1 under atmospheric conditions [16,40–45].
However, these materials are not applicable to reservoirs due to their structure and dimensions that
might affect the nature of the reservoir’s porous structure. Carbon nanospheres, thus, appear to be
the best choice for the e-CCS process. Wang et al. [16] analyzed different adsorbents and concluded
that carbon materials are one of the best options, mainly due to their low cost, high surface area,
adjustable porous texture, and easy surface functionalization [16,37–39]. Chen et al. [46] reported
hollow carbon nanospheres with a CO2 adsorption capacity of 3.65 mmol g−1 under atmospheric
conditions [46], which is similar to what was reported for other nanomaterials such as carbon fibers,
carbon nanosheets, carbon nanotubes, metal organic frameworks, zeolites, alkali metal carbonates,
etc [16,37–39]. For CO2 adsorption applications, a high surface area is essential as well as basic
functionalities, due to the acidic character of the CO2 molecule. Therefore, high nitrogen content in the
adsorbent allows obtaining a basic nature and enhances the adsorption capacity and selectivity. Some
authors suggested increasing the nitrogen content by impregnating the materials with amines like the
materials commonly called supported amine material, which consist of a porous support onto which
an amine is attached or immobilized [16,37–39,47]. However, treatment with amines can obstruct
the microporosity of the nanomaterial, thereby decreasing its adsorption capacity and increasing its
final cost. Also, in some cases, like samples containing grafted primary and tertiary monoamines,
the material could be deactivated in the presence of oxygen-containing gases [47]. Thus, it is desirable
to incorporate nitrogen groups during the material’s synthesis. Hence, amine or amino acid functional
groups are grafted on the surface of the support during the synthesis process instead of physically
dispersed in the pores after synthesizing the support material [48].

The main objective of this manuscript was, therefore, to experimentally study the possibility of
improving the CCS process through nanotechnology. For this, carbon nanospheres with different
structures were synthesized, characterized, and used to impregnate sandstone using different mass
ratios of nanoparticles to sandstone. The CO2 adsorption process, as well as its thermodynamic
parameters, were evaluated under atmospheric and high-pressure conditions.

2. Materials and Methods

Two different carbon nanostructures were synthesized using either a sol-gel method or a
solvothermal method. The synthesized nanostructures were labeled and synthesized as follows:

(1) CN.LYS: Carbon nanospheres obtained from a sol-gel method, using resorcinol/formaldehyde
as carbon precursor and L-lysine as catalyst and nitrogen precursor.
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(2) CN.MEL: Carbon nanostructures obtained from a solvothermal method, using carbon
tetrachloride as carbon precursor and melamine as nitrogen precursor.

Both CN.LYS and CN.MEL were characterized in order to select the best material, considering
the nanometer size, adsorption capacity, lower technical and economic cost, and method of synthesis.
Ottawa sandstone was used as porous medium and was impregnated with the best nanomaterial
at different percentages. The performances of the materials were evaluated by CO2 adsorption at
atmospheric pressure and at 0 ◦C, and by varying pressure and temperature conditions. The detailed
procedures are presented below.

2.1. Materials and Reagents

For the synthesis processes, the following reagents were used, all from Sigma–Adrich, St. Louis,
USA: carbon tetrachloride (≥ 99.9%), melamine (99%), formaldehyde (37%), resorcinol (≥99%), L-lysine
(>98%), sodium dodecylbenzene sulfonate (SDBS), and deionized water.

For cleaning, drying, and carbonization, the following chemicals were used, all from Sigma–Adrich
again except N2: acetone (99.9%), ethanol (99.5%), hydrochloric acid (37%,), tert-butanol (≥99.5%),
and N2 (high purity, grade 5.0). Clean Ottawa sandstone and sandstone from a real reservoir were
used as porous media. The real sandstone was obtained from a Colombian oil field, which allows
evaluating the real rock that might be used to implement the e-CCS process in depleted oil fields.

2.2. Synthesis of Nanomaterials

2.2.1. CN.LYS Synthesis

The process was adapted from Yong–Rong et al. [48], changing the lysine concentration, the reaction
time and the resorcinol/water molar ratio. A solution (S1) of resorcinol/formaldehyde in a 1:2 molar ratio,
and deionized water was stirred at 25 ◦C for 1 h. In parallel, a solution (S2) of L-lysine and deionized
water was stirred at 60 ◦C for 1 h. The molar ratio of resorcinol/L-lysine was 1:0.16. Subsequently,
the solutions S1 and S2 were mixed at 60 ◦C for 1 h to obtain the solution S3. The latter was maintained
at 25 ◦C for 20 h to benefit from the natural precipitation of the nanomaterial. Finally, the obtained
polymer was dried at 120 ◦C for 12 h and carbonized under N2 flowing at 60 mL min−1, using a
tubular furnace. The temperature was increased up to 800 ◦C at a rate of 1 ◦C min−1, and the final
temperature was held for 5 h. The employed molar ratios of resorcinol/water (for S1) were 1:2778
(without dilution), 1:5556 (dilution 1), and 1:11112 (dilution 2) for obtaining the CN.LYS1, CN.LYS2,
and CN.LYS3 materials, respectively. Different molar ratios of resorcinol to water were used to reduce
particle size.

2.2.2. CN.MEL Synthesis

The CN.MEL synthesis was adapted from Bai et al. [49] by dissolving 2 g of melamine in 120 mL of
carbon tetrachloride [49]. This solution was put in a stainless-steel autoclave (Parr Instrument, Illinois,
USA) with a capacity of 200 mL and introduced into an oven (Thermo Fisher Scientific, Massachusetts,
USA) at 250 ◦C for 24 h. The synthesis was carried out under auto-generated pressure. Subsequently,
the carbonaceous material that formed was separated from the solution, and was cleaned with acetone,
ethanol, and finally 0.1 mol L−1 HCl. A mixture of nanospheres and fibers (formed by aggregation of
nanospheres) was obtained (Gel.MEL1).

To obtain N-rich carbon spheres, the Gel.MEL1 was coated with a mixture of resorcinol and
formaldehyde in a 1:2 molar ratio. Initially, the gel was stirred with sodium dodecylbenzene sulfonate
(SDBS) at 25 ◦C for 18 h to promote the subsequent interaction with resorcinol/formaldehyde. After
18 h, the gel/SDBS was mixed with resorcinol/formaldehyde (in proportions of 0.37 g of nanoparticles
per 1 g of resorcinol) and put in a stainless-steel autoclave at 130 ◦C for 24 h. In order to maintain
its porous texture, the gel was dried by freeze-drying. First, the material was impregnated with
tert-butanol for three days. Then, the impregnated material was frozen at −5 ◦C and lyophilized for
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two days until the tert-butanol was entirely removed (Gel.MEL2). Finally, the lyophilized gel was
carbonized under N2 flow (60 mL min−1) in a tubular furnace (Thermo Fisher Scientific, Massachusetts,
USA). The temperature was increased at a heating rate of 1 ◦C min−1 up to 700 ◦C, and the latter
temperature was held for 6 h.

2.2.3. Impregnation of Sandstones

The sandstone was impregnated to decorate the rock surface with the nanoparticles and improve
the surface area and molecular interactions. Ottawa sandstone (SS) was impregnated with CN.LYS2
at mass fractions of 0.01, 0.1, 1, 5, 10, and 20% by immersion and soaking [50]. Initially, a nanofluid
composed of nanoparticles and deionized water was sonicated at 40 ◦C for 4 h. Subsequently, the SS
was introduced in the nanofluid at 60 ◦C for either 6 h at 600 rpm or for 24 h without stirring.

The latter method better mimics the reservoir conditions in which the porous medium might be
impregnated. Finally, the impregnated material was dried at 110 ◦C for 12 h. The same procedure was
followed for impregnating the sandstone from a real reservoir (RS) but using only a mass fraction of 10
and 20% of CN.LYS2 to RS and 24 h of soaking.

2.3. Characterization of the Nanomaterials

The following procedures allowed characterizing the physicochemical characteristics of the
materials, essential for a good understanding of the results. For e-CCS application, nanoparticles must
have a nanometer size, a spherical shape, a high surface area, and a high nitrogen content.

2.3.1. Size and Structure of Nanomaterials

Different techniques were used to evaluate the particle size distribution: scanning electron
microscopy (SEM) was used to obtain the dry particle size, size distribution, and morphology of
CN.MEL, whereas transmission electron microscopy (TEM) was used to analyze the dry particle
size, size distribution, and surface characteristics of CN.LYS. The CN.LYS showed a different porous
structure after dilutions, which was observed by N2 adsorption (at −196 ◦C). Further, TEM was
used to characterize the structure after dilutions to analyze the causes of pore structure modification.
Scanning electron microscopy analysis was also carried out to analyze the distribution of carbon
nanoparticles on sandstone after impregnation. The observations were carried out by means of a
JSM-7100 emission electron microscope (JEOL, Nieuw-Vennep, The Netherlands), a GEMINI-LEO1530
VP FE-SEM emission electron microscope (Carl Zeiss, Cambridge, UK), and a Tecnai F20 Super Twin
TMP transmission electron microscope (FEI, Hillsboro, USA).

Dynamic light scattering (DLS) was carried out by means of a NanoPlus-3 zeta/nanoparticle
analyzer (Micromeritics, Norcross, USA) at 25 ◦C in a glass cell (capacity of 0.9 mL), which was used to
obtain the mean particle size of nanoparticles dispersed in a fluid, which hydrate and interact with each
other. The mean particle size was calculated from the diffusional properties of the particle indicating
the size of the hydrated and solvated particle. For this purpose, a nanoparticle solution, 10 mg L−1,
was dispersed in water or ethanol and sonicated for 6 h before analysis. Particles suspended in a liquid
have a Brownian motion due to the random collisions with solvent molecules. This motion causes the
particles to diffuse through the medium. The diffusion coefficient, D, is inversely proportional to the
particle size or hydrodynamic diameter, d, according to the Stokes–Einstein equation:

D =
kB T

3 π η d
(1)

where, kB is Boltzmann’s constant, T is the absolute temperature, and η is the viscosity.

121



Materials 2019, 12, 2088

2.3.2. Porous Structure of Nanomaterials and Sandstone

All materials were characterized by N2 and CO2 adsorption at −196 ◦C and 0 ◦C, respectively,
using a 3-Flex manometric adsorption equipment (Micromeritics, Norcross, USA). The total adsorbed
volume (V0.95) was taken as the physiosorbed volume of N2 at a relative pressure P/P0 = 0.95. The
Brunauer–Emmett–Teller (BET) model was applied to obtain the BET area (ABET). Micropore volume
(Vmic), average pore size (L0), and CO2 adsorption energy (Eads–CO2) were obtained by application
of the Dubinin–Radushkevich equation. The mesopore volume (Vmeso) was obtained through the
Barrett–Joyner–Halenda (BJH) model.

2.3.3. Chemical Composition of Nanomaterials and Sandstone

The chemical characterization was carried out by carbon, hydrogen, oxygen and nitrogen (CHON)
analysis for nanomaterials, and by Fourier transform infrared spectroscopy (FTIR) for sandstone.
An IRAffinity-1S FTIR spectrometer (Shimadzu, Columbia, USA)was operated at room temperature
using potassium bromide in a KBr-to-material ratio of 30:1 (% w/w). The impregnation percentages of
nanoparticles on sandstone were corroborated by thermogravimetric analysis (TGA) (TA Instruments,
New Castle, USA). For this, the sample was burned under an air atmosphere at 10 ◦C min−1 up to
800 ◦C.

2.3.4. Rheological Analysis of CN.LYS Synthesis Solutions

The stability of the synthesis solutions was evaluated at different concentrations of CN.LYS
(CN-LYS1, CN.LYS2, and CN.LYS3). For this purpose, a Kinexus Ultra+ rheometer (Malvern Panalytical,
Malvern, UK) utilizing a concentric cylinder sensor equipped with a Peltier cell for temperature control
was used. The tests were first carried out by varying the shear rate from 1 to 250 s−1 in order to define
the adequate shear rate (50 s−1). The test conditions were carried out to mimic the real synthesis
conditions in terms of temperature and stirring. The process started at 60 ◦C for 1 h, after which the
temperature was controlled to simulate the natural cooling process at 57, 45, 37, and 34 ◦C until the
viscosity reached a constant value. Only 30 mL were needed for the test, while the current reaction
was carried out in 1.8 L.

2.3.5. Dispersion of Nanoparticles in Solution

The electrophoretic light scattering (ELS) technique was used to evaluate the surface charge
of the particles and their dispersion stability at 25 ◦C in a NanoPlus-3 zeta/nanoparticle analyzer
(Micromeritics, Norcross, USA). In this test, several nanoparticle suspensions were prepared at 10 mg
L−1, with a pH adjusted between 2 to 12 by adding solutions of 0.1 mol L−1 HCl or 0.01 mol L−1 NaOH,
and then subjected to analysis. The zeta potential was calculated using the Smoluchowski equation,
derived from the calculation of the Doppler effect.

ζ = η U / ε (2)

U =
V
E

(3)

Δν = 2V n sin
(
θ
2

)
/λ (4)

where ζ is the zeta potential, η is the viscosity of the fluid (water), U is the electrophoretic mobility, ε is
the permittivity, V represents the speed of movement of the particles, E is the electric field, Δν is the
Doppler effect, n is the index of refraction, θ is the angle of detection, and λ is the wavelength of the
incident light.
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2.4. Adsorption Tests at High Pressure

The adsorption tests carried out below atmospheric pressure were described in sub-Section 2.3.2.
At high pressure, the CO2 adsorption capacity was evaluated in two different conditions: (i) under
pure CO2 in a manometric device (up to 3.0 MPa) and (ii) under a CO2/N2 flow in a gravimetric device
(up to 2.6 MPa). The details of each protocol are presented below.

2.4.1. Adsorption at High Pressure for Pure CO2–Manometric Device

The carbon nanospheres (CN.LYS2), sandstone, and impregnated sandstone (at mass fractions
of 10 and 20%) were investigated in High Pressure Volume Analyzer, HPVAII-200 (Micromeritics,
Norcross, USA) at 0 ◦C, 25 ◦C, and 50 ◦C and at pressures from 3 × 10−3 up to 3.0 MPa. In order to have
enough total surface area for adsorption and to minimize measurement errors, the amount of each
material inside the sample holder was around 0.5 g for nanoparticles, 1.5 g for impregnated sandstone,
and 14 g for sandstone. The contribution of the empty sample holder was systematically measured
and subtracted to all data to improve accuracy. The isosteric heat of adsorption, QST, was calculated
using the isosteric method with the Microactive software (from Micromeritics, Norcross, USA) from
three adsorption isotherms at 0, 25, and 50 ◦C, based on the Clausius–Clapeyron equation [51]:

− QST

R
=
∂ ln (P)
∂ (1/T)

(5)

where R is the universal gas constant (8.314 J mol−1 K−1), P is the absolute pressure, and T is
the temperature.

The excess adsorbed CO2 amount (Nexc, gCO2.gadsorbent
−1) was equal to the absolute adsorbed

CO2 amount (Nads, gCO2.gadsorbent
−1) minus the product of gas density in the bulk phase by the volume

of the adsorbed phase. The values provided by the HPVA device were obtained on an excess basis,
and therefore, the absolute amounts had to be determined as follows [52]:

Nads = Nexc

⎛⎜⎜⎜⎜⎝1+P + MCO2

Z ρliq R T

⎞⎟⎟⎟⎟⎠ (6)

where MCO2 is the molecular weight of CO2 (44.013 g mol−1), Z is the compressibility factor at the
considered pressure and temperature, and ρliq is the density of liquid CO2 (1032 × 103 g m−3).

The isotherms were fitted with the Sips and Toth models, which take into account multilayer
adsorption. Table 1 presents the equations for each model [53–55]. KS and KT represent adsorption
equilibrium constants for the Sips and Toth models, respectively, and the n and t parameters indicate
the heterogeneity of the system for the Sips and Toth models, respectively. The heterogeneity may
originate from the solid structure, from the solid energy properties, or from the adsorbate [54]. The
n or t parameters are usually greater than unity, and when they are the unit, the models assume the
Langmuir equation [54].

Nads = Nm
(KS P) 1/n

1 + (KS P) 1/n
(7)

Nads = Nm
(KT P) 1/t

1 + (KT P) 1/t
(8)
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Table 1. Models for adsorption isotherms.

Model Equations Parameters

Sips (7)

Nads (mmol g−1) is the adsorbed amount, Nm (mmol
g−1) is the adsorption capacity at equilibrium, P (kPa)
is the equilibrium pressure, and KS and n are the Sips
adsorption equilibrium constants, related to the
affinity and the heterogeneity of the system,
respectively.

Toth (8)

Nads, Nm, and P have the same meaning as above,
and KT and t are the Toth adsorption equilibrium
constants, related to the affinity and the
heterogeneity of the system, respectively.

2.4.2. Adsorption at High Pressure for CO2 and N2–Gravimetric Device

The CN.LYS2, sandstone, and impregnated sandstone CO2 isotherms (with a mass fraction of 20%
of nanoparticles) were investigated using a HP TGA 750 thermogravimetric analyzer (TA Instruments,
New Castle, USA) at 50 ◦C and high pressure from 0.03 to 3.0 MPa for CO2 and N2. This device was
equipped with a magnetic levitation top-loading balance, which made it possible to achieve high
accuracy and reduce the volume of the system. The amount of each material put inside the sample
holder was around 15 mg for nanoparticles, 40 mg for sandstone, and 40 mg for impregnated sandstone,
to have enough total surface area for adsorption. The contribution of the buoyancy effect was manually
subtracted from the data using blank tests carried out in the same conditions but with an empty
sample holder. From the adsorption results of each N2 and CO2 isotherm, it was possible to predict
the selectivity by applying the ideal adsorbed solution theory (IAST), which allows estimating the
competitive adsorption of the compounds in a mixture of gases as the flue gas. Based on the literature,
a model flue gas comprising 80% N2 and 20% CO2 was selected. The IAST was implemented in a
Python routine (package-pyIAST from Simon et al. [56]).

3. Results and Discussion

The results are divided into two main sections: (a) materials characteristics (nanoparticles and
sandstone) and (b) study of the interaction between CO2/nanoparticles/sandstone by adsorption
isotherms under different operation conditions (T, P).

3.1. Materials Characteristics

The morphology of the carbon materials obtained from melamine and carbon tetrachloride was
very heterogeneous. Figure 2a,b presents SEM images of two different zones wherein more or less
agglomerated nanospheres can be observed (Figure 2b). When the images are observed at lower
magnification, it can be noticed that some areas have fiber and block morphologies (Figure 2c), while
other areas have nanospheres/microspheres morphologies (Figure 2d).

After coating with resorcinol/formaldehyde, the hydrodynamic diameter of the CN.MEL particles
was higher than the limit of detection of the equipment (10 μm). For the e-CCS process, this material
might, thus, induce technical problems, due to the possible obstruction of the naturally porous
structure of the rock. The ultimate analysis (Table 2) shows that this material had a nitrogen content
close to 50% before coating and carbonization (Gel.MEL1), but of only 9.2% after coating with
resorcinol/formaldehyde (Gel.MEL2) and 2.2% after carbonization (CN.MEL). Therefore, CN.LYS and
CN.MEL materials exhibited similar nitrogen contents. Some N-rich carbon materials, reported in the
literature, have nitrogen content close to those obtained in this work [16]. The oxygen content was
measured independently from carbon, hydrogen and nitrogen content.
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(a) (b) 

  
(c) (d) 

Figure 2. SEM images at 5 kV of carbon nanospheres from melamine (CN.MEL) before
resorcinol/formaldehyde coating and final pyrolysis: (a,b) nanospheres and build fibers and blocks;
(c) area with structures in the form of fibers and blocks, and (d) distribution of nanospheres, fibers,
and blocks.

Table 2. Ultimate analysis of nanoparticles synthesized with melamine (CN.MEL) and L-lysine
(CN.LYS).

C (Mass Fraction %) H (Mass Fraction %) N (Mass Fraction %) O (Mass Fraction %)

Gel.MEL1 22.8 4.7 49.1 7.3
Gel.MEL2 55.9 5.0 9.2 31.0
CN.MEL 85.6 2.3 2.2 10.2
Gel.LYS1 59.5 6.7 5.1 31.9
Gel.LYS2 61.7 6.7 5.0 31.6
Gel.LYS3 62.7 6.4 5.0 28.3
CN.LYS1 88.6 1.7 1.7 9.9
CN.LYS2 91.1 1.7 1.9 12.0
CN.LYS3 91.9 2.1 2.2 12.8

The Gel.MEL1 (49.1% of nitrogen) was submitted to CO2 and N2 adsorption (at 0 ◦C and −196 ◦C,
respectively) but it was impossible to obtain the corresponding isotherms, possibly because of its too
low surface area. It is well known that the pyrolysis step induces a significant increase of narrow
porosity by elimination of volatile species. However, when the Gel.MEL1 is directly pyrolyzed, most
of the material undergoes decompositions and the yield is very low (< 5%).

The adsorption and desorption isotherms (N2 at −196 ◦C and CO2 at 0 ◦C) for nanomaterials
synthesized with melamine (CN.MEL) and L-lysine (CN.LYS) are presented in Figure 3, and the textural
parameters obtained from adsorption isotherms are presented in Table 3.

The micropore and the mesopore fractions of the CN.MEL and CN.LYS2 materials were similar
(67–64% and 33–36%, respectively) although their total pore volumes (at P/P0 = 0.95) were rather different.
Both CN.LYS1 and CN.LYS3 exhibited higher micropore fractions (72.7 and 92.3%, respectively), but had
lower values of ABET and total pore volumes than those of CN.MEL and CN.LYS2 materials (Figure 3).
The mesoporous volumen of CN.MEL is evidenced by the hysteresis loop in the range of relative
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pressures between 0.46 and 0.66. In the CN.LYS series, only CN.LYS2 was also mesoporous, but with
a different structure as deduced from the different shape of the hysteresis loop, occurring at higher
relative pressure. The CN.LYS1 texture was moderately mesoporous (28.6%). After the first dilution,
the CN.LYS2 texture was a little more mesoporous (36.6%), but after the third dilution, CN.LYS3 had a
predominantly microporous texture as evidenced by the type Ia of its N2 isotherm. The adsorption
capacity of CO2 at 0 ◦C was as expected according to the range reported in the literature, but the
synthesis process reported in this study was easier than many others reported so far [16,43,57]. The
experimental development considered important parameters for a possible industrial application,
such as operation at atmospheric pressure, relatively low temperature (60 ◦C), and relatively low time
(1 h) before carbonization. The carbon nanospheres are usually synthesized by methods that demand
greater energy and time [29].
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Figure 3. Adsorption (full symbols) and desorption (empty symbols) isotherms at atmospheric pressure
for nanoparticles synthesized with melamine (CN.MEL) and L-lysine (CN.LYS). (a) N2 at −196 ◦C and
(b) CO2 at 0 ◦C.

Table 3. Parameters obtained from adsorption isotherms (N2 at −196 ◦C and CO2 at 0 ◦C) for
nanomaterials synthesized with melamine (CN.MEL) and L-lysine (CN.LYS).

ABET

(m2 g−1)
V0.95

(cm3 g−1)
Vmic-N2

(cm3 g−1)
Vmic-CO2

(cm3 g−1)
Vmes

(cm3 g−1)

L0

(nm)
Eads.CO2

(kJ mol−1)

CN.MEL 713 0.42 0.28 (66.6%) 0.26 0.14 0.77 30.9
CN.LYS1 385 0.22 0.16 (72.7%) 0.18 0.06 0.84 32.4
CN.LYS2 612 0.36 0.23 (63.9%) 0.25 0.13 0.56 31.6
CN.LYS3 320 0.13 0.12 (92.3%) - 0.01 0.62 -

In order to provide explanations of the aforementioned trends, Figure 4 presents TEM pictures of
Gel.LYS (materials before carbonization) and CN.LYS (materials after carbonization).

Figure 4a,b present CN.LYS1 before and after carbonization, respectively. Here a mixture of
larger and smaller nanospheres can be seen. Figure 4c,d present smaller particles (approximately
50 nm) for CN.LYS2 before and after carbonization. These particles are more transparent than those of
the CN.LYS1 and CN.LYS3 materials, due to the more mesoporous texture of the CN.LYS2 material.
Figure 4e,f present CN.LYS3 before and after carbonization. It can be seen that a gel was formed around
the spheres. The L-lysine acts as a catalyst in the reaction, and therefore, if its amount is limited for the
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third dilution process, it might be the reason for the formation of a gel coating the spheres instead of
producing more nanospheres, which obstructs the porous structure of CN.LYS3. This would affect the
results presented in Figure 3 and Table 3 for CN.LYS3. The reproducibility for CN.LYS is significant,
the variation of size and CO2 capacity is less than 1%.

  
(a)   (b)  

 CN.LYS1 after carbonization  CN.LYS1 before carbonization 

  

  
(c)  (d)  

  
(e) (f) 

 CN.LYS2 before carbonization 

 CN.LYS3 before carbonization 

 CN.LYS2 after carbonization 

 CN.LYS3 after carbonization 

Figure 4. TEM images of carbon nanospheres synthesized with L-lysine. (a) Gel.LYS1, (b) CN.LYS1, (c)
Gel.LYS2, (d) CN.LYS2, (e) Gel.LYS3, and (f) CN.LYS3.

Figure 5 presents the rheological behavior of the synthesis solution/colloid/suspension (Sol.LYS1
without dilution, Sol.LYS2 for dilution 1, and Sol.LYS3 for dilution 2). The changes in temperature and
the stirring were chosen to reproduce the conditions of synthesis (60 ◦C for 1 h and after cooling at
room temperature). The cooling stage was controlled in the rheometer. The viscosity has changed
during synthesis because the reactive system underwent polymerization and condensation-related
changes to form the nanospheres, so that the system passed from the solution to the colloid and the
suspension. The differences in viscosity were related to the concentration of reagents in the solutions.
The third solution, Sol.LYS3, presented fewer changes during the synthesis process because the system
had a lower concentration of reagents as presented in Figure 4.

Based on the particle size analysis, porous texture, nitrogen content, and adsorbed amount of CO2

(at 0 ◦C and up to 1 bar), the CN.LYS material was selected to perform the adsorption tests in conditions
closer to those of the reservoir. Despite the high CO2 adsorption capacities exhibited by the CN.MEL
material, its size and shape would not allow its application in real reservoir conditions. Besides,
its synthesis process was more complex, with a higher number of steps and a higher consumption
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of energy and time, which were not compensated by significantly better physicochemical properties
regarding the CN.LYS.
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Figure 5. Rheological analysis of synthesis solutions with L-Lysine (Sol.LYS) in the same thermal
conditions but with different resorcinol/water molar ratios: 1:2778 (Sol.LYS1), 1:5556 (Sol.LYS2),
and 1:11112 (Sol.LYS3).

To analyze the behavior of the nanoparticles in aqueous medium, Table 4 presents the mean
particle size of nanomaterials (CN.LYS) and Figure 6 presents their zeta potentials. According to
the Stokes–Einstein equation, the diffusion coefficient is inversely proportional to particle size or
hydrodynamic diameter; therefore, it is possible to analyze whether the nanoparticles could interact to
form aggregates. Precipitation is only possible if the aggregates are big enough. Another important
concept is zeta potential; if zeta potential is high (negative or positive), the particles are stable due
to the high electrostatic repulsion between them. On the contrary, a low zeta potential (approaching
zero) increases the probability of particles colliding, and thus forming aggregates. The hydrodynamic
diameter was calculated for nanoparticles in water (at pH 5.8) and ethanol (at pH 7). Aggregate size
was less in ethanol (Table 4) because the pH affects the behavior in solution (Figure 6). However,
the results for nanoparticles suspended in water was close those obtained for nanoparticles suspended
in ethanol. For an industrial application and injection into the porous medium, the most economical
way is suspension in water.

Table 4. Mean particle size of nanomaterials in suspension, synthesized with L-lysine.

Material dp 50 (nm) in Water (pH 5.8) dp 50 (nm) in Ethanol (pH 7)

Gel.LYS1 579.4 361.5
Gel.LYS2 314.2 274.2
Gel.LYS3 1083.4 1957.1
CN.LYS1 801.1 785.9
CN.LYS2 242.6 239.9
CN.LYS3 2828.7 2587.4

For CN.LYS1 and CN.LYS3, a pH higher than 7 was better for rocks impregnation because the
zeta potential was farther from zero. For CN.LYS2, a pH higher than 7 or lower than 4.7 was better for
rocks impregnation. Gel.LYS2 presented the highest values of zeta potential at pH below 4, increasing
the natural precipitation time of nanoparticles after the synthesis process.

Figure 7 presents SEM images of the sandstone surface before (Figure 7a) and after (Figure 7b,c) the
impregnation step. Impregnation was achieved in water because of its lower cost and non-hazardous
nature, making it ideal for industrial applications. The distribution of CN.LYS2 particles was
homogeneously distributed on the surface (Figure 7b). The size of the aggregates was between 100 and
200 nm (Figure 7b). After one year, the sandstone continued to be impregnated, without showing any
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disintegration of nanoparticles from the sandstone surface. By thermogravimetric analysis, variations
of less than 5% of the percentage of impregnation were obtained. This can also be related to the
impregnation method without stirring, which might produce zones of lower nanoparticle concentration.
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Figure 6. Zeta potential for carbon nanoparticles synthesized with L-lysine.

  
(a) (b)  

Figure 7. SEM images of (a) sandstone and (b) sandstone impregnated with a mass fraction of 20%
of CN.LYS2.

The sandstone presented an ABET of 0.4 m2 g−1, and its CO2 adsorption capacity could not be
measured using conventional methods (<0.0013 mmol g−1 at 0 ◦C and atmospheric pressure). Sandstone
is mainly composed of silica, which has an acidic character as the CO2 molecule. Consequently, if the
specific area of the sandstone is low, its CO2 adsorption capacity is even lower than that which might
be expected for this specific area.

The sandstone was impregnated at a low nanoparticle concentration to evaluate its economic
feasibility at the industrial level. The sandstone impregnated with mass fractions of 0.1 and 0.01% did
not show a significant increase in its surface properties, unlike samples with higher mass fractions as
shown in Table 5. The textural parameters of the impregnated sandstones were indeed improved as
the percentage of nanoparticles on their surface increased. At a mass fraction of 20%, ABET and V0.95

increased by factors as high as 225 and 670, respectively.
Figure 8 shows adsorption isotherms of CO2 at atmospheric pressure and 0 ◦C, for raw sandstone

and sandstone impregnated at mass fractions of 0.01, 0.1, 1, 5, 10, and 20% of CN.LYS2. In addition,
it shows the slope changes related to the affinity between the adsorbent medium and the adsorbate.
The materials did not have significant affinity with CO2 at mass fractions of 0.01 and 0.1% and without
CN.LYS2. The affinity and adsorption capacity increased with the percentage of nanoparticles in the
system. The latter presented a different behavior above a mass fraction of 1%. Indeed, at a mass
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fraction of 1%, the adsorption capacity was increased by a factor 21 with respect to raw sandstone,
although the value was still low, 0.03 mmol g−1. At a mass fraction of 20%, the value was far higher,
0.63 mmol g−1, corresponding to an increment factor of 499. Different materials have been reported in
the literature [16,43] with specific surface modifications to increase the adsorption capacity of CO2,
but the value of adsorption capacity was similar to that of sandstone by adding a mass fraction of 10 or
20% of nanoparticles.

Table 5. Parameters obtained from adsorption isotherms (N2 at −196 ◦C and CO2 at 0 ◦C) for sandstone
impregnated with mass fractions of 1, 5, 10, and 20 % of CN.LYS2.

ABET

(m2 g−1)
V0.95

(cm3 g−1)
Vmic-N2

(cm3 g−1)
Vmic-CO2

(cm3 g−1)
Vmes

(cm3 g−1)
L0 (nm)

SS-1 2 0.003 0.002 0.002 0.001 0.56
SS-5 20 0.016 0.01 0.012 0.006 0.53
SS-10 49 0.035 0.021 0.023 0.014 0.51
SS-20 99 0.067 0.042 0.044 0.025 0.52
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Figure 8. Adsorption isotherms of CO2 at atmospheric pressure and 0 ◦C. (a) Mass fractions ≤1% and
(b) mass fractions ≥5%.

The effect of the impregnation method on the CO2 adsorption capacity at atmospheric pressure
and 0◦C was then evaluated. As explained before, immersion and soaking were achieved using two
different sets of conditions: (i) 6 h and 600 rpm and (ii) 24 h without stirring. Increasing the soaking time
by 18 h improved the adsorption capacity by more than 25% (Table 6). The values presented in Figure 8,
adsorption isotherms of CO2 at atmospheric pressure and 0 ◦C, thus correspond to Conditions 2.

Table 6. Relationship between soaking time and adsorption capacity of CO2 at atmospheric pressure,
0 ◦C and mass fractions of 5, 10, and 20%. Conditions 1: 6 h and 600 rpm; Conditions 2: 24 h
without stirring.

5% 10% 20%

Conditions 1 (mmol g−1) 0.12 0.27 0.49
Conditions 2 (mmol g−1) 0.16 0.33 0.63

Increment (%) from conditions 1 to 2 40.5 25.4 27.2
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To evaluate the possible synergistic behavior between NC.LYS2 and sandstone, the theoretical and
experimental values of the CO2 adsorption capacity are presented in Table 7. Theoretical values were
calculated by assuming a linear relationship and taking into account the CO2 adsorption capacities
and the percentages of each solid. The difference between theoretical and experimental values ranged
from 5 to 10%, which corresponds to the experimental error given the inaccuracy in the measurement
of the very low CO2 adsorption capacity of the sandstone. The differences could also be related
to the segregation of nanoparticles during the impregnation process, the nanoparticles not being
homogeneously distributed on the surface of the sandstone.

Table 7. CO2 adsorption capacity at atmospheric pressure, 0◦C, and mass fractions of 1, 5, 10, and 20 %.
Theoretical and experimental values.

1% 5% 10% 20%

Theoretical Nads (mmol g−1) 0.036 0.175 0.349 0.697
Experimental Nads (mmol g−1) 0.027 0.162 0.333 0.627

Relative difference (%) 23.8 7.4 4.7 10.1

3.2. High-Pressure Adsorption Tests

3.2.1. Pure CO2 Adsorption at High Pressure–Manometric Measurement Method

The e-CCS process requires evaluating the behavior of the materials at high pressure (up to
3 MPa) and at the temperature of a hypothetical reservoir (50 ◦C). Figure 9a–c present the absolute
CO2 adsorbed amount and the excess amount for CN.LYS2 at 0, 25, and 50 ◦C. The difference between
excess and absolute amounts appeared above 1 MPa, and represented 8.3% at 0 ◦C, 6.7% at 25 ◦C,
and 5.9% at 50 ◦C. This difference was lower when the temperature increased. Such a trend is consistent
with the fact that, at similar pressure, the density of the bulk phase decreases when the temperature
increases. The high-pressure intrinsic CO2 adsorption capacity of sandstone without impregnation had
a negligible effect on the measurement. Therefore, the evaluation was only carried out for sandstone
impregnated at mass fractions of 10% and 20% (Figure 9d,e). The difference between excess and
absolute adsorbed amounts of impregnated sandstone was similar to that of CN.LYS2, stranded out
after 1 MPa, and represented less than 10%, on average.
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Figure 9. Adsorption isotherms of CO2 at high pressure (3 × 10−3 up to 3.0 MPa) of CN.LYS2 at (a)
0 ◦C, (b) 25 ◦C, and (c) 50 ◦C; (d) sandstone impregnated with a mass fraction of 10% at 50 ◦C, (e)
sandstone impregnated with a mass fraction of 20% at 50 ◦C. (f) Relationship between the impregnation
percentages (mass fractions of 10 and 20%) and the adsorption capacity of CO2 at 3 MPa and 0, 25,
and 50 ◦C.

To observe the pressure effect on the adsorption capacity of CN.LYS2, the Nads at atmospheric
pressure and 0 ◦C (3.48 mmol g−1) was compared to Nads at 3 MPa and 0 ◦C (5.80 mmol g−1). The
increase of pressure produced an increase of Nads of 66.6%, indicating physisorption as the main
adsorption mechanism. At 50 ◦C, as expected, the adsorption capacity decreased by 20% due to the
exothermic character of adsorption. The obtained adsorption capacity is competitive compared to
other results reported for nanomaterials under similar conditions [43,44,58]. The effect of pressure on
the impregnated sandstone was also observed by comparing Nads at atmospheric pressure and 0 ◦C
(0.34 mmol g−1 for SS-10 and 0.63 mmol g−1 for SS-20) to Nads at 3 MPa and 0 ◦C (0.47 mmol g−1 for
SS-10 and 1.04 mmol g−1 for SS-20). The corresponding increases were 38.2% (SS-10) and 66.0% (SS-20),
respectively. The maximum Nads under reservoir conditions was 0.85 mmol g−1 at a mass fraction of
20% of CN.LYS2.

Figure 9e presents incremental factors comparing Nads for sandstone without impregnation to
Nads after impregnation with mass fractions of 10 and 20% at 3 MPa and 0, 25, and 50 ◦C. In the
conditions of a shallow reservoir (50 ◦C and 3.0 MPa), the incremental factor was 677 for SS-20. For the
e-CCS process, the pressure could increase up 6.0 MPa so that CO2 is still in vapor phase, which
allows a higher adsorbed amount. Appendix A presents the fit of the Sips and Toth models to the
CO2 adsorption isotherms at high pressure and at 0, 25, and 50◦C for CN.LYS2, SS-10, and SS-20
(Figures A1–A3, respectively). As expected, the Toth and Sips models led to very good fits: R2 > 0.99
for CN.LYS2, SS-10, and SS-20, and R2 > 0.75 for SS-10 at 0 ◦C. In the latter case, the concavity of the
isotherm was mainly due to the very rapid increase of the bulk density as a function of pressure with
respect to the increase of the density of the adsorbed phase at pressure higher than 1.5 MPa.

Figure 10a presents the isosteric heat of adsorption (Qst) of CN.LYS2 and of sandstone impregnated
with mass fractions of 10 and 20%, as a function of Nads expressed in mmol per gram of total adsorbent
material. Nads for SS-10 and SS-20 was small, and thus, Figure 10b presents Qst as a function of Nads in
mmol per gram of carbon adsorbent material. The values of Qst varied from 25 to 33 kJ mol−1, which
indicates a strong interaction in the adsorption system (high affinity). The interactions with the carbon
porous structure could be increased by nitrogen-containing groups that are present onto the carbon
surface. Nitrogen groups can indeed promote interactions between CO2 and the substrate. The values
of Qst compare favorably with those reported in the literature for different materials doped or not with
nitrogen (20–25 kJ mol−1, on average) [45,59–61].
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Figure 10. Isosteric heat of adsorption of CN.LYS2 and sandstone impregnated with mass fractions of
10 and 20%, as a function of the adsorbed CO2 amount expressed: (a) in mmol per total amount of
adsorbent material (sandstone and CN.LYS2) and (b) in mmol per amount of carbon adsorbent material.

The isosteric heat of adsorption of CN.LYS2 presented two distinct behaviors, whether Nads was
either (i) lower or (ii) higher than 3 mmol gcarbonadsorbentmaterial

−1. For case (i), Qst decreased with
Nads due to the increasing distance between the last adsorbed layer and the carbon surface, thus
decreasing the molecular interactions (Figure 10b). For case (ii), i.e., when Nads was higher than
3 mmol gcarbonadsorbentmaterial

−1, Qst increased due to the increased interactions between adsorbate
molecules [61]. For SS-10 and SS-20, the value of Qst also increased with Nads. Because the interactions
between sandstone (silica) and CO2 were weak and because the contribution of the surface area
associated to the carbon material was lower than for CN.LYS2 alone, it can be assumed again that the
interactions between the adsorbed gas layers prevailed [61].

3.2.2. CO2 and N2 Adsorption at High Pressure–Gravimetric Measurement Method

Using the PyIAST application and using the pure-components adsorption isotherms obtained
by experimental tests, it is possible to characterize the behavior of each component and to predict
the adsorbed amount of each component present in a mixture [56]. It is, thus, possible to obtain
the adsorbed amount at a constant temperature by varying the concentration of the components
(at constant pressure) or the pressure (at constant concentrations). Initially, it is necessary to use the
“isothermal interpolator” to generate data points that follow a given isothermal model, avoiding the
search for an appropriate analytical model and examining the quality of its fit to the data (i.e., Langmuir,
Freundlich or Toth, among others) [56]. The isothermal interpolator is a tool included in the PyIAST
package. After that, PyIAST takes the interpolated data for its calculations. Calculations are done
using a predesigned routine [56].

In the present case, the experimental data of each pure component (CO2 and N2) were obtained
by HP-TGA at 50 ◦C, between 0.1 and 2.5 MPa, and with a flow of CO2 or N2 (50 mL min−1 up to
1.0 MPa and 70 mL min−1 up to 2.5 MPa). The prediction was calculated at 50 ◦C by varying: (1) the
system pressure from 0.1 to 2.5 MPa at constant CO2 concentration of 20% and (2) the concentration
of CO2, from 5 to 100% at a constant pressure of 2.5 MPa. The evaluated materials were CN.LYS2
and sandstone from a real reservoir (RS) impregnated with a mass fraction of 20% of CN.LYS2. It
is important to mention that it might be possible to obtain considerable adsorbed quantities for a
cleaning and adsorption balance of more than 12–24 h, because the nanomaterials (main adsorbent)
are micro/mesoporous. A longer cleaning time thus allows eliminating adsorbed gases and moisture.
In the same way, an adequate equilibrium time allows for greater diffusion of the gas into the porous
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structure and greater interactions with the material, which would allow a higher adsorbed amount.
Therefore, to analyze the selectivity, a shorter time was used (cleaning and adsorption equilibrium
time of 2 h at each pressure).

It was not possible to obtain the CO2 isotherm for RS because the latter had a too low surface area,
so the maximum value for RS at 50 ◦C and 2.5 MPa was 0.033 mmol g−1. For RS, the adsorbed amount
of N2 was 3.19 mmol g−1 at 50 ◦C and 2.5 MPa. Figure 11a,b present the CO2 and N2 adsorption
isotherms under continuous gas flow for CN.LYS2 and RS-20. The increment factor of Nads for RS-20
with respect to RS was 19 (0.66 mmol g−1 at 50 ◦C and 2.5 MPa). In addition, the theoretical value of
Nads for RS with a mass fraction of 20% of CN.LYS was 0.78 mmol g−1 but the experimental value was
0.66 mmol g−1 (i.e., 85% of the theoretical one).
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Figure 11. Adsorption isotherm of CN.LYS2 and RS-20 at 50 ◦C between 0.1 and 2.5 MPa for (a) pure
CO2 and (b) pure N2. Adsorption isotherm simulating a N2/CO2 mixture at 50 ◦C, constant CO2

concentration of 20% and varying the pressure for (c) RS-20 and (d) CN.LYS2; and varying the CO2

concentration at constant pressure of 2.5 MPa for (e) RS-20 and (f) CN.LYS2.

Figure 11c,d present the simulated adsorbed amount for a N2/CO2 mixture at constant CO2

concentration of 20% and at 50 ◦C by varying the pressure for RS-20 and CN.LYS2, respectively.
For RS-20, the affinity for CO2 was higher (P < 1 MPa) compared to RS without impregnation,
but the Nads for N2 was superior (123.5%) to that for CO2 (Figure 11c). For RS-20, the CO2 isotherm
obtained a form that would be impossible to obtain without impregnation due to the lack of surface
area and molecular interactions. The isotherm for CN.LYS2 showed a higher affinity for CO2 and a
correspondingly higher Nads than for N2, which, above 0.5 MPa, decreased considerably (Figure 11d).
Similar conditions occurred when the CO2 concentration was varied at 2.5 MPa and 50 ◦C (Figure 11e,f),
CN.LYS2 had more affinity for CO2 than RS-20, and CN.LYS2 had a considerably higher Nads for CO2

than for N2. Figure 11e shows the increment of Nads only for CO2 while the CO2 concentration was
increased in RS-20; at low concentrations of CO2 (< 30%), the Nads for N2 was higher. For CN.LYS2 at
low concentrations of CO2 (1%), the slope increment was significant, indicating a higher affinity for
CO2 at low concentrations.

From Figure 11, it can be concluded that the pyIAST is a useful tool because it is possible to
simulate the behavior of adsorption systems from some pure gas adsorption data.

4. Conclusions

To the best of our knowledge, this is the first study using nanoparticles to modify the CO2

adsorption capacities of a reservoir in a carbon capture and storage (CCS) process. Moreover, this is
the first research proposing a possible new configuration of the CCS process in which the storage is
performed in shallow reservoirs (less than 300 m). We called it enhanced CCS (e-CCS), for which the
main advantage is that the CO2 capture/separation step is removed, and the flue gas is injected directly
into shallow deposits, where the CO2 is gaseous and where the adsorption phenomena control capture
and storage.

Nitrogen-rich carbon nanospheres allowed increasing the adsorption capacity by 67,700% with a
mass fraction of only 20% under realistic reservoir conditions (50 ◦C and 3 MPa). This was possible
thanks to the higher surface area and to the favorable chemical composition, which promoted the
capture and storage of CO2. These N-doped carbon nanospheres, synthesized by a simple process,
had competitive CO2 capture performances compared to other special materials reported in the
literature. Therefore, this research opens an interesting line of research that would expand knowledge
in the field of carbon nanospheres for application in the adsorption and geological storage of CO2.
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Appendix A

This section presents the adsorption isotherms fitted by the Sips and Toth models, for CO2 at high
pressure and 0, 25, and 50 ◦C. This information is related to Section 3.2.1. Pure CO2 adsorption at high
pressure–Manometric measurement method.
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Figure A1. Adsorption isotherms fitted by the Sips and Toth models for sandstone impregnated with a
mass fraction of 10% of carbon nanospheres synthesized with L-Lysine (CN.LYS2) at (a) 0◦ C, (b) 25 ◦C,
and (c) 50 ◦C.
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Figure A2. Adsorption isotherms fitted the Sips and Toth models for sandstone impregnated with a
mass fraction of 20% of carbon nanospheres synthesized with L-Lysine (CN.LYS2) at (a) 0 ◦C, (b) 25 ◦C,
and (c) 50 ◦C.
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Figure A3. Adsorption isotherms fitted by the Sips and Toth models for carbon nanospheres synthesized
with L-lysine (CN.LYS2) at (a) 0 ◦C, (b) 25 ◦C, and (c) 50 ◦C.
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Abstract: Graphene-based materials are widely studied to enable significant improvements in
electroanalytical devices requiring new generations of robust, sensitive and low-cost electrodes. In this
paper, we present a direct one-step route to synthetize a functional nitrogen-doped graphene film
onto a Ni-covered silicon electrode substrate heated at high temperature, by pulsed laser deposition of
carbon in the presence of a surrounding nitrogen atmosphere, with no post-deposition transfer of the
film. With the ferrocene methanol system, the functionalized electrode exhibits excellent reversibility,
close to the theoretical value of 59 mV, and very high sensitivity to hydrogen peroxide oxidation. Our
electroanalytical results were correlated with the composition and nanoarchitecture of the N-doped
graphene film containing 1.75 at % of nitrogen and identified as a few-layer defected and textured
graphene film containing a balanced mixture of graphitic-N and pyrrolic-N chemical functions.
The absence of nitrogen dopant in the graphene film considerably degraded some electroanalytical
performances. Heat treatment extended beyond the high temperature graphene synthesis did not
significantly improve any of the performances. This work contributes to a better understanding of the
electrochemical mechanisms of doped graphene-based electrodes obtained by a direct and controlled
synthesis process.

Keywords: graphene; nitrogen-doped graphene; pulse laser deposition; electrochemical analysis;
oxygen peroxide oxidation
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1. Introduction

Graphene is considered to be a promising 2D material thanks to its unique versatile properties,
in particular high thermal and electrical conductivity, with many potential applications as an electrode
in chemistry and as an electrocatalyst in fuel cells, field emitters, batteries, supercapacitors, and sensors
(for a review, see Reference [1]).

The structure and electronic properties of graphene can be tailored by heteroatom doping,
in particular by incorporating nitrogen, thereby opening the band gap and transforming graphene into
a semiconductor, as recently reviewed by Yadav et al. [2] and Xu et al. [3].

Some authors have studied the electrochemical properties of N-doped graphene (NG) in various
experimental conditions. Wang et al. [4] obtained NG with a nitrogen content ranging between 0.11
and 1.35 at %, by nitrogen plasma exposure of graphene prepared by chemical reduction of graphene
oxide. The NG films exhibited consistent electrocatalytic activity for the reduction of hydrogen
peroxide (H2O2), as well as high sensitivity and selectivity for glucose biosensing. Shao et al. [5]
compared the electroanalytical properties of NG electrode with pure graphene (G) and Pt/C electrode.
Oxygen reduction reaction (ORR) overpotential is lower on NG than G, meaning that N doping
significantly increases the electrocatalytic activity of graphene towards ORR. Although the NG
electrode exhibited a lower initial electrocatalytic activity than Pt/C, it was much more stable and
durable, suggesting that it may be possible to replace expensive Pt with low-cost NG. Moreover,
unlike Pt, ORR on NG was not influenced by fuel molecules, making NG in direct liquid fuel cells
very promising. The overpotential during electrocatalytic H2O2 reduction was significantly reduced,
and a well-defined and enhanced H2O2 reduction peak was observed around −0.2 V, demonstrating
better NG electrocatalytic activity compared to undoped graphene for H2O2 sensing. Ruiyi et al. [6]
incorporated nitrogen in multiple graphene aerogel/gold nanostars (N-doped MGA/GNS) and
reported that such a sensor was more sensitive than that of all reported DNA sensors to date.
Saengsookwaow et al. [7] showed that, during cyclic voltammetry, a screen-printed carbon electrode
(SPCE) functionalized by NG/Polyvinylpyrrolidone PVP/Gold nanoparticles (AuNPs) increased the
anodic peak current by a factor of 10 compared to unmodified SCPE, due to a significant improvement
in the interfacial charge transfer. This type of electrode showed higher electrochemical sensitivity and
electrocatalytic activity toward hydrazine oxidation, leading to successful determination of hydrazine
content in fruit and vegetable samples. Recently, Li et al. [8] also studied SPCE functionalized by NG
sheets (NGS) obtained from graphene oxide and reported consistent sensitivity, selectivity and stability
(with less overpotential required for oxidation) for nicotine detection, including when the molecule
was in urine and tobacco samples.

However, most previous studies were performed with NG synthetized using rather complex
chemical routes, with limited control of the nitrogen concentration incorporated in the graphene
network. Thus, the investigation of electrochemical properties of NG films obtained by more simple
routes is still of great interest for the next generations of electrodes. In particular, synthesis of NG
film in one step from a solid carbon source directly onto silicon electrodes has been less explored than
NG films obtained by other routes, including CVD processes and various reduction processes of GO
by thermal annealing, plasma treatment, hydrothermal or solvothermal reactions in the presence of
a nitrogen precursor. In a previous paper [9], we reported on the performance of a graphene electrode
processed in one step by pulsed laser deposition directly coupled with in situ thermal annealing
(PLD-TA). The electrochemical behavior of the NG film was studied in the presence of the redox
probe, ferrocene methanol, which was shown to be the most suitable for quantifying electron transfer
with graphene. Cyclic voltammetry revealed excellent electrochemical kinetic and quasi-reversibility
performances. The attachment of ethynyl aryl groups on the surface of the electrode was robust, paving
the way for the specific attachment of molecules bearing an azide function using the click reaction.

Moving on from there, in the present study we investigated the electroanalytic performance of
a NG-functionalized electrode obtained using the one-step PLD-TA process previously successfully
used for the electroanalytical investigation of pure graphene film. In a recent review [10], we mentioned
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that only three papers reported on the synthesis of NG films from an amorphous nitrogenated carbon
film (a-C:N) obtained by PLD. Kumar et al. [11] reported in situ growth of n-type NG films (2 at %
of nitrogen) by PLD performed at 973 K, with an increase in electrical conductivity with increased
nitrogen partial pressure. Ren et al. [12] used the same approach and obtained NG films (1.7 to
3.2 at %) showing improved chemical enhancement for Raman analysis of absorbed Rhodamine 6G
molecules, compared to pristine graphene. Recently, our group reported for the first time the synthesis
of NG-doped few-layer graphene from a solid state nitrogen carbide (a-C:N film) synthetized by
femtosecond pulse laser ablation [13]. We investigated the nanostructure and chemical composition of
an NG film obtained by a vacuum thermal annealing at 780 ◦C of an a-C:N film previously deposited
onto a SiO2 substrate and further covered by a Ni catalytic film (150 nm). Here we optimize the
previous protocol to form the NG film directly by high temperature condensation of the laser-induced
carbon plasma plume in the presence of nitrogen atmosphere, onto the Si electrode previously covered
by a Ni catalytic film. The structure and composition of the NG film, compared to undoped ones,
were investigated by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (FEG-SEM). To show the interest of using NG film as an electrode for biological
applications, its performance in the detection of hydrogen peroxide (H2O2) was compared to that of
graphene film. H2O2 is the product of the enzymatic detection of glucose in diabetes diagnosis and its
electrochemical detection is implemented in a commercial glucometer. Moreover, H2O2 is involved
in different signal transduction pathways and cell fate decisions. The “redox signaling” mechanism
includes the H2O2-mediated reversible oxidation of redox sensitive cysteine residues in enzymes and
transcription factors, thereby altering their activities. In comparison to normal cells, cancer cells are
characterized by an increased H2O2 production rate and an impaired redox balance, thereby affecting
the microenvironment as well as the antitumoral immune response [14]. There is consequently a strong
demand for hydrogen peroxide detection in the cell environment.

2. Materials and Methods

2.1. Graphene Film Synthesis and Characterization

Figure 1 is a schematic diagram of NG film synthesis. Nickel film (150 nm thick) was deposited
by thermal evaporation on the top of an n-doped silicon substrate, previously cleaned (in acetone
then in ethanol and DI water baths) in a vacuum chamber pumped at a base pressure of 10−6 mbar.
High purity (99.99%) Ni was molten thermally in a tungsten nacelle and evaporated towards the
substrate. The deposition rate was set at 1.5 nm/min to minimize residual stress in the growing film,
thereby limiting film delamination. The Ni/Si samples were introduced in the PLD chamber pumped
at a base pressure of 10−6 mbar, annealed at 780 ◦C for 30 min to increase the Ni grain size. While
maintaining the temperature of 780 ◦C, carbon was ablated from a high purity graphite (99.9995%)
target using a femtosecond laser (wavelength = 800 nm; pulse width = 60 ns, repetition rate = 1 kHz,
energy density = 5 J/cm2) at a temperature of 780 ◦C. The Ni/Si substrates were mounted on a sample
holder placed at a distance of 36 mm from the graphite target. Nitrogen gas (99.9995% purity) was
introduced as a reactant gas in the vacuum chamber at a pressure of 10−1 mbar.

Figure 1. Synthesis of the N-doped graphene electrode.
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Undoped graphene films were also synthetized using the same protocol, but without introducing
nitrogen gas during carbon ablation. The ablation time was adjusted to keep both carbon and
nitrogenated carbon film thicknesses equal to 40 nm. In some cases, the temperature of 780 ◦C
was maintained for a defined period after deposition to observe the effect of longer heating periods.
The procedure ended with natural cooling of the samples, before opening the vacuum chamber. In the
present paper, we selected four deposition conditions to highlight the major effects due to nitrogen
doping, compared to undoped films. The conditions are summarized in Table 1.

The morphology of the sample was observed using a field emission gun scanning electron
microscope (FEG-SEM) Novananosem 200, (FEI, Hillsboro, OR, USA) operated at 15 kV. Micro-Raman
analyses were performed using an Aramis spectrometer (Horiba Jobin Yvon, Gières, France), with
442 nm (2.81 eV) excitation laser focused through a ×100 objective with high aperture, ensuring the
micrometric resolution of the analysis, and allowing for precise Raman mapping of the samples.

Table 1. Specific deposition parameters of the graphene films.

Graphene Films
N2 Pressure during Deposition

at 780 ◦C
Additional Period of Annealing at 780 ◦C

after Deposition

NG-0 10−1 mbar No additional annealing

NG-60 10−1 mbar 60 min

G-60 – 60 min

G-90 – 90 min

For each sample, 20 × 20 μm2 areas were scanned, recording a Raman spectrum every 2 μm
(giving a total of 100 spectra per scanned area). The laser power was kept below 3 mW to avoid
damaging the surface of the film. Raman components were associated with a Lorentzian fit, safe
for the asymmetric G peak, which was fitted using a Breit-Wigner-Fano function. A custom fitting
function was computed for all recorded spectra, and a simple linear function was added to eliminate
the background. This enabled access to the exact values of the various peak positions, widths and
maximum peak height intensity. XPS analysis was performed at the SOLEIL Synchrotron (Saclay,
France) on the ANTARES beam line. The ring operating conditions were 2.5 GeV electron energy,
with injection currents of 500 mA and “Top-up” mode. Radiation was monochromatized using
a plane-grating monochromator (PGM), which is characterized by a slitless entrance and the use of
two varied linear spacing (VLS) gratings with variable groove depth (VGD) along the grating lines.
The diameter of the X-ray spot impinging the surface is 140 μm and the X-ray energy was fixed at
700 eV for analysis of the graphene films. The photoemission spectra were taken with incident photon
energies of 700 and 350 eV, with 190 meV and 140 meV energy resolution, respectively.

2.2. Electrochemical Measurements

Electrochemical measurements were carried out in a conventional one compartment three
electrode cell with an internal volume of 5 mL. This electrochemical cell was designed to maintain
a fixed distance between the electrodes. It was manufactured with two inlets, one for positioning the
reference electrode and the other for injecting H2O2. This feature prevented further manipulation or
movements of the electrodes (fixing the geometry of the cell and also ensuring the reproducibility
of measurements). For this work, a saturated calomel electrode from Hach Lange (Marne-la-Vallée,
France) was used as the reference electrode, a planar platinum electrode (0.59 cm2) was used as
the counter electrode and the nitrogen doped and undoped graphene samples were the working
electrodes. The active surface of the working electrode, determined by a polyethylene terephthalate
(PTFE) O-ring seal, was 0.07 cm2. This three-electrode system was connected to a Bio-Logic potentiostat
VMP2 (Bio-Logic Science Instruments, Seyssinet-Pariset, France). Results were recorded using EC-Lab
software (v11.27) from Bio-Logic Science Instruments. In order to characterize the electron transfer rate
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for the different nitrogen doped and undoped graphene samples, cyclic voltammetry was performed in
a 0.5 M 1,1′ ferrocene-dimethanol solution of 0.1 M NaClO4. The scan rate was 100 mV/s. The detection
of H2O2 in a non-deaerated 0.1 M phosphate buffer saline (PBS) solution (pH 7.4) was detected through
linear sweep voltammetry in the anodic range from 0 to 1000 mV with a scan rate of 100 mV/s.

3. Results

Cyclic voltammetry measurements obtained with ferrocene methanol on pure graphene and NG
films are presented in Figure 2, and the main results of the electrochemical measurements are listed in
Table 2. The capacitive current appears to be higher with pure graphene film, due to the formation of
more edge structures [15].

 
(a) (b) 

  
(c) (d) 

Figure 2. Cyclic voltammetry on (a) NG-0; (b) NG-60; (c) G-60 and (d) G-90 films, in a 0.5 M
1,1′ ferrocene-dimethanol solution of 0.1 M NaClO4. The scan rate was 100 mV/s.

Table 2. Results of electrochemical measurements on NG and pure graphene films.

Graphene
Films

Anodic Peak
Intensity

ΔE between Anodic and
Cathodic Peaks

Intensity for 500 mM
H2O2

NG-0 4.0 μA 60 mV 1200 μA

NG-60 10 μA 78 mV 700 μA

G-60 5.7 μA 65 mV 5 μA

G-90 8.7 μA 82 mV 4 μA

The length of the annealing time following graphene growth had no significant effect on the
intensity of the anodic peak of ferrocene methanol. The value of ΔE between anodic and cathodic
peaks of ferrocene methanol increased with an increase in annealing time for both graphene and NG
films. For the NG-0 film, in the absence of annealing following growth, the value of ΔE was close to
the theoretical value of 59 mV, showing the high reversibility of the redox probe.

The oxidation of hydrogen peroxide began at a potential value of 600 mV for both types of films,
as shown in Figure 3. The values of the oxidation intensities, reported in Table 2 for 500 mM of
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hydrogen peroxide, were measured at a potential value of 1 V. Our results show that the NG-0 film has
excellent electrocatalytic properties without additional annealing after graphene growth, leading to the
high reversibility of the ferrocene methanol redox probe and high sensitivity for hydrogen peroxide
detection, with a detection limit of 1 mM and an oxidation intensity 240 times higher for 500 mM of
H2O2 than undoped G-60 film.

  
(a) (b) 

  
(c) (d) 

Figure 3. Linear sweep voltammetry of the (a) NG-0; (b) NG-60; (c) G-60 and (d) G-90 films, in the
presence of different concentrations of H2O2 in 0.1 M PBS solution (pH 7.4).

The direct observation of the graphene-covered electrode by FEG-SEM (Figure 4) highlights
a textured surface, with grain sizes in the range of 100 nm whatever the nature of the graphene film.
Such a surface architecture is typical of graphene films synthetized on Ni films elaborated by thermal
evaporation with subsequent Ni grain growth during the annealing process used to form the graphene
films [9]. We do not observe any significant differences of morphology, with the FEG-SEM resolution at
hand, between the four different graphene layers. Probably, the thermal heating during the PLD process
is the crucial step inducing such a morphology, and the additional thermal annealing carried out on
NG-60, G-60 and G-90 does not affect the surface morphology. Certainly, the nature and composition of
the films, as deduced from XPS and Raman investigations, with such a significant difference between
undoped and N-doped graphene films versus thermal annealing, is worth underlining. XPS was
carried out on the NG-0 film obtained without post-annealing, given the significant electroanalytical
result related to hydrogen peroxide oxidation. In Figure 5A, the XPS survey spectrum of the NG-0 film
shows carbon located near 284 eV, nitrogen located near 400 eV, and some traces of oxygen near 533 eV.

The N/C intensity ratio deduced from the spectra was 0.01786, which is consistent with a nitrogen
doping of 1.75 at %. Figure 5B shows deconvolution of the C1s into three components. The most
intense component was centered at 284.4 eV and was attributed to sp2 hybridized C atoms in graphene.
The two other ones were located at 284.9 and 285.8 eV, respectively. The component at 284.9 eV was
attributed to disordered carbon (CB) and may be considered as an intermediate state between sp2 and
sp3 hybridizations that can be found in nano-diamond and amorphous carbon films, in agreement
with References [16–18].
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The component at 285.8 eV was attributed to C–N or C–O bonds [19,20]. However, it is known
that the peak of C–O is overlaid with C–N; therefore, it may be difficult to discriminate between the
C–N and C–O oxygen group [4,9,12].

  
(a) (b) 

  
(c) (d) 

Figure 4. FEG-SEM images of (a) pure graphene with 60 mn post-deposition annealing; (b) pure
graphene with 90 mn post-deposition annealing; (c) N-doped graphene with no post-deposition
annealing; (d) N-doped graphene with 60 mn post-deposition annealing. The sub-micrometer texture
was attributed to the texturing of the Ni catalyst film caused by thermal annealing. The four images
are depicted with the same magnification 1 μm as noted on the image related to NG-60.

Figure 5. XPS spectra of the N-doped NG-0 graphene film; (A) XPS 700 eV overview spectrum; (B) XPS
350 eV C1s core level spectrum; (C) XPS 700 eV N1s core level spectrum; and (D) XPS 700 eV O1s core
level spectrum.
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Raman results related to the undoped and doped graphene films are shown in Figure 6. All
the samples had the bands traditionally found in Raman spectrometry graphene materials; these
results are in agreement with those reported in References [21,22]. For graphene films, the D, G and
2D bands are the most significant for the characterization of the thin film structure. The G band
is associated with covalent C–C bonding vibrations in the graphite matrix and is present in every
carbon material containing sp2 bonding. The D band is associated with the pulsation of aromatic
circles (“breathing mode”) and appears only in the presence of defects and dislocations in the graphitic
matrix. The intensity ratio between the D band and G band (D/G) is thus an indication of disorder in
the carbon structure. The 2D band is associated with a double resonance Raman scattering process
between two aromatic circles. It appears in both graphene and graphite, and the intensity ratio of the
2D band versus the G band (2D/G) is a good indicator of the graphene-like quality of a thin film, a ratio
higher than 1 being indicative of monolayer graphene. In non-defective graphene, the study of the 2D
peak position and width is also a good way to count the number of layers and to identify their stacking
configuration [22,23]. Additional D + D”, D + D’ and 2D’ bands are also observed in Figure 6. The D
+ D” and 2D’ peaks are, as the G and 2D peaks, usual features in most graphene samples [24]. They
emerge, like the 2D peak, as a combination of two phonon mode individually associated with defects
(D’ and D”) allowing so-called breathing of aromatic rings in carbon materials. The combination of
those resonances can appear without defects as the two phonons can verify momentum conservation
provided they have opposite wavevectors. In the case of the D + D’ band, also sometimes labelled
as D + G, the comprehension of excitation mechanisms remains rather unclear, but whether it is
a combination of D and G phonons or D and D’ does not change the fact that respectively one or both
of the phonons need a defect to arise. Thus, the D + D’ band mostly appears in defective graphene-like
material [25], which explains its presence in our materials.

Figure 6. Typical Raman spectra of undoped and N-doped graphene films. The temperature during
PLD graphene synthesis was 780 ◦C in all cases. Post-annealing times (min) are indicated in parentheses.
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All the Raman spectra shown in Figure 6 present a higher D band compared to the G band,
implying a very defective nature of the thin films. The 2D peak maximum was always lower than the
G peak maximum, which may be associated with the multilayer nature of the graphene. A reduction
in the 2D band in N-doped samples should also be noted; this is expected when nitrogen is introduced
in the graphene matrix [13], although one would also expect an increase in the D/G ratio [26], which
was not the case here. Typical maps of peak ratios, like the one in Figure 7 related to the multilayer
pure graphene sample obtained with 90 mn post-annealing, enable evaluation of the uniformity of
the synthesized thin films. In the case of pure graphene, a relative lack of uniformity appears in both
the 2D/G and D/G ratios, with respective variations from 0.5 to 0.9 and from 1.0 to 1.3. The lack
of homogeneity at the micrometric scale is consistent with the defective nature of the film. A slight
correlation between areas with low D/G ratio and low 2D/G ratio can be observed, consistent with
a slightly higher number of defects in areas where there are fewer graphene layers.

  
(a) (b) 

Figure 7. Maps of the Raman (a) 2D/G and (b) D/G intensity ratios recorded at the 442 nm excitation
wavelength on a 20 × 20 μm2 area of the pure graphene film annealed at 780 ◦C for 90 min (G-90). X-Y
scales in μm.

Figure 8 shows the impact of incorporating nitrogen in the sample synthesized at 780 ◦C
with no post-annealing. The intensity ratio of the 2D and G peaks exhibit considerably less
variation than in Figure 7, whereas the D/G intensity ratios still show high variability (note that
in Figures 7 and 8 the scales of the color bars are not the same) but are generally lower. This may mean
that incorporating nitrogen helps to stabilize the multilayer graphene on the substrate, giving it a more
organized structure.

  
(a) (b) 

Figure 8. Maps of the Raman (a) 2D/G and (b) D/G intensity ratios recorded at an excitation
wavelength of 442 nm on a 20 × 20 μm2 area of the N-doped graphene film with no post-deposition
annealing (NG-0). X-Y scales in μm.

The Raman findings are summarized in Table 3 where the average fit parameters obtained for
scanned areas relate to the four samples. As mentioned above, we focused on the D, G and 2D peak
parameters. The 2D/G and D/G intensity ratios further confirm the information provided by Figure 6.
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Pure graphene samples exhibited higher ratios of both the 2D/G and D/G bands than the N-doped
graphene samples.

Table 3. Average Raman fit parameters and parameter ratios for four undoped and doped multilayer
graphene samples with different post-annealing durations. The standard deviation for each parameter
is in parentheses.

Samples

Intensity Ratio
(Standard Deviation)

Peak Position (cm−1)
(Standard Deviation (cm−1))

Peak Full Width Half Maximum (cm−1)
(Standard Deviation (cm−1))

2D/G D/G D G 2D D G 2D

NG-0 0.369
(0.011)

0.722
(0.032)

1365.6
(0.7)

1589.8
(1.7)

2721.7
(1.9) 78.2 (2.0) 73.9 (0.8) 139 (3.2)

NG-60 0.386
(0.011)

0.903
(0.026)

1366.8
(0.6)

1595.0
(1.00)

2724.4
(1.9) 69.5 (2.1) 71.0 (1.4) 129.0 (5.0)

G-60 0.659
(0.036)

1.242
(0.029)

1365.6
(0.8)

1594.5
(1.0)

2727.0
(1.7) 59.5 (1.4) 68.1 (2.1) 111.1 (2.6)

G-90 0.712
(0.060)

1.183
(0.042)

1365.9
(0.8)

1591.9
(1.7)

2726.2
(2.0) 60.4 (5.2) 66.8 (3.1) 108.4 (4.6)

It should be noted that, in the course of this study, further post-annealing durations were tested
in addition to those presented here. It was impossible to obtain any kind of pure graphene material
without at least 30 min of post-deposition annealing. However, it was possible to synthesize an
N-doped graphene film without post-annealing, i.e., the substrate was left to cool naturally immediately
after the a-C:N pulsed-laser deposition. We would like to underline that this possibility implies an
effect of the nitrogen environment on the catalysis of graphene growth by Ni, which opens the way for
a more rapid fabrication of N-doped graphene. This also implies that, despite the high temperature
used for graphene synthesis using annealing on a nickel catalyst, the as-deposited carbon structure
may have a strong influence on the catalytic process. Additionally, it appears that lengthening the
post-annealing period is an advantage with pure few-layer graphene, as the peak D/G ratio decreased
and the 2D/G ratio increased when post-annealing time was increased from 60 to 90 min. This is in
contrast to the fact that for N-doped graphene films, post-annealing only appeared to increase the
D/G ratio, pointing to a higher number of defects.

All the observed peaks appear to be more intense than those of monocrystalline non-defective
graphite or graphene. The full width at half maximum (FWHM) of the G peak is generally around
15 cm−1 [22] while here it was 70 cm−1. The width of this peak may be associated with the distortion of
the C–C sp2 bonding angle. This is to be expected due to the nanotexturing of our samples, as observed
by FEG-SEM shown in Figure 4. The position of the peak was also always upshifted here compared to
graphite or monolayers graphene, i.e., between 1590 and 1595 cm−1 compared to 1582 cm−1 [22].

These characteristics, combined with the high D versus G peak intensities ratio, are clear indicators
of highly nano-crystallized graphene-like layers. The broadening of all peaks due to the nanotexturing
of the substrate during annealing makes it impossible to draw clear conclusions concerning the precise
number of graphene layers by studying the 2D band Full Width Half Maximum (FWHM).

4. Discussion

The objective of this section is to discuss the significant improvement of electroanalytical oxidation
of H2O2 by the N-doped graphene films compared to undoped ones in more detail. What is the main
effect among the defective nature of the N-doped graphene films, the dopant concentration or the
nature/proportion of the nitrogen chemical functions in the graphene network?

According to the previous section, the morphologies of all films (doped and undoped) appear to
be textured, probably due to the texturing of the nickel catalyst surface caused by thermal annealing.
We previously showed that the formation of nickel silicide contributed to texturing when graphene
was grown on a silicon substrate covered by a Ni thin film [27].
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Likewise, all films have a defective structure, as shown by Raman investigations, and nitrogen
doping at a concentration as low as 1.6 at % does not significantly influence the defective structure of
graphene, which is probably inherent to the synthesis process, as already observed by Schiros et al.,
who compared CVD synthesis of graphene and N-doped graphene films [28]. Moreover, when
extended beyond the N-doped graphene synthesis, heat treatments do not cause significant changes
to the nanoarchitecture of graphene film in terms of texture and number of graphene layers. Based
on the comparison of the 2D/G and D/G ratio maps, the textured films are heterogeneous and the
concentration of defects was slightly higher in areas where there are fewer layers of graphene.

However, a huge difference in electroanalytical oxidation of H2O2 was observed between undoped
and N-doped graphene films, and the difference was more pronounced when the heat treatment was
limited during the PLD film growth in the presence of nitrogen gas. The in situ nitrogen doping
process during PLD graphene growth described in the previous section, led to the formation of
a few-layer graphene film containing 1.75 at % of nitrogen, with a similar proportion of pyrrolic-N
and graphitic-N, and a negligible amount of pyridinic-N. According to the literature, in particular,
in Wang et al. [4] and in Shao et al. [5], the presence of incorporated nitrogen induces a change in
the Fermi level, which is responsible for the doping effect and opens the band gap of the graphene
structure, thus enhancing electrochemical reactivity. The high level of electronic state density and the
efficient quantity of free electrons in N-doped graphene facilitates H2O2 oxidation. In particular, carbon
atoms adjacent to nitrogen dopants may have a substantially positive charge density to counterbalance
the higher electronic affinity of N atoms, consistent with the increased adsorption of H2O2 involved in
the oxidation reaction. Such a mechanism has also been shown by density functional theory (DFT)
simulating the physisorption process of H2O2 onto graphene-based surfaces [29]. Additionally, the
structural defects resulting from N doping increased the amount of unsaturated carbon atoms located
at graphene edge sites, which appeared to be very active in reacting with oxygen containing groups.
During H2O2 electrocatalytic oxido-reduction, the O–O bond in H2O2 was more easily broken at the
surface of N-doped graphene because N doping induced the charge delocalization of graphene. With
our NG-0 film, in the absence of annealing following growth, the oxidation of H2O2 began at a potential
value of 600 mV. This value is rather high compared to that reported by Wang et al. (200 mV), who
observed a four times higher H2O2 oxidation signal with the NG films compared to the undoped
ones [4]. Our results show that the NG-0 film presents excellent electrocatalytic properties leading to
the high reversibility of the ferrocene methanol redox probe and high sensitivity for hydrogen peroxide
detection, with a detection limit of 1 mM. A 240 times higher H2O2 oxidation signal was observed for
the NG-0 film compared to the average value obtained with the undoped graphene films.

Such high electroanalytical reactivity is generally attributed both to chemical functionalization
(both pyrrolic, pyridinic and graphitic nitrogen-carbon forms are generally reported in the literature)
and to structural defects caused by nitrogen atoms. However, based on our experiments, the nature
and proportions of the various N–C chemical functions certainly play a more significant role in the
electroanalytical oxidation of H2O2 than the number of defects, which is similar with or without
N doping. Such an influence was already highlighted by Xu et al. [3]. According to these authors,
the relationship between the nature of N functions and the properties of N-doped graphene needs
to be clarified, so that more desirable properties for specific applications can be selected. Based on
experimental and theoretical (DFT calculations) considerations [28,30], the nature and level of doping
in N-doped graphene depends on the proportion of the three main functional groups: graphitic-N
is responsible for an n-doping effect and pyridinic-N and pyrrolic-N are responsible for a p-doping
effect. The balance between the three chemical functions may strongly affect the electroanalytical
performance of the N-doped graphene. More precisely, nitrogen in the graphitic-N configuration has 4
of the 5 electrons filling in the σ- and π-orbitals, leaving one extra electron. About 50% of the additional
charge is localized on the N dopant coupled with its nearest carbon neighbors, whereas the remaining
50% is distributed in the local network of carbon π-states, thus inducing n-doping and preserving
high electron mobility. Pyridinic-N and pyrrolic-N dopants have the opposite electronic effect, as they
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withdraw charge from their carbon neighbors. In the case of pyridinic-N, two electrons fill σ bonds
with carbon neighbors, and two electrons form a lone pair in the graphene plane. The remaining
electron occupies the nitrogen π-state. As a consequence, pyridinic-N is the equivalent of a nominal
carbon in graphene, but an π electron is missing due to the vacant site, hence p-doping the graphene.
Our NG-0 film contained 49% of graphitic-N and 47% of pyrrolic-N, whereas pyridinic-N contents were
as low as 4%. With a 1.35 at % N content close to our doping concentration (1.75 at %), Wang et al. [4]
obtained a nitrogen-doped graphene film with significantly higher proportions of pyrrolic-N and
pyridinic-N and a lower proportion of graphitic-N than we obtained. We conclude that our nitrogen
doping process induced a rather higher proportion of mixed graphitic-N and pyrrolic-N than other
N-doped graphene films reported in the literature, and this may be responsible for the very high
electroanalytical H2O2 oxidation performance. However, our results do not follow the reactivity scale
simulated by DFT by Wu et al. [29] who concluded that H2O2 oxidation reactivity occurred in the
following order: pyridinic-N > Pyrrolic-N > Graphitic-N > Pristine graphene. However, it is difficult
to compare DFT calculations performed with only one nitrogen-based function, even if true, with
an experimental system comprised of a mixture of nitrogen-based functions embedded in a textured
few-layer graphene material. Further studies are thus recommended to optimize N-doped graphene
films with better control of the N-based chemical functions, in particular with distinct proportions
of the various N-based functions, in order to confirm their effect as key factors for electrochemical
applications of N-doped graphene films.

5. Conclusion

Here we report on experimental work on the electroanalytical performance of N-doped graphene
silicon-based electrodes, obtained in one step by pulse laser deposition of carbon performed in
a vacuum at high temperature, in the presence of a surrounding nitrogen atmosphere. The main
conclusions are the following:

• The electrode is covered by a few-layer defective and textured N-doped graphene film, containing
1.75 at % of nitrogen distributed in both graphitic-N and pyrrolic-N chemical functions at
similar proportions.

• With the ferrocene methanol system, the electrode displays excellent reversibility, 60 mV, close
to the theoretical value of 59 mV, and very high sensitivity for hydrogen peroxide oxidation
characterized by an intensity 240 times higher than that obtained with undoped graphene
synthetized using the same process, and a detection limit of 1 mM of hydrogen peroxide.

• These significant electroanalytical results are correlated with the amount of N doping and with the
proportion of both graphitic-N and pyrrolic-N chemical functions incorporated into the defective
and textured few-layer graphene film.

• Additional heat treatment following the deposition process does not significantly modify the
nanoarchitecture of the N-doped graphene films and slightly decreases the electroanalytical
performance in terms of reversibility and hydrogen peroxide oxidation performance, compared
to the N-doped films obtained with no additional heating.

Further works are recommended to achieve better control of the different N-based chemical
functions embedded in the graphene network and to quantify their effects on the electroanalytical
performances of N-doped graphene electrodes.
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Abstract: In this study, graphene oxides with different functionalization degrees were prepared by a
facile one-step hydrothermal reflux method at various reaction temperatures using graphene oxide
(GO) as starting material and p-phenylenediamine (PPD) as the modifier. The effects of reaction
temperature on structure, appearance and bonding type of the obtained materials were investigated
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy (SEM). The results showed that when the
reaction temperature was 10–70 ◦C, the GO reacted with PPD through non-covalent ionic bonds
(–COO−H3

+N–R) and hydrogen bonds (C–OH . . . H2N–X). When the reaction temperature reached
90 ◦C, the GO was functionalized with PPD through covalent bonds of C–N. The crystal structure
of products became more ordered and regular, and the interlayer spacing (d value) and surface
roughness increased as the temperature increased. Furthermore, the results suggested that PPD was
grafted on the surface of GO through covalent bonding by first attacking the carboxyl groups and
then the epoxy groups of GO.

Keywords: graphene oxide; p-phenylene diamine; functionalized graphene oxide; cross-link bond
type; bonding type

1. Introduction

Graphene is attracting increasing attention in physics, chemistry and material research due to
its unique laminar crystal structure [1], high electrical conductivity [2], high thermal conductivity [3],
excellent flexibility, and mechanical properties [4–7]. The chemical reduction of graphene oxide has
been regarded as an effective way to achieve large-scale preparation of grapheme [8–10]. However,
the addition of only hydrazine hydrates without other materials will likely result in aggregated
graphene [11,12]. Therefore, the formation of monolithic and high-performance graphene will require
further treatments besides the necessary reduction reaction.

Compared to graphene, graphene oxide (GO) possesses a large number of carboxyl groups (–COOH)
near the edges, with many epoxy groups (C–O–C) and hydroxyl groups (C–OH) on the surface. These
oxygen-containing groups increase the reaction activity of GO. Therefore, functionalization of GO can
be achieved using various approaches, such as through hydrogen, ionic, and covalent bonding [13–15].
Hence, the structure of graphene can be regulated in order to modify its light, electrical, and magnetic
properties [15,16].
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In recent years, various amine based chemicals have been used to modify GO. These
include ammonia [17], cetylamine [18], octadecylamine [19], ethidenediamine [20], poly-o-
phenylenediamine [21], and amino acids [22]. For instance, Shanmugharaj et al. [23] used alkylamines
with different chain lengths as modifiers and mixed them with GO under ultrasonic conditions at
normal temperature, followed by suction filtration during the first reaction stage. Next, they subjected
the suspension to vacuum drying treatment to yield functionally modified GO. They detected the
formation of ionic, hydrogen, and covalent bonds between aliphatic amine and GO. The surface
roughness degree of GO increased after modification, and roughness degree rose asalkylamine chain
length was extended. Matsuo et al. [24] intercalated alkylamines with different chain lengths into GO,
and identified three types of interactions between alkylamines in GO. In addition, the arrangement
patterns of alkylamines with different chain lengths were different, yielding various interlamellar
spacing. Hung et al. [25] used three amine monomers (ethidenediamine, butanediamine, and
p-phenylenediamine) as cross-linking agents to prepare GO skeleton sheets with different interlamellar
spacing using pressure-assisted self-assembling technology. During the modification process,
amine monomer was combined with GO through chemical bonding to yield GO with significantly
changed hydrophobicity. Furthermore, the cross-linking mode changed from non-aromatic cyclamine
cross-linking to aromatic cyclamine cross-linking, and the composite film-water contact angle varied
from 24.4◦ to 80.6◦.

According to previous literature [26,27], GO was functionalized with amine by reacting at a
temperature over 90 ◦C. However, the reason for selecting this temperature and the effects of reaction
temperature on structure, appearance, and interaction mechanisms of FGO have not been reported
so far. In this paper, FGO composites were prepared using a facile one-step hydrothermal reflux
method under different reaction temperatures using GO as starting material and PPD as the modifier.
The structures, functional groups and compositions of the prepared composites were investigated by
XRD, Raman, SEM, FT-IR, and XPS analyses. The effects of reaction temperature on structure and
appearance of modified composites were also examined. Finally, the mechanism of interaction between
PPD and GO at different reaction temperatures was explored.

2. Experimental

2.1. Reagents

The following reagents were used in this study: natural flake graphite (Tangseng Gou,
Xinghe County, Inner Mongolia, China, with carbon content ≥90%, screened by 200 mesh), potassium
permanganate and concentrated sulfuric acid (Sinopharm, Shanghai, China), H2O2 solution (5%)
and 0.05 mol·L−1 HCl solution (Chengdu Jinshan Chemical Reagent, Chengdu, China), p-phenylene
diamine(PPD), and methyl alcohol (≥99.5%, Chengdu Kelong Chemical Reagent Factory, Chengdu,
China). All reagents were of analytical grade. Ultrapure water with a resistivity of >18.25 MΩ·cm was
used for the experiments.

2.2. Preparation of Graphene Oxide (GO)

GO was prepared from natural graphite powder using the improved Hummers method.
The detailed preparation method is described in our previous report [28].

2.3. Preparation of FGO

First, 0.2 g graphene oxide powder was added to 250 mL ultrapure water and stirred for 120 min
under ultrasonic dispersion. This yielded a GO dispersion with concentration of 0.8 mg·mL−1.
Secondly, 0.4 g PPD was added to the GO dispersion, followed by 10 min of ultrasound mixing.
Next, the solution was poured into a 500 mL 3-neck boiling flask and magnetically stirred in a water
bath with refluxing at 10 ◦C for 24 h. Subsequently, the solution was filtered off using polypropylene
(PP) thin film with mean pore size of 0.2 μm, and washed five times with ethanol and ultrapure water.
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Finally, the PP thin film was dried at 80 ◦C for 24 h to obtain the product. The above processes were
then repeated by changing the reaction temperature to 30, 50, 70, and 90 ◦C, respectively. The composite
thin films obtained at different temperatures were denoted as, FGO-T (T = 10, 30, 50, 70, and 90), where
T represents the temperature. All samples were immersed in methanol solution for 10 h and then dried
at 80 ◦C for 2 h, resulting in samples denoted as FGOS-T (T = 10, 30, 50, 70, and 90).

2.4. Characterization

Nicolet-5700 infrared spectrometer (FT-IR, Thermo Nicolet Corporation, Madison, WI, USA) with
a scanning range of 4000~500 cm−1 was used for bonding characterization using the KBrpellet method.
XSAM800 multifunctional electron spectrometer was employed for surface analysis (XPS, Kratos
Company, Manchester, UK), with Al target (1486.6 eV) and X-ray gun (12 KV × 15 mA, in FAT mode).
The data were corrected using carbon contamination C1s, X’pert MPD Pro X-ray diffractometer (XRD,
PANalytical B.V., Almelo, The Netherlands), with Cu target, DS: (1/2)◦, SS: 0.04 rad, AAS: 5.5 mm,
at the scan range from 5◦ to 45◦. Raman spectroscopy was performed on a Renishaw InVia spectrograph
(Wharton Andech, UK), with Ar+ excitation source, wavelength of 514.5 nm, and scanning range
from 400 to 4000 cm−1. Microstructure analysis was conducted using Ultra 55 field emission scanning
electron microscope (FE-SEM, Zeiss Instruments, Stuttgart, Germany).

3. Results and Discussion

3.1. Structural Changes of FGO at Different Reaction Temperatures

Figure 1 shows the XRD patterns and interlamellar spacing d values of GO and FGO-T. The d
value of GO was determined as 0.86 nm while the d values of FGO-T (T = 10, 30, 50, 70, and 90) were
0.94, 0.94, 1.03, 1.04, and 1.07 nm, respectively. Compared to GO, the d value of FGO-T was larger and
increased with the reaction temperature, showing different connection modes between PPD and GO
at various temperatures. According to the results of Lu et al. [29], the XRD data and spacing values
indicated that the PPD molecules were grafted into the layers of GO.

 

Figure 1. XRD patterns (a) and d-spacing (b) of GO and FGO-T samples.

Figure 2 depicts the Raman spectra of GO and FGO-T. In the first order Raman spectral region,
both samples showed two major characteristic peaks at 1353 and 1599 cm−1, corresponding to the
D and G bands of graphene oxide structures, respectively. The D peak was attributed to the double
resonance Raman scattering process near critical point K at graphene Brillouin zone, indicating the
presence of structural defects [30], while the G peak was caused by E2g eigen vibration of sp2 carbon
domains [31]. As shown in Figure 2a, the G peaks of FGO-T were shifted from 1585 to 1599 cm−1,
suggesting that oxidation and PPD caused changes in the graphene structure. The ratio of the integral
intensity between the D and G peaks (ID/IG) determines the disorder level in crystal structure [32].
With the increase in reaction temperature, the value of ID/IG basically presented a decreasing trend,
indicating that the structural order in samples was partially restored.
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Figure 2. Raman spectra (a) and La values (b) of GO and FGO-T samples.

Furthermore, it has been empirically found that the disorder decreases the sp2 plane domain (La)
in product structures [33].The La value can be obtained with the formula of La = (2.4 × 10−10) × λ4

laser
(ID/IG)−1, where λlaser is the excitation wavelength [34]. As shown in Figure 2b, compared to GO, the
La value of FGO-T generally increased, indicating that addition of PPD molecules increased the order
and the sp2 plane in GO was restored gradually. Moreover, from 10~70 ◦C, the change in La values
was relatively small, while over 70 ◦C, the change in La was the largest. This indicated that elevated
temperature could promote the amidation reactions, and the optimum temperature for amidation
reaction should be above 70 ◦C [35].

3.2. Effect of Reaction Temperature on FGO Appearance

The morphologies of GO and FGO-T (T = 10, 50, 70, and 90) are shown in Figure 3. The most
significant difference between GO and FGO-T is their surface roughness. The GO surface appeared
flat and smooth (Figure 3a,b). However, as shown in Figure 3c–f, when the GO interacted with PPD,
the surface of FGO-T films became rough. PPD is a rigid structure and acts as a nanospace barrier,
blocking the stacking of GO sheets. Therefore, the surface of FGO became rough and showed more
cracks. The surface roughness was similar to that reported by Shanmugharaj et al. [23] for composites
which were prepared by the reaction between GO and alkylamines of varying chain lengths. However,
the effect of temperature on surface roughness was less than that of chain lengths. As the temperature
increased, the surface roughness of FGO-T films became smaller. This can be attributed to the fact that
the elevated temperature promoted amidation reactions instead of adsorption.

Figure 3g,h presents the TEM images of the FGO-50 sample. It can be seen clearly that some PPD
particles were wrapped within or on the surface of graphene sheets. With the increase in reaction
temperature (Figure 3i,j), the adsorbed PPD particles disappeared. The FGO-90 sample presented a
wrinkled and transparent nanosheet with a lateral dimension of about several micrometers. The TEM
results are consistent with the SEM data.
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Figure 3. SEM images of (a,b) GO; (c) FGO-10; (d) FGO-50; (e) FGO-70; and (f) FGO-90; TEM images of
(g;h) FGO-50 and (i,j) FGO-90.

In solution, the COOH at the edge of GO nanosheet will be deprotonated, making its lamellae
negatively charged [36]. Due to the electrostatic repulsion between adjacent sheets and a large number
of hydrophilic oxygen-containing functional groups, the GO can be dispersed steadily in water.
This feature can be expressed by Equation (1):

R-COOH � R-COO− + H+ (1)

After addition of PPD molecules, the activity of NH2 in PPD molecule decreased at low temperatures.
The attachment of PPD molecules between GO slice layers increased due to physical adsorption.
On the other hand, in solution, some PPD molecules were protonated according to Equation (2):

R-NH2 + H2O � R-NH3
+ + OH− (2)

Equations (1) and (2) indicate that when H+ combines with OH−, water molecule will be produced
and the forward reaction will be favoured. Therefore, most GO slices will be negatively charged while
protonated PPD molecule will be positively charged. Then, both will be connected through ionic
bonding. In addition, the non-protonated NH2 will connect with some oxygen-containing groups
though non-covalent hydrogen bonding. With increase in reaction temperature, the activity of NH2 in
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PPD molecule will grow, and the ionic bonding between PPD and GO will strengthen. This would
result in stacked and compact GO slices.

At the reaction temperature of 90 ◦C, the sample surface contained numerous pits but less
scattered pieces. Compared to FGO-T at low temperature, the GO slice surface appeared more flat and
smooth. This was probably due to the higher activity of –NH2 in PPD molecule, which caused large
amounts of PPD molecules to covalently react with the oxygen-containing groups in GO. This lowered
the space barrier role of PPD for GO slices. However, some GO slices were cross-linked with PPD
monomer, making the connection between slices more tight and smooth, hence increasing the order of
the structure.

3.3. Influence of Temperature on Oxygen-Containing Functional Groups and Types of Interactions

Figure 4 shows the FT-IR spectra of GO and FGO-T before and after soaking in methyl alcohol.
Numerous oxygen-containing groups were present in GO (Figure 4a). The absorption peaks at
3431, 2922, 2845, 1731, 1625, 1400, 1096 and 1038 cm−1 were attributed to the stretching vibration of
hydroxyl (OH), CH2 anti-symmetry and symmetry in benzene ring framework, carbonyl group (C=O),
benzene ring skeleton (C=C), carboxyl group (O–C=O), epoxy group (C–O–C) and alkoxy group (C–O),
respectively [37,38].

Figure 4. FT-IR spectra of GO and FGO-T samples: (a) without and (b) with methanol soaking.

By contrast, FGO-T (T = 10, 30, 50, and 70 ◦C) showed new absorption peaks at 2982 cm−1

and 833 cm−1, which can be ascribed to the hydrogen-bond interaction between –NH2 and
oxygen-containing group in GO, and N–H bending vibration in PPD, respectively [39]. The new
absorption peaks of FGO-90 at 1583 and 1180 cm−1 were ascribed to N–H stretching vibration and
C–N stretching vibration, respectively [27,36].These results indicate the occurrence of covalent reaction
between PPD molecule and GO at 90 ◦C.

Therefore, according to SEM analyses, the type of bond that would allow the PPD monomer
to attach onto GO at temperatures from 10~70 ◦C can only be based on physical adsorption: (I)
hydrogen-bond (C–OH . . . H2N–X) between oxygen-containing group of GO and NH2 group of
PPD molecule, and (II) ionic bond (–COO−H3

+N–R) between protonated PPD and weakly acidic GO.
However, above 90 ◦C, NH2 in PPD reacted with the oxygen-containing group of GO, resulting in C–N
bond (Figure 5).
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Figure 5. XPS data of GO and GOP samples: (a)contents of C, N and O, (b) C1s spectrum of GO, (c)
C1s spectrum of GOP-70, and (d) C1s spectrum of GOP-90.

To further confirm the above hypothesis, FT-IR analysis of FGOS-T was performed and the results
are presented in Figure 4b. Compared to Figure 4a, the absorption peaks of FGO-T (T = 10, 30, 50, 70)
at 833 and 2982 cm−1 vanished. These peaks were ascribed to N–H bending vibration with hydrogen
bonding between –NH2 in PPD and the oxygen-containing group of GO, respectively. The absorption
peaks of FGOS-90 at 1583, 1176 and 834 cm−1 attributed to N–H stretching vibration, C–N stretching
vibration and N–H bending vibration, respectively, were consistent with those observed for FGO-90.
In addition, compared to GO, the absorption peaks caused by O–C=O and C–O–C stretching vibrations
vanished from the spectra. Therefore, it can be concluded that from 10~70 ◦C, PPD monomer interacted
with GO through non-covalent hydrogen and ionic bonds. After soaking in methyl alcohol, the physical
adsorptions in PPD were removed. At 90 ◦C, PPD monomer covalently reacted with GO, resulting in a
C–N covalent bond that was still intact after being soaked in methyl alcohol.

To further verify the proposed hypothesis, XPS was performed on GO, FGO-70, and FGO-90
(Figure 5a). GO showed two spectral peaks at 286.0 and 535.0 eV, corresponding to C1s and O1s peaks,
respectively [25,28]. By contrast, FGO-70 and FGO-90 displayed not only C1s and O1s peaks but
also a new N1s peak near 401 eV, indicating the presence of N atom [27,36]. In addition, the relative
percentage contents of N atom were estimated to be 3.42% and 10.48%, suggesting that N content in
FGO-90 was higher than that in FGO-70. Figure 5b–d shows the peak-differentiating of GO, FGO-70,
and FGO-90. GO revealed characteristic peaks at 284.6, 286.7, 287.9 and 289.4 eV, corresponding to
C=C/C–C, C–O–C/C–O, O–C=O and C=O, respectively. FGO-70 displayed characteristic peaks of
C=C/C–C, C–O–C/C–O, and C=O. Finally, FGO-90 showed not only the above characteristic peaks
but also a new peak at 285.9 eV, ascribed to C–N bond [28,36].

The above analyses confirmed the absence of covalent C–N bond in FGO-70. In other words, from
10~70 ◦C, only non-covalent bonding existed between PPD and GO. However, covalent C–N bond
formed at 90 ◦C. FT-IR and XPS data showed that the carboxyl (O–C=O) group in GO was removed by
epoxy group (C–O–C) during the reaction process. This indicated that PPD preferred to react first with
the carboxyl group and then with the epoxy group. The results of this study were slightly different from
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a previous report on amidation reactions. Xue et al. [40] found that the grafting of ethylenediamine on
the surface of GO can be carried out under very mild conditions, even at 273 K, and the amine was
grafted on the surface of GO mainly by a nucleophilic ring opening reaction between the amine and the
epoxy group of GO. This may be explained as follows. Previous studies have suggested that benzene
ring in PPD and its amine lone pair possess high resonance stability [25,28,36], reducing the reactivity
of amine with epoxy groups. Moreover, the PPD’s aromatic ring has large steric hindrance, which
would not allow it to either attack the carbon of GO nanosheet or undergo a ring-opening reaction
with epoxy at low temperatures. At 90 ◦C, the amine of PPD showed a higher activity. The NH2 in
PPD underwent amidation reaction with COOH at edge of GO, and nucleophilic substitution with
the surface C–O–C groups. The types of interactions at different reaction temperatures based on SEM,
FT-IR and XPS results are summarized in Figure 6.

 

Figure 6. Schematic representation of reaction between GO and PPD.

4. Conclusions

In this work, FGO was synthesized via the reaction between GO and PPD through a simple
one-step hydrothermal reflux method. The structures, functional groups and compositions of the
products were investigated by XRD, Raman, SEM, FT-IR, and XPS analyses. The effects of reaction
temperature on the structure of modified composites were also examined. It was found that the
surface roughness and the d value of the product increased with the rise in reaction temperature.
When the reaction temperature was low (10~70 ◦C), most of the PPD monomer reacted with GO
through non-covalent ionic and hydrogen bonds. As the reaction temperature increased, the order of
the crystal structure gradually improved. When the reaction temperature was high (>70 ◦C), grafting of
PPD was the primary reaction. PPD was grafted on the surface of GO through covalent C–N bonding
by first attacking the carboxyl groups and then the epoxy groups of GO.
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Abstract: Inducing magnetic moments in graphene is very important for its potential application in
spintronics. Introducing sp3-defects on the graphene basal plane is deemed as the most promising
approach to produce magnetic graphene. However, its universal validity has not been very well
verified experimentally. By functionalization of approximately pure amino groups on graphene
basal plane, a spin-generalization efficiency of ~1 μB/100 NH2 was obtained for the first time,
thus providing substantial evidence for the validity of inducing magnetic moments by sp3-defects.
As well, amino groups provide another potential sp3-type candidate to prepare magnetic graphene.

Keywords: graphene; sp3-defect; amino group; magnetic moment

1. Introduction

The introduction of magnetic moments in graphene is a long-standing hot topic [1].
Generally speaking, the net spins in graphene come from unpaired electrons; however, all the electrons
in the intrinsic graphene are compensated for owning to the π-symmetry system. Thus, breaking the
symmetric structure of graphene is a feasible approach to make graphene magnetic. These approaches
to introduce magnetic moments in graphene can be divided two ways [2]: (i) creating sp3-defects on the
basal plane of graphene sheets via atoms or functional groups chemisorbed on carbon networks to form
covalent sp3-type bonds, typically H [3], F [4] or hydroxyl group [2,5,6]; and (ii) producing edge-type
defects at the edge sites via bombarding graphene sheets to introduce vacancies [4,7], cutting graphene
into quantum dots [8], nanoribbons [9] or nanomeshes [10], or substituting vacancy-site carbon atoms
by nitrogen atoms [11]. From the perspective of the spintronics application of a 2-dimensional film,
the former is superior to the latter, since it does not need to damage the graphene sheet and can
maintain the integrity of the film. However, a theoretical prediction has not been experimentally
verified yet: is it indeed universal to introduce magnetic moments in graphene by covalent sp3-type
defects [12]?

In fact, atomic-scale control of the distribution of H atoms to paint magnetism on graphene
has been achieved by scanning tunneling microscopy (STM) [13]. Graphene has also been proved
to turn from diamagnetic to paramagnetic by fluorination [4]. It is undoubted that both H and
F are effective at inducing magnetism in graphene and beyond that, only the effectiveness of
hydroxyl-functionalized sp3-type defects has been reported [2]. However, the existing reports indicate
that hydroxyl-functionalization of graphene can only be achieved by further processing of graphene
oxide (GO), which needs a strong oxidant such as potassium permanganate in Hummers’ method [2]
or potassium dichromate in Brodie’s method [14] because graphene is inert and hard to be chemically
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functionalized. That is to say, magnetic metal impurities such as manganese or chromium will have to
be brought into hydroxyl-functionalization. To make sure the magnetic signals are intrinsic to graphene
while not from the magnetic pollutants, repetitious washing of hydroxyl-functionalized graphene
or GO with acid and deionized water must be done. Even so, it is still hard to guarantee all the 3-D
contaminants are completely disposed of. Namely, hydroxyl sp3-defect may be not a good choice to
experimentally confirm the universal validity for inducing magnetism in graphene. Amino group
(NH2) provides a better choice than the hydroxyl group.

In fact, there are a lot of ways to introduce highly atomic N in graphene [15,16]; however,
the N types obtained are generally in-plane and there is no evidence they can generate amino
sp3-type defects on the graphene basal plane. It has been reported that illuminating graphene
under white light in ammonia atmosphere is a feasible way to form amino-type sp3-defects on
the graphene basal plane [17,18]. By such a method, we can obtain a sufficient amount of sp3-type
graphene suitable for measurement on a superconducting quantum interference device (SQUID)
without importing original 3-D metals, as long as graphene is not originated from GO and can be
massively produced—Parvez et al. provided a good way to solve such a problem by electrolytic
exfoliation of graphite [19]. Graphene material is also prospective in high-precision low magnetic
measurements using new switching sensing devices, which has high sensitivity, and compensate
temperature drift [20,21].

In this study, we illuminated electrolyzed graphene (EG) with a decent few-layer ratio in ammonia
to successfully obtain sp3-type N-doped graphene (sp3-NG). Our results demonstrate that almost all
the N atoms are bonded to graphene basal-plane carbon atoms in the form of amino groups, and these
amino-type sp3-defects can effectively introduce magnetic moments in graphene with an efficiency of
~1 μB/100 NH2. We firstly experimentally proved the universal validity of inducing magnetic moments
by amino-type sp3-defects and provide another potential candidate to prepare magnetic graphene,
which is regarded as significantly crucial in the application of graphene spintronics. Furthermore,
by using such sp3-type magnetic graphene to introduce localized magnetic moments on graphene,
controlling the spin scattering to control the magnetoresistance as dilute F-doped sp3-functionalized
graphene [22] is hopeful, and a potential alternative of light-element magnet [23] can be expected
as well.

2. Experimental Section

2.1. Preparation

The graphene sheets were obtained through electrolytic exfoliation [19] of commercial graphite
rods (99.999% purity, Beijing Gaochun, Beijing, China). Both electrodes were adopted as graphite rods
and the electrolyte was ammonium sulfate solution with the concentration of 0.1 M. The distance
between the two rods was 2 cm. The electrolytic voltage between the two poles was kept as 10 V and
the initial output power was set as 10 W. Next, the exfoliated graphene sheets were collected with a
PTFE membrane filter (0.2-μm pore size) by vacuum filtration and then washed by deionized water
for 10 times. The graphene sheets were further exfoliated through ultrasonication in alcohol for 10 min
at low power, and after 24 h of standing, only the supernatant was kept to render the sheets with a
high few-layer ratio. To avoid any possible magnetic contaminants, the as-prepared graphene was
washed by dilute nitric acid once and then by deionized water three times. Finally, after drying it in an
oven at 60 ◦C, the original EG sample was successfully prepared.

Amino-functionalized sp3-NG was obtained by irradiating EG for 30 min with light from a 500 W
high-pressure Hg lamp in NH3 (99%) atmosphere at a rate of 80 sccm [17]. For comparison, we also
heat EG for 1 h at 200 ◦C under Ar atmosphere to get thermally treated graphene (TG) and under NH3

atmosphere to get nitrogen-doped graphene (NG), respectively.
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2.2. Instrumentation

The morphologies of the samples were characterized using transmission electron microscopy
(TEM, JEM-2100F, JEOL, Tokyo, Japan), and the X-ray photoelectron spectroscopy (XPS) measurements
were performed on ESCALAB 250Xi (TMAG, Waltham, MA, USA) using an Al Kα radiation.
Raman spectra were performed on Renishaw inVia (Wotton-under-Edge, UK) using a laser excitation
of 532 nm. The magnetic properties of the samples were measured using SQUID magnetometer with
a sensitivity less than 10−8 emu (Quantum Design MPMS-XL, San Diego, CA, USA), and all data
was corrected for the diamagnetic contribution by subtracting the corresponding linear diamagnetic
background at room temperature. The 3-D impurity elements of all the samples are measured by
inductively coupled plasma (ICP) spectrometry (Jarrell-Ash, Waltham, MA, USA).

3. Results and Discussion

Shown in Figure 1 are the typical TEM images of EG. It is easily found that the graphene sheets
obtained by electrolytic exfoliation maintain two-dimensional ultrathin flexible structure and μm scale
integrity, and are quite different from GO sheets with many ripples [2], the EG sheets are much flatter,
maybe because there is no violent oxidation process during the preparation as GO has. From the curved
edge of EG (see the red rectangle in Figure 1b), one can find a three- or four-layered graphene sheet,
which means that by such kind of electrolytic exfoliation, few-layered graphene can be successfully
obtained. Here we have to point out that, in the previous report [19], Parvez et al. got high-ratio
mono-layered graphene through graphite electrolysis; however, it seems impossible to separate the
mono-layered graphene sheets with sufficient quantity suitable for SQUID measurement, because we
need at least several milligrams for each measurement to ensure the magnetic signals of the graphene
samples are not completely flooded by the background signals.

Figure 1. Typical TEM images of EG. The scale bar is (a) 1 μm and (b) 50 nm. In the red rectangular
zone, the curved edge indicates the graphene sheet is few-layered.

The main features in the Raman spectra (Figure 2a) of carbon-based materials are the D, G and
2-D peaks that center at around 1350, 1580 and 2700 cm−1, respectively. The shape and height of 2-D
peak is similar to the previous report [19], typically characteristic of electrolytic few-layered graphene
sheets [24]. Obviously, EG sheet cannot maintain the pristine sp2-carbon-based structure of graphite or
graphene since the D peak is prominent (ID/IG = 0.44), which demonstrates that during the electrolysis
a lot of defects had been induced on the graphene sheet. By the determination of XPS measurement
(Table 1), we found that EG has an oxygen atomic ratio of 12.1 at %, implying some oxygen groups are
physically or chemically adsorbed on [19]. After thermally heating, TG has a distinctly lower D peak
(ID/IG = 0.32) and oxygen content (5.5 at %), which means a lot of oxygen groups were removed and the
pristine sp2-aromatic structure was restored to a certain extent. From Figure 2b, one can find that the G
peak of TG is located at ~1585 cm−1, that is, with respect to 1580 cm−1 of pristine graphene, such blue
shift means a lot of non-crystalline fractions still exist after heating [25]. It also can be seen in Figure 2b,
by doping N through either thermal treatment (NG) or light treatment (sp3-NG), the defect ratios are
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dramatically increased (ID/IG is 0.83 for NG and 0.90 for sp3-NG, respectively). Note although the
nitrogen contents of NG and sp3-NG are very close (Table 1), the D peak of sp3-NG is more prominent
and the slight red-shift (~2 cm−1) of G peak of NG imply they may have different N-doping types.
Since in-plane N atoms implanting into graphene will lead to the red shift of the G peak, we may
guess the N-doping type of sp3-NG is out of plane, that is, amino sp3-type [17]. Moreover, the Raman
spectrum of sp3-NG is very alike to lightly sp3-functionalized F-doping few-layered graphene [26].
The following XPS measurements confirmed our guess.

Figure 2. (a) Raman spectra of EG, TG, NG, and sp3-NG; (b) The D and G peaks of TG, NG, and sp3-NG.

Table 1. The ratios of different types of N and elemental contents of the typical samples.

Samples (at %) Pyridinic-N Pyrrolic-N Graphite-N Amino-N N O C

EG - - - - 0.8 12.1 87.1
TG - - - - 0.7 5.5 93.8
NG 1.0 1.1 0.5 0 2.6 4.6 92.8

sp3-NG 0 0 0.3 2.6 2.9 8.5 88.6

From the XPS spectra in Figure 3a, one can find that nitrogen peaks are almost invisible in
EG and TG while evident in NG and sp3-NG, so we know that by thermal or light treatment
EG in ammonia, the nitrogen atoms can be successfully inserted into the carbon skeleton of
graphene. To identify the difference of the N-bonding environments of these two kinds of nitrogen
doping, we carefully deconvolute the fine-scanned N 1s spectra of NG and sp3-NG (Figure 3b).
Fairly interestingly, the sp3-NG sample shows nearly only a single strong peak which located at
~399.4 eV, typically manifested as amino-type N bonding to carbon (NH2–C) [17], accompanied with
a very weak graphite-N subpeak located at ~401.7 eV. Unlike sp3-NG, aside from a similar
weak graphite-N subpeak, NG presents another two subpeaks which sit at ~398.3 and 400 eV,
typically identified as pyridinic- and pyrrolic-N, respectively. As is known, pyridinic-, pyrrolic- and
graphite-N are all in-plane in graphene sheet while amino-N is out of plane to form sp3-defect,
so we name the illuminated N-doped graphene as sp3-NG. As shown in Table 1, according to the
deconvoluted subpeak area, we calculated the different N-type ratios and found that NG has a total
N content of 2.6 at % with a proportion of pyridinic-N:pyrrolic-N:graphite-N ≈ 2:2:1, and sp3-NG is
almost purely amino-N functionalized with a total N content of 2.9 at %. Naturally, the different types
of N bonding will lead to different physical properties of N-doped graphene.

All the samples were compressed into a diamagnetic plastic bag for magnetism measurement.
To make the results as accurate as possible, we used at least 20 mg samples for measurement of
each run. Figure 4a shows the relationship of the mass magnetization (M) and the different applied
magnetic field (H) of the typical samples under the temperature of 2 K. EG, TG, NG and sp3-NG are all
diamagnetic, which means the intrinsic diamagnetism of graphene is predominant in these samples.
However, the diamagnetic degrees are different. The diamagnetic measurements of TG (blue dots in
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Figure 4a) can be perfectly fitted with a line (blue line in Figure 4a), while EG, NG and sp3-NG have
paramagnetic signals mixed in the diamagnetic signals. Based on the Experimental procedure and XPS
measurements, it is easily known that TG is obtained by thermal treatment of EG and has lower oxygen
content (see Table 1), indicating after the heating a lot of oxygen groups physiosorbed or chemisorbed
on EG had been removed, so TG can be seen as a purer graphene sample than EG. Namely, the magnetic
signals of TG can be taken as the pristine signals of diamagnetic graphene. Therefore, we can assess
the magnetic moments induced by heteroatoms in EG, NG and sp3-NG by performing the subtraction
of the magnetization of TG (ΔM). We plotted ΔM under different H in Figure 4b. Apparently, due to
the positive ΔM of EG, NG and sp3-NG, both O and N heteroatoms have successfully introduced
magnetic moments in graphene. To fit the ΔM–H curves with Brillouin function

ΔM = ΔMs[
2S + 1

2S
Coth(

2S + 1
2S

x)− 1
2S

Coth(
x

2S
)] (1)

where saturated magnetization ΔMs = NgSμB, x = gSμB H/(kBT), kB is the Boltzmann constant,
N is the number of present magnetic moments, S is the spin angular momentum number, and g is
the Landau factor assumed to be 2, we found that, all EG, NG and sp3-NG can be well fitted by
using S = 1/2, exhibiting the typical spin-1/2 paramagnetic behaviors of single point defects [4].
Correspondingly, ΔMS of EG, NG and sp3-NG are 0.045, 0.032 and 0.082 emu/g, respectively.

Figure 3. (a) XPS spectra of EG, TG, NG, and sp3-NG; (b) Typical fine-scanned XPS spectra of N 1 s
of NG and sp3-NG. Blue, green, magenta, and red subpeaks are ascribed to pyridinic-, pyrrolic-,
graphite- and amino-type (sp3-type) N–C bonding, respectively.

Figure 4. (a) Mass magnetization dependences on the applied magnetic field (M–H) of EG, TG, NG,
and sp3-NG. The dots are the measurements and the blue solid line is linearly fit to the blue dots;
(b) The dependences of mass magnetization of EG, NG and sp3-NG by subtracting which of TG on
applied magnetic field (ΔM–H). The solid lines are fit to Brillouin function with g = 2. The measurement
temperature is 2 K.
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To analyze the magnetic sources of these samples, first, we must make certain the magnetic
moments are not originated from 3-D contaminants. Through ICP measurement, the possible impurity
contents are listed in Table 2, and one can find that their contents are trivial enough to be ignored.
For instance, the highest Fe content in EG is 0.61 ppm, and it can generate the maximal magnetization of
~4 × 10−4 emu/g, which is far less than the magnetization we got (10−2 order of magnitude). Note that
we burned at least 30 mg sample each time for ICP measurement, which avoided the influence from
the uneven distribution of 3-D metals. Thus, we can further study the magnetic sources without
considering possible extrinsic factors. Previous reports [2,5,27,28] indicate that adsorbed heteroatoms
on the graphene basal plane can produce magnetic moments, for the pz orbitals of carbon atoms are
partly occupied to change the symmetric structure of π electron system. That is, uncompensated
electron spins are generated. During the electrolysis, due to the decomposition of water, many oxygen
atoms are physically adsorbed on or even form hydroxyl groups to bond to the graphene basal
plane [19], thus inducing magnetic moments in EG. After heat treatment, some oxygen atoms were
released, or unstable oxygen groups were decomposed, the bipartite honeycomb lattice of graphene
was partly recovered and hence, some magnetic structures were converted back into non-magnetic
states. As a result, TG is more diamagnetic than EG. What we are more interested is the magnetic
moments induced by N atoms. However, the magnetization of NG is even lower than EG, implying the
N atoms in NG did not introduce remarkable magnetic moments in graphene. Different from NG,
sp3-NG has an improvement of magnetization to about twofold of EG, indicating the N atoms in
sp3-NG are effective to induce magnetic moments. Clearly, the different types of N atoms resided on
NG and sp3-NG bring forth such different effects.

Table 2. The contents of the typical 3-D metal impurities of the samples. The unit is ‘ppm’. ‘ND’ denotes
‘not found’.

Impurities Fe Co Ni Cr Mn Al

EG 0.61 ND 0.07 0.05 0.08 0.25
TG 0.32 ND 0.03 0.04 0.09 0.16
NG 0.31 ND 0.06 0.05 0.10 0.20

sp3-NG 0.50 ND 0.03 0.04 0.09 0.12

According to the XPS deconvolution results (Figure 3b), possible N types of NG and sp3-NG
were schematically represented in Figure 5. It is known that all the in-plane pyridinic-, pyrrolic- and
graphite-N atoms can produce magnetic moments in carbon materials due to the extra electrons of N
both experimentally and theoretically [11,28–30], but they face two big problems: (i) pyridinic- and
pyrrolic-N can only exist at the vacancy- or edge-site of graphene to form highly active dangling bonds,
therefore they are easily bonded to other atoms and the extra electrons are consequently covalently
paired to lose the magnetic moments [31]; and (ii) the contents of graphite-N are generally extremely
low in N-doped graphene. Up till now it has been hard to experimentally testify its effectiveness of
inducing magnetic moments in graphene. For this reason, our NG sample is weakly paramagnetic
(after subtraction of pristine diamagnetic signals of TG, see Figure 4b), and it is even weaker than
EG—in other words, the magnetic moments induced by pyridinic-, pyrrolic- and graphite-N is even
less than adsorbed oxygen groups. We also implemented thermally doping N at a higher temperature
(500 ◦C)—generally it’s seen as the most effective temperature to dope more N and results in higher
magnetization—and found that the magnetization of NG is even lower than that which was thermally
N-doped at 200 ◦C. To sum up, in-plane N atoms did not bring in any noteworthy effect of inducing
magnetic moments in our graphene samples.
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Figure 5. Schematic representation of (a) NG and (b) sp3-NG. Carbon atoms are grey. Pyridinic-,
pyrrolic- and graphite-N atoms are blue, green, and magenta, respectively. The red balls denote the
amino groups (-NH2) covalently bonded to the basal-plane carbon atoms. In the red oval region there
is an isolated amino group and in blue ones two amino groups chemisorbed on different sublattices to
form AB dimers.

As for an isolated amino-N, it creates a sp3-type point defect on graphene basal-plane to introduce
the magnetic moment of 1 μB (see red oval region in Figure 5b), without considering forming dangling
bonds. Only when the nearest neighbor site is simultaneously occupied by another amino group
(see blue oval region in Figure 5b) or when two adjacent sp3-defects sit on the different sublattices
(AB dimer) [12,13], will it be non-magnetic. Moreover, several near sp3-defects sitting on the same
sublattice can contribute large spin clusters (e.g., AA dimer and AAA trimer contribute 2 and 3 μB,
respectively) [13]. However, the coupled spin clusters were not found in our sp3-NG samples since its
ΔM exhibit good spin-1/2 paramagnetic behavior (Figure 4b), so we can speculate the amino groups
on sp3-NG are all isolated or AB dual. The saturated ΔM is 0.082 emu/g, which means the efficiency of
inducing magnetic moments in graphene by amino-type sp3 defects is ~1 μB/3000 C or 1 μB/100 NH2.
Such an efficiency is close to fluorine-doped sp3-defects (2–20 μB/1000 F) [4]. We tried to alter the
amino coverage on the graphene basal-plane to tune the magnetism by changing the illumination
time, but it cannot work because in a very short time (~1 min) the photochemical N-doping will nearly
saturate and lose the ability of enhancing amino coverage. Anyway, as a sp3-type defect, the amino
group exhibits the universal effectiveness of inducing magnetic moments in graphene.

4. Conclusions

In summary, we have prepared almost purely amino-functionalized graphene by white-light
illumination of EG. As a sp3-type defect, the amino group can introduce magnetic moments in graphene
with an efficiency of 1 μB/100 NH2. As is known, the existence of localized magnetic moments is a
prerequisite for magnetic coupling to induce ferromagnetism in graphene, which is deemed promising
to design a spin field-effect transistor (SFET). Although the as-prepared amino-functionalized graphene
is still diamagnetic, the validity of inducing magnetic moments of amino groups provides the
imagination space to achieve ferromagnetic graphene. Moreover, unlike F atoms producing lots of holes
on graphene basal plane to damage the integrity of graphene film when generating sp3-defects [32],
the photochemical process to dope amino groups on graphene is facile and keeps the completeness of
2-dimensional film, and thus, magnetic amino-functionalized graphene is more advantageous in SFET
when film integrity is required. In short, the universal validity of spin generalization in graphene by
sp3-type defect was verified experimentally, laying a solid foundation for graphene magnetism theory,
and paving the way for its potential applications in spintronics.

Acknowledgments: This work was financially supported by NSFC (Nos. 11604061, 51662004, 11664003, 11764011
and 11664007), Guangxi Natural Science Foundation (Nos. 2015GXNSFBA139002 and 2015GXNSFAA139015),
the Scientific Research and Technology Development Program of Guilin (No. 2016012002), and Foundation of
Guilin University of Technology (No. GUTQDJJ2002023), China.

175



Materials 2018, 11, 616

Author Contributions: Tao Tang proposed the project and prepared the manuscript; Liting Wu, Shengqing Gao
and Fang He performed the syntheses and measurements of the samples; Liting Wu, Shengqing Gao and
Tao Tang analyzed the data. Ming Li, Jianfeng Wen, Xinyu Li and Fuchi Liu had valuable discussions and
edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hollen, S.M.; Gupta, J.A. Painting magnetism on a canvas of graphene. Science 2016, 352, 415–416. [CrossRef]
[PubMed]

2. Tang, T.; Tang, N.J.; Zheng, Y.P.; Wan, X.G.; Liu, Y.; Liu, F.C.; Xu, Q.H.; Du, Y.W. Robust magnetic moments
on the basal plane of the graphene sheet effectively induced by OH groups. Sci. Rep. 2015, 5, 8448. [CrossRef]
[PubMed]

3. Xie, L.; Wang, X.; Lu, J.; Ni, Z.; Luo, Z.; Mao, H.; Wang, R.; Wang, Y.; Huang, H.; Qi, D.; et al.
Room temperature ferromagnetism in partially hydrogenated epitaxial graphene. Appl. Phys. Lett. 2011, 98,
193113. [CrossRef]

4. Nair, R.R.; Sepioni, M.; Tsai, I.L.; Lehtinen, O.; Keinonen, J.; Krasheninnikov, A.V.; Thomson, T.; Geim, A.K.;
Grigorieva, I.V. Spin-half paramagnetism in graphene induced by point defects. Nat. Phys. 2012, 8, 199–202.
[CrossRef]

5. Tang, T.; Liu, F.C.; Liu, Y.; Li, X.Y.; Xu, Q.H.; Feng, Q.; Tang, N.J.; Du, Y.W. Identifying the magnetic properties
of graphene oxide. Appl. Phys. Lett. 2014, 104, 123104. [CrossRef]

6. Chen, J.; Zhang, W.L.; Sun, Y.Y.; Zheng, Y.P.; Tang, N.J.; Du, Y.W. Creation of localized spins in graphene by
ring-opening of epoxy derived hydroxyl. Sci. Rep. 2016, 6, 26862. [CrossRef] [PubMed]

7. Ney, A.; Papakonstantinou, P.; Kumar, A.; Shang, N.-G.; Peng, N. Irradiation enhanced paramagnetism on
graphene nanoflakes. Appl. Phys. Lett. 2011, 99, 102504. [CrossRef]

8. Sun, Y.Y.; Zheng, Y.P.; Chen, J.; Zhang, W.L.; Tang, N.J.; Du, Y.W. Intrinsic magnetism of monolayer graphene
oxide quantum dots. Appl. Phys. Lett. 2016, 108, 033105. [CrossRef]

9. Rao, S.S.; Jammalamadaka, S.N.; Stesmans, A.; Moshchalkov, V.V.; van Tol, J.; Kosynkin, D.V.;
Higginbotham-Duque, A.; Tour, J.M. Ferromagnetism in graphene nanoribbons: Split versus oxidative
unzipped ribbons. Nano Lett. 2012, 12, 1210–1217. [CrossRef] [PubMed]

10. Yang, H.X.; Chshiev, M.; Boukhvalov, D.W.; Waintal, X.; Roche, S. Inducing and optimizing magnetism in
graphene nanomeshes. Phys. Rev. B 2011, 84, 214404. [CrossRef]

11. Liu, Y.; Feng, Q.; Tang, N.J.; Wan, X.G.; Liu, F.C.; Lv, L.Y.; Du, Y.W. Increased magnetization of reduced
graphene oxide by nitrogen-doping. Carbon 2013, 60, 549–551. [CrossRef]

12. Santos, E.J.G.; Ayuela, A.; Sánchez-Portal, D. Universal magnetic properties of sp3-type defects in covalently
functionalized graphene. New J. Phys. 2012, 14, 043022. [CrossRef]

13. Gonzalez-Herrero, H.; Gomez-Rodriguez, J.M.; Mallet, P.; Moaied, M.; Palacios, J.J.; Salgado, C.; Ugeda, M.M.;
Veuillen, J.Y.; Yndurain, F.; Brihuega, I. Atomic-scale control of graphene magnetism by using hydrogen
atoms. Science 2016, 352, 437–441. [CrossRef] [PubMed]

14. Khurana, G.; Kumar, N.; Kotnala, R.K.; Nautiyal, T.; Katiyar, R.S. Temperature tuned defect induced
magnetism in reduced graphene oxide. Nanoscale 2013, 5, 3346–3351. [CrossRef] [PubMed]

15. Lin, Z.Y.; Waller, G.; Liu, Y.; Liu, M.L.; Wong, C.P. Facile synthesis of nitrogen-doped graphene via
pyrolysis of graphene oxide and urea, and its electrocatalytic activity toward the oxygen-reduction reaction.
Adv. Energy Mater. 2012, 2, 884–888. [CrossRef]

16. Samad, Y.A.; Li, Y.Q.; Schiffer, A.; Alhassan, S.M.; Liao, K. Graphene foam developed with a novel two-step
technique for low and high strains and pressure-sensing applications. Small 2015, 11, 2380–2385. [CrossRef]
[PubMed]

17. Liu, F.C.; Tang, N.J.; Tang, T.; Liu, Y.; Feng, Q.; Zhong, W.; Du, Y.W. Photochemical doping of graphene oxide
with nitrogen for photoluminescence enhancement. Appl. Phys. Lett. 2013, 103, 123108. [CrossRef]

18. Xu, X.F.; Gao, F.H.; Bai, X.H.; Liu, F.C.; Kong, W.J.; Li, M. Tuning the photoluminescence of graphene
quantum dots by photochemical doping with nitrogen. Materials 2017, 10, 1328. [CrossRef] [PubMed]

19. Parvez, K.; Wu, Z.S.; Li, R.J.; Liu, X.J.; Graf, R.; Feng, X.L.; Mullen, K. Exfoliation of graphite into graphene in
aqueous solutions of inorganic salts. J. Am. Chem. Soc. 2014, 136, 6083–6091. [CrossRef] [PubMed]

176



Materials 2018, 11, 616

20. Matko, V.; Jezernik, K. Greatly improved small inductance measurement using quartz crystal parasitic
capacitance compensation. Sensors 2010, 10, 3954–3960. [CrossRef] [PubMed]

21. Matko, V. Next generation at-cut quartz crystal sensing devices. Sensors 2011, 11, 4474–4482. [CrossRef]
[PubMed]

22. Hong, X.; Cheng, S.H.; Herding, C.; Zhu, J. Colossal negative magnetoresistance in dilute fluorinated
graphene. Phys. Rev. B 2011, 83, 085410. [CrossRef]

23. Yazyev, O.V. Emergence of magnetism in graphene materials and nanostructures. Rep. Prog. Phys. 2010, 73,
056501. [CrossRef]

24. Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, S.; Jiang, D.;
Novoselov, K.S.; Roth, S.; et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett.
2006, 97, 187401. [CrossRef] [PubMed]

25. Ferrari, A.C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon.
Phys. Rev. B 2000, 61, 14095–14107. [CrossRef]

26. Nair, R.R.; Ren, W.C.; Jalil, R.; Riaz, I.; Kravets, V.G.; Britnell, L.; Blake, P.; Schedin, F.; Mayorov, A.S.;
Yuan, S.J.; et al. Fluorographene: A two-dimensional counterpart of Teflon. Small 2010, 6, 2877–2884.
[CrossRef] [PubMed]

27. Lehtinen, P.O.; Foster, A.S.; Ayuela, A.; Krasheninnikov, A.; Nordlund, K.; Nieminen, R.M.
Magnetic properties and diffusion of adatoms on a graphene sheet. Phys. Rev. Lett. 2003, 91, 017202.
[CrossRef] [PubMed]

28. Dai, J.Y.; Yuan, J.M. Adsorption of molecular oxygen on doped graphene: Atomic, electronic, and magnetic
properties. Phys. Rev. B 2010, 81, 165414. [CrossRef]

29. Ma, Y.C.; Foster, A.S.; Krasheninnikov, A.V.; Nieminen, R.M. Nitrogen in graphite and carbon nanotubes:
Magnetism and mobility. Phys. Rev. B 2005, 72, 205416. [CrossRef]

30. Liu, Y.; Tang, N.J.; Wan, X.G.; Feng, Q.; Li, M.; Xu, Q.H.; Liu, F.C.; Du, Y.W. Realization of ferromagnetic
graphene oxide with high magnetization by doping graphene oxide with nitrogen. Sci. Rep. 2013, 3, 2566.
[CrossRef] [PubMed]

31. Nair, R.R.; Tsai, I.L.; Sepioni, M.; Lehtinen, O.; Keinonen, J.; Krasheninnikov, A.V.; Neto, A.H.C.;
Katsnelson, M.I.; Geim, A.K.; Grigorieva, I.V. Dual origin of defect magnetism in graphene and its reversible
switching by molecular doping. Nat. Commun. 2013, 4, 3010. [CrossRef] [PubMed]

32. Kashtiban, R.J.; Dyson, M.A.; Nair, R.R.; Zan, R.; Wong, S.L.; Ramasse, Q.; Geim, A.K.; Bangert, U.; Sloan, J.
Atomically resolved imaging of highly ordered alternating fluorinated raphene. Nat. Commun. 2014, 5, 5902.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

177





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Materials Editorial Office
E-mail: materials@mdpi.com

www.mdpi.com/journal/materials





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03928-225-8 


	Blank Page



