Pre prints.org

Article Not peer-reviewed version

Activated Carbon Ammonization:
Effects of the Chemical Composition of
the Starting Material and the Treatment
Temperature

Silvia C. Oliveira, Romulo C Dutra, José J.L. Ledn, Gesley AV. Martins , Alysson M.A. Silva,
Diana C.S. Azevedo, Rafeelle Gomes Santiago , Daniel Ballesteros Plata , Enrique Rodriguez-Castellén . ,

*
Marcos J Prauchner

Posted Date: 8 January 2025
doi: 10.20944/preprints202501.0451.v1

Keywords: activated carbons; adsorption; surface chemistry; ammonization; N-doped carbons

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2794035
https://sciprofiles.com/profile/807286
https://sciprofiles.com/profile/1821252
https://sciprofiles.com/profile/430170
https://sciprofiles.com/profile/271678
https://sciprofiles.com/profile/61071
https://sciprofiles.com/profile/4030100

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2025 d0i:10.20944/preprints202501.0451.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Activated Carbon Ammonization: Effects of the

Chemical Composition of the Starting Material and
the Treatment Temperature

Silvia da C. Oliveira !, Romulo C. Dutra %, José J. L. Le6n 1, Gesley A. V. Martins 1,
Alysson M. A. Silva 2, Diana C. S. de Azevedo 3, Rafaelle G. Santiago 3, Daniel Ballesteros-Plata ¢,
Enrique Rodriguez-Castellon 4* and Marcos J Prauchner 1*

1 Instituto de Quimica, Universidade de Brasilia, Campus Darcy Ribeiro, Brasilia/DF, CEP: 70904 970, Brazil

2 Departamento de Engenharia Mecanica, Faculdade de Tecnologia, Universidade de Brasilia, Campus Darcy
Ribeiro, Brasilia/DF, CEP: 70904 970, Brazil

3 Departamento de Engenharia Quimica, Campus do Pici, bl. 731, Universidade Federal do Cear3,
Fortaleza/CE, CEP: 60760-400, Brazil

¢ Departamento de Quimica Inorganica, Cristalografia y Mineralogia, Instituto Interuniversitario de
Investigacion en Biorrefinerias I3B, Facultad de Ciencias, Universidad de Malaga, 29071 Malaga, Spain

* Correspondence: marcosjp@unb.br (M.].P.); castellon@uma.es (E.R.-C.)

Abstract: N-containing carbon-based materials have been employed with claimed improved
performance as adsorbent of acidic molecules, VOC and metallic ions, catalyst, electrocatalyst and
supercapacitor. In this context, the present work provides valuable insights into the preparation of
N-doped activated carbons (ACs) by thermal treatment in NHs atmosphere (ammonization). A
commercial AC was submitted to two kinds of pre-treatment: (i) reflux with dilute HNOs; (ii) thermal
treatment up to 800 °C in inert atmosphere. The original and modified ACs were subjected to
ammonization up to different temperatures. ACs with N content up to ~8% were achieved.
Nevertheless, the amount and type of inserted nitrogen depended on ammonization temperature and
surface composition of the starting material. Remarkably, oxygenated acidic groups on the surface of
the starting material favored nitrogen insertion at low temperatures, with formation of mostly
aliphatic (amines, imides, and lactams), pyridinic and pyrrolic nitrogens. In turn, high temperatures
provoked the decomposition of labile aliphatic functions. Therefore, the AC prepared from the
sample pre-treated with HNOs, which had the highest content of oxygenated acidic groups among
the materials submitted to ammonization, presented the highest N content after ammonization up to
400 °C, but the lowest content after ammonization up to 800 °C.

Keywords: activated carbons; adsorption; surface chemistry; ammonization; N-doped carbons

1. Introduction

Activated carbons (ACs) are non-toxic, inexpensive, and versatile materials that present
pronounced porosity and therefore large specific surface area (SSA). This porosity usually comprises
mainly micropores (d < 2.0 nm, where d is considered as the width of slit-shaped pores). However,
considerable contents of mesopores (2.0 nm < d < 50 nm) and macropores (d > 50 nm) can also be
present.[1] Micropores contribute the most to SSA, while mesopores and macropores are usually
more important as transport channels to improve the diffusion of substrates through the pore
network towards the micropores, especially in liquid phase applications. Furthermore, narrow
mesopores are responsible for the adsorption of large molecules that cannot access the micropores
(e.g., dyes, pesticides, and toxins) [2-6].

Thanks to their well-developed and tunable porosity, ACs have been widely applied as
adsorbents in gas separation, purification and storage, water and wastewater treatment, volatile

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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recovery and removal of noxious substances from biological fluids, besides as drug carrier for
controlled deliver [2-5,7-16]. Moreover, other properties, such as good electrical conductivity and
high thermal, chemical and mechanical resistance make ACs very interesting materials to be used as
catalyst, catalyst support, electrocatalyst and supercapacitor [6-8,16-20].

The arrangement of the carbon skeleton in ACs is complex and variable. However, in general
terms, it can be envisaged that they are constituted by small segments of defective graphene layers
containing something like five to seven rings. Some of these layers can stack together (not much more
than 3 or 4 layers) to form such a kind of small graphitic microcrystals. These microdomains are
bonded together in a continuous and random way, creating a stable network of carbon atoms. The
empty spaces existing throughout the carbon structure correspond to the pores network [8].

Although sp? carbons are predominant, sp> or even sp carbons can also be found in ACs.
Furthermore, hydrogen is present, mainly completing the valence of edge carbons. The H/C atomic
ratio is usually taken as a measure of the aromaticity in carbon materials (the lower the ratio, the
higher the aromaticity).

Other elements than carbon or hydrogen can also be present, mainly at the edges of the carbon
layers. These other elements are called heteroatoms. Among them, oxygen is by far the most common,
mainly because it is abundant in most of the usual AC precursors, especially in those derived from
biomass, and part of this oxygen remains after the carbonization/activation process. Oxygen can be
found in the form of several functional groups, as portrayed in Figure 1, which can be acidic
(carboxylic acids, carboxylic anhydrides, lactones and phenols), nearly neutral (ether and ketones),
or basic (as it is the case of quinones and pyrones) [21-25].
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Figure 1. Usual oxygenated and nitrogenated functional groups present in ACs (elaborated considering

references 21-27).

Another heteroatom that has aroused increasing interest is nitrogen, which can be found in the
form of functional groups such as those displayed in Figure 1 [23-27]. Remarkably, the similar atomic
radius between the elements facilitates the substitution of C by N in the carbon skeleton. Since
nitrogen is relatively weakly electronegative (if compared to oxygen), the lone electrons pair on sp3
nitrogen (Figure 2a) and pyridine (Figure 2b) is likely to interact with electrophilic entities.
Furthermore, in some species, the lone electrons pair of N increases the density of n electrons on the
basal plane of carbon and gives rise to a positive charge on the nitrogen atom, which enhances the
material ability to interact with different species and to transfer electrons in redox reactions. This
occurs when nitrogen contributes a pair of electrons for the m system, as are the cases of pyrrolic
(Figure 2c) and quaternary (also called graphitic) nitrogens (Figure 2d), or even through resonance
in aromatic amines (Figure 2e).
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Figure 2. Illustration of the effect provoked by the pair of lone electrons of nitrogen in N-containing carbon-

based materials.

Thanks to that, N-containing carbon-based materials (not only ACs but also carbon nanotubes,
fullerenes, graphenes, carbon black, carbon foams, etc.) have been employed with claimed improved
performance in several applications such as: adsorbent for the separation of acidic molecules such as
CO2 [27-43] and H:S [44,45] from gaseous mixtures (i.e., biogas, natural gas, industrial exhaust gases
and atmospheric air); adsorbent for the removal of metallic ions [14,46-51] and organic compounds
[14,52] from water; catalyst or catalyst support [24,53-56]; metal-free electrocatalyst and
photocatalyst for reactions such as O: [6,57-65], CO:2 [66-68] and hydrogen reduction [69,70];
supercapacitor [71-77]; electrode in metal-ion batteries [78-81], molecular sensors [82,83], and
electromagnetic devices [84,8590]. AL-Hajri et al. [16] published a comprehensive review on recent
applications of N-doped carbon materials in CO2 capture and energy conversion and storage.

N-containing carbon-based materials can be prepared from natural precursors that have
considerable content of this element. These are the cases of protein-rich biomasses such as bean dregs
[46], yeast [53], chitosan [47], human hair [48], and leather waste [78], besides some synthetic
polymers and resins [14,28-30,49,54,66,67,69]. Nevertheless, most of the raw materials widely
employed for AC production (e.g., coal, coconut shell, wood, etc) are deficient in nitrogen. Thus, N-
containing carbon-based materials can be obtained by mixing conventional N-deficient feedstocks
with N-rich substrates such as melamine, urea and aniline [31-33,44,72]. Chemical vapor deposition
(CVD) [57,82,86] and plasma processing [58] of N-rich substrates are less usual methodologies.
Alternatively, nitrogen can be incorporated through a post-synthesis procedure, usually by heating
a mixture of a carbon material with labile N-containing molecules such as urea and melanine
[6,34,35,45,59-61,73,74,83,85], or by exposing a carbon material to a NHs atmosphere under heating
(ammonization treatment, sometimes also called ammonification or amination) [26,36—
40,50,52,55,62,68,75,76,87-90]. Finally, nitrogen molecules such as monoethanolamine and
ethylendiamine, can be grafted on the surface of carbon-based materials [41,51,71]. The works of
Kasera et al. [11], Rashidi et al. [41,77], Li et al. [42], Li et al. [56], Yuan et al. [81], Al-Hajri et al. [16],
and Mainali et al. [91] provide comprehensive reviews on the synthesis of N-containing carbon-based
materials.

Among the existing techniques to produce N-containing carbon-based materials, ammonization
can be considered one of the most interesting (if not the most one) mainly because it imposes no
restrictions as to the feedstock and activation methodology. However, there are currently few
systematic studies correlating feedstock composition and experimental ammonization conditions
with the composition and properties of the resulting materials. In this context, the present work
aimed to provide new insights into the preparation of N-doped ACs and to conciliate these new
insights with existing information dispersed throughout the literature. We therefore hope to
contribute to increase the knowledge on this relevant subject and to improve the capacity to produce
materials with surface properties tailored to specific needs. For that, a biomass-based commercial
sample of a hierarchical micro-mesoporous AC (labelled herein WV) was subjected to ammonization
up to 400 °C and 800 ‘C. These temperatures were chosen because, while 400 °C is a relatively low
temperature that does not induce significant aromatization, 800 °C is high enough to do so. In
addition, the original AC was also submitted to two types of pre-treatments: (i) with a HNOs solution
(nitrification) to increase the material acidity and oxygen content; (ii) a thermal treatment up to 800
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°C in an inert atmosphere (complementary carbonization) to reduce the material acidity and oxygen
content. Then, the modified ACs (obtained through complementary carbonization or nitrification)
were also subjected to ammonization, so that the influence of the acidic oxygenated functional groups
on nitrogen incorporation could be evaluated. The chemical composition of the materials was
carefully evaluated through techniques such as X-ray photoelectron spectroscopy (XPS),
temperature-programmed desorption coupled with mass spectrometry (TPD-MS), elemental
analyses (EA) and Boehm titration, besides point of zero charge (PZC) measurements. Furthermore,
the attaining of N2 adsorption/desorption isotherms permitted to evaluate the textural properties.

2. Materials and Methods

2.1. Treatments

A commercial granular activated carbon (WV-A1050, supplied by MeadWestvaco—USA) was
taken as starting material. According to the producer, the material was obtained from coconut shell
(Cocos nucifera) by chemical activation with HsPOs. Before any treatment, the material (labelled
herein as WV) was dried overnight at 110 °C and then cooled in desiccator with silica gel at room
temperature. Figure 3 shows a scheme presenting the performed treatments and the labels attributed
to the obtained samples.

WVCN400 WVACN400

Ammonization Ammonization

400 °C
(400 °C) Nitrification ( )

[WC| mm— —

Ammonization mmommnon
(800 °C) (800 °C)
WVCN800 WVACN800
Ammonization Ammonization
(400 °C) (800 °C)

Figure 3. Scheme presenting the performed treatments and respective labels attributed to the obtained

samples.

Nitrification was carried out by adding WV (20 g) to a beaker jar containing 200 mL of a 1.0 mol
L1 HNO:s solution. The mixture was kept under reflux (~75 °C) and magnetic stirring for 1 h. After
cooling, the material was washed with deionized water until the wash water reached a stable pH of
~6. After that, the obtained material, labelled as WV Ac, was dried at 105 °C overnight.

Complementary carbonization and ammonization were carried out in a horizontal furnace
equipped with a quartz tube. For carbonization, 8 g of WV were heated up to 800 °C (2 h; 5 °C min')
under inert atmosphere (N2, 100 mL min-). The system was then left cool down to room temperature.
The obtained material was labelled as WVC. For ammonization, 8 g of WV, WVC or WVAc were
heated (5 °C min') under NHs atmosphere (100 mL min-) to 400 (4 h) or 800 °C (1 h). The atmosphere
was then switched to N2 and the system was left cool down to room temperature. Initial exploratory
tests were performed to select an adequate holding time at maximum temperature, that is to say, a
time period that permits to achieve a nitrogen incorporation as high as possible without promoting
excessive carbon etching. Based on these tests, 4 and 1 h were adopted as the holding times for
ammonization up to 400 and 800 °C, respectively. The obtained samples were labelled as WVN400,
WVCN400, WVACcN400, WVN800, WVCN800, and WVAcN800 according to the starting material
and the maximum temperature used.

2.3. Materials Characterization

The textural characterization of the materials was based on N2 adsorption/desorption isotherms
acquired at -196 °C using an Adsorption Analyzer model Autosorb IQ XR-XR Viton (Anton-Paar,
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USA). Samples were outgassed in situ under vacuum at 150°C for 8 h before analysis. The apparent
SSA and the volume of micropores (Vmic) were determined by applying the Brunauer-Emmett-Teller
(BET) and Dubinin-Radushkevich (DR) equations, respectively. The volume of liquid N2 adsorbed at
P/p00.95, termed as Voss, was considered the volume of micro and mesopores (Vmes). Therefore, Vmes
was determined by subtracting Vmic from Vogs. The pore size distribution (PSD) curves were obtained
using the software Autosorb 1 and applying the Quenched Solid Density Functional Theory (QSDFT)
to the N2 adsorption data.

The ash content was determined by heating the dried sample to 600 °C (6 h) under atmospheric
air in an open mulffle furnace. Ash composition was determined by Energy Dispersive X-ray
Fluorescence spectroscopy (ED-XRF) using a Shimadzu equipment model EDS 720 HS.

C, Hand N contents in the samples were measured on a Parkin Elmer CHN Elemental Analyzer
model EA 2400 Series II equipped with an AD6 ultra-microbalance (Perkin Elmer).

The pH value at which the net charge on a surface is zero is termed the point of zero charge
(PZC). It was determined based on an approach widely described in the literature (see, just as an
example, reference [92]). Eleven solutions with pH (initial pH, pHi) varying in the range from 2 to 12
were prepared by taking 20 mL of 0.100 mol L-* NaCl (background electrolyte) and adjusting the pH
with 0.100 mol L' NaOH or HCl solutions. 20.0 mg of AC were added to each solution and the flasks
were shaken for 24 h at room temperature. The pH of the resulting supernatant liquid (final pH, pHf)
was measured and the difference between pHi and pHf was plotted against pHi. PZC was identified
as the pHi value corresponding to the point where the curve crossed the abscissa axis.

TPD-MS analyses were performed on an automated reaction system model AMI-90R from
Altamira Instruments (USA) coupled to a Dymaxion quadrupole mass spectrometer (range 0-100
m/z). The sample (ca. 100.0 mg) was placed in a quartz U-tube under an Ar flow of 10 cm?® min” and
atmospheric pressure, and then heated to 100 °C (10 °C min') and maintained at this temperature for
60 min to remove water and other adsorbed small molecules. The temperature was then raised to 950
°C using the same heating rate. The evolved gases were continuously monitored with the mass
spectrometer. CO and CO:-profiles were fitted assuming Gaussian distribution for each peak. Peaks
areas were correlated to the amount of gas through a daily routine calibration that consisted in the
injection of a known volume of pure gas using a calibrated loop [23].

The contents of acid and basic groups were determined using a procedure based on the Boehm's
titration method [93]. Shortly, the basic content was determined by adding 0.50 g of AC to an
Erlenmeyer flask containing 50 mL of a standard HCl solution (~0.100 mol L). After magnetic
stirring for 24 h and filtration, aliquots of 10 mL of the filtrate were titrated against a standard NaOH
solution ~0.100 mol L. In turn, the content of acidic groups was determined by backtitration: about
0.50 g of AC was added to an Erlenmeyer flask containing 50 mL of the standard NaOH solution.
After magnetic stirring for 24 h and filtration, 10 mL aliquots of the filtrate were added to 15 mL of
the standard HCI solution. Finally, the excess acid was titrated with the standard NaOH solution.
Blank tests were performed following the same methodology, but without the addition of AC. Thus,
the contents of acidic or basic groups were determined taking into account the difference between
the volumes of NaOH solution spent to reach the endpoint in the titrations of the sample and the
blank. Measurements were taken in triplicate.

XPS measurements were carried out using a Physical Electronics 5700 spectrometer using the
Mg-Ka line (1253.6 eV) from a PHI model 04-548 Dual Anode X-rays Source. The X-rays source was
run at a power of 300 W (10 keV and 30 mA). The pressure inside the vacuum chamber was 5 x 107
Pa. A hemispherical analyzer was employed (10-360 Precision Energy Analyzer) with a multi-channel
detector. The specimens were analyzed at an angle of 45° to the surface plane. Binding energies (BE)
were referred to the Cls line of adventitious carbon at 284.8 eV and determined with the resolution
of +0.1 eV. The spectra were fitted assuming Gaussian-Lorentzian distribution for each peak.
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3. Results
3.1. Characterization of the Unmodified AC WV

The N2 adsorption-desorption isotherms of the unmodified AC WV are displayed in Figure 4a.
According to IUPAC classification [1], the adsorption branch can be classified as a hybrid of types
I(b) and IV isotherms, which are typical for microporous and mesoporous materials, respectively.
This is in accordance with the textural properties compiled in Table 1, where the volumes of micro
and mesopores for WV were 0.50 and 0.42 cm? g, respectively, with a high SSA of 1508 m?2 g*. The
presence of mesopores is confirmed by the occurrence of a prominent hysteresis loop above p/po ~0.4.
This hysteresis loop resembles H4-type, which is associated with slit-shaped pores [1].

"-U'l
E
=
E
2
=
w
o
—a—and —s—WVC
i —— and —a— WV AC
o T T T T T T
0.0 02 0.4 08 08 1.0 1 2 3 4 5 ] 7
pip, Pore dimension (nm)

Figure 4. (a) N2 adsorption-desorption isotherms and (b) corresponding PSD curves (closed and open symbols
correspond to the adsorption and desorption branches, respectively).

Table 1. Data of textural characterization.

Sample SBET Vmic Voss Vimes
(m2g) (cm?g?) (cm? g7) (cm? g1)

WV 1506 0.51 0.92 0.41

WVN400 1238 0.39 0.72 0.33
CwwNs 247 0a 074 032

WVC 1296 0.44 0.75 0.31

WVCN400 1289 0.43 0.74 0.31
wvenswo B3 o046 076 030

WVACc 1392 0.47 0.82 0.35

WV AcN400 1226 0.41 0.72 0.31

WVACNS800 1504 0.50 0.83 0.33

WYV presented a relatively high ash content, 4.2 wt%. The ash was analyzed by ED-XRF, which
permitted the identification of the following elements and their respective weight percentages
(relative to the mass of the dry WV before burning): P 1.2; Na 0.7; Si 0.1; Ca 0.1 (only elements with
weight percentage > 0.1 were listed here). The presence of some phosphorus is due to the chemical
activating agent (HsPOs) [35,51,71,94-96], while the metallic elements must be remnants of the
biomass precursor composition.

The results of elemental analysis (Table 2) showed that WV has a relatively high H/C atomic
ratio of 0.41, which indicates a low aromaticity degree. Furthermore, the sum of C, H, N and ash
contents amounted to only 87.1 wt%, which evidence that the sample has a high O content. These
findings are consistent with the fact that chemical activation with HsPOs is usually carried out up to
relatively low temperatures (in the range of 400-550 °C) [35,51,71,94,97] at which the carbonization
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process is still at an early stage. Finally, it is worth to highlight that the N content was quite low, 0.2
wt%.

Table 2. Data of mass variation during ammonization (Amam), PZC, elemental analyses and titration.

o Elemental analysis Titration (mmol g7)
Sample  *Amun (%) PZC (i) H(wit%) Nwi%) H/C _ Acidic  Basic

WV - 4.7 80.0 27 0.2 0.41 1.11 0.45
WVN400 -4.2 6.8 73 24 3.9 0.39 0.50 0.38

CWVNSO 108 62 790 19 55 029 033 075
WvC - 6.2 84.9 11 0.2 0.16 0.19 0.32
WVCN400 +3.2 6.1 78.2 1.0 2.8 0.15 0.15 0.43

WVONSOO 15 63 825 13 35 019 007 086
WVACc - 1.8 80.2 32 2.7 0.48 1.94 0.00
WVACN400 -1.8 3.4 77.4 3.2 6.8 0.50 1.06 0.64
WVACNS00  -32.4 6.9 89.9 1.4 1.6 0.19 0.32 0.68

1 Mass variation during ammonization. 2 Atomic ratio.

The survey XPS spectrum of WV is displayed in Figure S2a (SI). The elemental composition
(wt%) determined from the high resolution (HR) XPS spectra was: C 83.1; 0 13.7, N 0.3; P 1.3; Na 1.3;
Si 0.3 (Table 3). It is worth to point out that the data regarding phosphorous and metallic elements
are in good accordance with the above reported ED-XRF data obtained from ashes analyses. In turn,
the C and N contents are relatively well in agreement with the data of elemental analysis (Table 2).
Taking into account that XPS is a superficial technique that provides an estimation of the chemical
composition of the few uppermost layers of the external surface, while elemental analysis and ash
analysis by ED-XRF scrutinize the composition of the material as a bulk, thus it is possible to conclude
that WV has a fairly homogeneous chemical composition through the radial direction.

Table 3. Data of surface chemical composition determined by XPS.

Element content (wt%)

Sample C o N P Na Si
% 83.1 137 03 13 13 03
WVN400 83.2 107 3.1 13 12 05
_______ WYNSOO 849 72 51 12 10 06
WvC 86.2 8.4 0.8 24 16 0.6
WVCN400 85.3 8.1 3.1 18 0.7 1.0
______ WYCNSOO 853 76 39 11 11 11
WVAC 80.1 17.0 1.7 0.8 - 0.4
WVACN400 81.4 9.5 7.8 1.0 ; 0.3
WVACNS00 89.1 8.3 1.9 0.4 ; 0.3

The HR C 1s core level spectrum of WV was deconvoluted into four components (Figure 5a),
which were assigned, in accordance with the literature [98], mainly to: unfunctionalized carbons,
mostly aromatic carbons (CI peak; 284.8 eV); C-O (CII peak; 286.2 eV); C=O (CIII peak; 287.4 eV);
COO- (CLV peak; 288.8 eV). The relative contributions of each peak are reported in Table 4.
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Figure 5. HR XPS C 1s and O 1s spectra.

Concerning the deconvolution of the HR O1s core level spectrum of ACs and the assignment of
the resulting peaks, the literature brings plenty of conflicting information. The website corresponding
to reference [99] displays a compilation of data concerning the assignment of O 1s peaks for a variety
of O-containing functionalities, which were taken from the work of Beamson and Briggs [100]. These
data were used to elaborate Figure S1 in Supplementary Information (SI). This Figure makes clear
that, independent of the functional group, O double bounded to C tends to yield O 1s peaks at lower
BEs, in the range of around 531-533 eV, while oxygen single bounded to carbon tends to render Ols
peaks at higher Bes, in the range of around 533-534 eV. Therefore, a simplified procedure was
adopted in the present work, which consisted in deconvoluting the O1s envelope into only two peaks
assigned to oxygen in C=0 (OI peak) and C-O (OII peak) moieties. This procedure has been largely
adopted by several authors [49,51,61,67,96] because it is able to provide relevant information while
avoids doubtful interpretations. Furthermore, it is in accordance with the work of Smith et al. [101],
which employed DFT calculations and experimental data to deconvolute and assign the O 1s peaks
of model compounds.
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Table 4. Relative contributions of C 1s and O 1s peaks obtained from the HR XPS spectra considering each
element separately and, between brackets, all the identified elements.

Relative contributions (Wt%)

Sample
CI CII CIII CIV Ol OIl
WV 83.7 (69.5) 8.7 (7.2) 49 (4.1) 2.7 (2.2) 429 (5.8) 57.1(7.8)
WVN400 82.7 (68.7) 11.3 (9.4) 3.9 (3.3) 21(1.7) 57.5 (6.2) 42.5 (4.6)
_ WVN800  79.3(67.3) 138(118)  48(41) 21(1.8)  463(37)  537(35)
WVC 82.8 (71.4) 11.4 (9.8) 4.1 (3.5) 1.7 (1.5) 47.9 (4.0) 52.1 (4.3)
WVCN400  80.8(68.9)  12.6(10.7) 4.8 (4.1) 1.8 (1.6) 48.1 (3.9) 51.9 (4.2)
_WVCN8oo | 798(81) 130(1L1) _ 50(43) 22(18) _464@5)  536(41)
WVACc 82.2 (65.8) 9.7 (7.8) 4.9 (3.9) 3.2 (2.6) 37.0 (6.3) 63.0 (10.7)
WVACN400 76.3(62.1)  14.8 (12.0) 6.2 (5.1) 2.7(22) 53.1 (5.0) 46.9 (4.4)
WVACNSO0 76.4(68.0) 15.1(13.4) 6.4 (5.7) 2.1(1.9) 10.8 (0.9) 89.2 (7.4)

At this point, it is worth to mention that, for the samples that contain small amounts of Na, a
KLL Auger signal of this element was identified (Table 3) at around 535.6 eV. Since this signal
partially overlapped the O 1s envelope, it was separated from OI and OII peaks during
deconvolution. By doing that, the O 1s XPS spectrum of WV gave rise to Ol and OII peaks centered
at 531.4 and 533.3 eV, respectively (Figure 5b; Table 4).

The deconvolution of the HR P 2p core level spectra and the assignment of the resulting peaks
are also difficult for this kind of material. The oxidation state of P atoms can vary from lower values
in GsP like groups, which give rise to P 2p peaks in the range of 130-131 eV, up to higher values in
P(=0)(-O)s like groups, which give rise to peaks at higher BEs (around 134 eV) [71,74,100-102]. In the
case of WV, the P 2p envelope was located mostly between 132 and 134 eV (Figure 6), which indicates
the presence of groups containing a P atom bonded to one or more O atoms: CsP(=0O), C2P(=0)( -O),
CP(=0)(-0)2 and P(=0)( -O)s like groups.

r T T T T T T 1
140 138 136 134 132 130 128 126
Binding Energy (eV)

Figure 6. HR P 2p core level spectrum for the unmodified AC WV.

In accordance with its high O content and low aromaticity, WV rendered relatively intense CO,
CO, H20 and H: emissions during TPD analysis (Figure 7). CO and CO2-TPD profiles have been
widely employed to identify oxygenated functionalities on the surface of carbon-based materials.
However, the peak assignment is not such a trivial task and there is contradictory information in the
literature, as clearly evidenced by the data compiled by Figueiredo et al. [22] and Herold et al. [102].
This occurs mainly because, as a general rule, many different oxygenated functional groups that
release CO2, CO or both coexist and can be found inserted in a large variety of chemical environments.
In this way, the decomposition temperature of a given group can vary throughout a relatively large
temperature range and the occurrence of overlapping peaks is quite usual.
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Figure 7. TPD profiles for the unmodified AC WV.

In the present work, the CO:-TPD profile of WV was deconvoluted into five peaks (Figure 8a)
whose assignments were done according to references [23,103-106]. In this sense, the first two peaks
(CO»x-T at 278 °C and COx-1I at 388 °C) were assigned to the decomposition of stronger and weaker
carboxylic acids, respectively. The third peak (CO:-IIl at 518 °C) was assigned to carboxylic
anhydrides. In turn, the last two peaks (CO2-1V at 640 °C and CO2-V at 765 °C) were mainly assigned
to lactones (although it is worth to mention that they can have some contribution from the conversion
of CO into CO, as it will be opportunely discussed in Subsection 3.4.1).
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Figure 8. (a) CO:z and (b) CO-TPD profiles of WV and respective deconvoluted peaks.

In turn, the CO-TPD profile was deconvoluted into seven peaks (Figure 8b). The first two (CO-I
at 278 °C and CO-II at 388 °C) also correspond to the decomposition of carboxylic acids. Although the
decomposition of these groups did not release CO by itself, the fragmentation of CO:* ions in the
ionization chamber of the mass spectrometer generates CO* ions [23]. Furthermore, the possibility
that CO was also formed inside the sample cell itself due to the conversion of as-formed CO:
molecules catalyzed by the AC surface (Boudouard reaction [107]) cannot be ruled out. The third CO
peak (CO-III at 515 °C) was assigned to carboxylic anhydrides, which release both CO2 and CO
simultaneously (therefore, the CO-III and CO:-Ill peaks were located at almost the same
temperature).

Before proceeding with the assignments for the other CO peaks, it is worth to highlight that,
while on the one hand there is agreement that the presence of an intense CO emission peak in the
~600-700 °C range is due to the decomposition of phenols/ethers [23,103-106,108], on the other hand
there are controversial proposals for the assignment concerning to CO emission in the ~700-800 °C
range. For example, Rocha et al. [23] and Li et al. [103] attributed this emission to carbonyl groups in
ketone and quinone-like structures. However, Ishii and Ozaki [105], who carried out a detailed work
involving TPD analyses of ACs isotopically labeled with deuterium, attributed both the CO peaks
observed at 636 and 750 °C to decomposition of phenol/ether groups, while the emissions due to the
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decomposition of carbonyl-containing functionalities were assigned to peaks at higher temperatures.
In addition, Diingen et al. [108], who achieved a better peak separation by carrying out non-linear
TPD analyses of carbon-based material, concluded that, while phenols and ethers decompose
between 620 and 800 °C, carbonyl-containing functions decompose all only above 800 °C.

In the present work, the assignments of the CO peaks were made according to the proposal of
the Ishii and Diingen teams. Thus, the peaks verified at 648 and 737 °C (CO-IV and CO-V peaks) in
the CO-TPD profile of WV were both assigned to C—O—H/C moieties in phenols/ethers, while the
peaks at around 892 and 930 °C (CO-VI and CO-VII) were assigned to carbonyl-containing groups
(ketones/quinones). The adoption of this assignment line was supported by the fact that, as will be
reported in Subsection 3.3, the intensity of the CO-V peak increased after nitrification of WV, whereas
the peaks above around 800 °C vanished. Therefore, if it is assumed that the treatment with HNOs
increases the amount of phenolic groups and oxidizes existing carbonyl groups, then it is possible to
infer that the CO-V peak was due to C—O—H/C motifs in phenols/ethers, while the CO-VI and CO-
VII peaks were due to carbonyl-containing groups.

In accordance with TPD analyses, the titration of WV resulted in a relatively high content of
acidic groups, 1.11 mmol g, besides a moderate content of basic groups, 0.45 mmol g (Table 2).
Accordingly, WV presented a somewhat acidic PZC of 4.7.

3.2. Complementary Carbonization of WV

As already mentioned in the previous Subsection, chemical activation with HsPO4 is usually
carried out up to relatively low temperatures (usually 400-550 °C) and, therefore, the resulting
materials are still in an incipient carbonization degree. Therefore, to achieve a material with higher
aromaticity and lower content of acidic oxygenated functional groups, WV was submitted to a
complementary carbonization up to 800 °C.

As expected, the complementary carbonization of WV gave rise to a considerable weight loss,
12.4 wt%. Since a TPD experiment can be considered as a kind of carbonization in small scale, the
reasons for the quoted weight loss can be disclosed taking into account the TPD profiles of WV. In
this sense, the majority of the weight loss can be attributed to the release of CO: and CO due to the
decomposition of oxygenated groups (Figures 7 and 8; see pertinent discussions in Subsection 3.1).
Furthermore, the releases of H2O, H2 and CHs (Figure 7) have minor contributions. The release of
H20 in the range of ~200-320 °C is mainly attributed to the occurrence of dehydration reactions
involving two neighboring carboxylic acids groups, two phenol groups, or a carboxylic acid and a
phenol group [105,106,109,110]. In turn, the release of H2 above around 650 °C is due to the occurrence
of reactions of aromatization and condensation of aromatic rings [105,109-111]. Finally, the slight
release of CHa that takes place in the range of ~550-900 °C is due to the presence of some aliphatic
carbons.

Concerning the TPD of the sample that underwent complementary carbonization (WVC), one
could foresee that it would not give rise to any emission below 800 °C because the material has already
been heated up to this temperature. However, although in low intensity, WVC presented some CO:
and CO emission below 800 °C (Figure 9). The explanation for this behavior is that carbon atoms with
incomplete valencies and unpaired electrons are left behind after carbonization, and these atoms are
able to react with atmospheric oxygen and water vapor to generate acidic oxygenated groups
[112,113]. As would be expected, CO emissions were intensified above 800 °C due to the
decomposition of carbonyl-containing groups.

In accordance with the above-described reactions that take place during complementary
carbonization, WVC presented, in comparison to WV, lower H/C atomic ratio and O content, which
decreased from 0.41 to 0.16 (Table 2) and from 13.6 to 8.4 wt% (Figure S2b; Table 3), respectively. In
addition, both the acidic and basic contents decreased: from 1.11 to 0.19 mmol g and from 0.45 to
0.32 mmol g7, respectively (Table 2). Finally, PZC increased from 4.7 to 6.2 (Table 2).
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Figure 9. (a) CO: and (b) CO-TPD profiles of WV and the samples obtained from its complementary

carbonization and nitrification.

Carboxylic acids and phenols are the main groups decomposed during complementary
carbonization. The former has one OI and one OII type oxygen, while the latter has only one OII type
oxygen. Therefore, the decomposition of phenolic groups explains why, in comparison to WV, WVC
presented a lower relative contribution of the Oll-peak for the O 1s XPS envelope (the values were
52.1 and 57.1% for WVC and WYV, respectively; Table 4).

Another important change observed during the complementary carbonization of WV was a
reduction in porosity: Vmic and Vmes decreased from 0.50 and 0.42 cm?® g to 0.43 and 0.32 cm? g7,
respectively (Table 1). Consequently, SSA also decreased, from 1508 to 1298 m? g-1. These results can
be attributed to the aromatization and condensation of aromatic rings that took place during
complementary carbonization, which caused a shrinkage of the material particles and, consequently,
a contraction of pore dimensions. Similar results were reported elsewhere for the complementary
carbonization of carbons chemically activated with HsPOs and ZnCl2 [114,115].

3.3. Nitrification

The treatment of WV with HNOs promoted a pronounced increase of the acidic content, from
1.11 to 1.94 mmol g, whereas the content of basic groups became zero (Table 2). Accordingly, PZC
pronouncedly decreased, from 4.7 to 1.8.

Concerning the TPD profiles (Figure 9), the intensity of all CO: emissions pronouncedly
increased after nitrification, evidencing the creation of additional carboxylic acids, anhydrides and
lactones. In turn, CO emissions intensified up to ~830 °C, which can be attributed to the creation of
additional anhydride and phenol groups. However, the increase of CO emissions in the range of
nearly 500-850 °C was less intense than the increase of CO: emissions, which evidences that
nitrification led primarily to the formation of carboxylic groups. Indeed, Figueiredo et al. [22] have
already reported that the treatment of an AC with HNO:s decreased the ratio between the intensity of
the CO and CO2 TPD peaks.

Another interesting aspect to be noted is that CO emissions at higher temperatures (above ~830
°C) vanished after nitrification, which is in accordance with the null content of basic groups measured
by titration for WVAc (Table 2). The consumption of the carbonyl groups can be attributed to the
oxidative attack of HNOs, which is a well know reaction [116].

HNO:s treatment increased the O content (determined by XPS) from 13.6 to 17.0 wt% (Figure S2¢;
Table 3). In accordance with carbonyls oxidation and phenol formation, there was an increase in the
relative contribution of the OII peak for the O 1s XPS envelope (the values were 63.0 and 57.1 wt%
for WVAc and WV, respectively; Table 4). Furthermore, there was an increase in the N content, from
0.2/0.3 t02.7/1.7 wt% [EA (Table 2)/XPS (Table 3)]. The HR N 1s core level spectrum (Figure 10) reveals
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that N was inserted as nitro groups (—NO), leading to a peak centered at 406 eV [35,71,79,94]. Finally,
the Na present in the pristine AC WC was leached by the employed HNOs solution (Table 3).

-NO,

4(I)8 4(I)6 4(I)4 4(I)2 4(I)O 3;38
Binding Energy (eV)

Figure 10. HR N 1s core level spectrum for the AC modified by nitrification.

Figure 4 and Table 1 portray that nitrification somewhat reduced the available porosity and SSA.
This is a typical behavior that is commonly attributed to two factors: (i) the formation of acidic
oxygenated groups that can block the entrance of some narrow pores; (ii) the collapse of some pore
walls by oxidation [110,117,118]. In the present case, since nitrification was conducted under mild
conditions (dilute HNO:s), we believe that the first reason was preponderant.

3.4. Ammonization

The results of EA (Table 2) and XPS (Figure S3; Table 3) show that ammonization up to both
temperatures of 400 and 800 °C promoted the desired nitrogen incorporation. It is notable that there
is a relatively good agreement between the N content determined through the different analytical
methods. Considering that, as already mentioned in Subsection 3.1, XPS is a surface technique while
EA is a bulk technique, these results can be taken as evidence that NHs diffused well throughout the
carbon particles.

3.4.1. Ammonization up to 400 °C

Among the materials prepared by ammonized up to 400 °C, WV AcN400 presented the highest
N content, 6.8/7.8 wt% [EA (Table 2)/XPS (Table 3)]. This material was produced from WVAc, the
sample that had been pre-treated with HNOs and therefore had the highest content of oxygenated
acidic groups among the materials submitted to ammonization. These findings suggest that N
incorporation is favored by the presence of oxygenated acidic groups on the surface of the starting
material. Indeed, Stohr et al. [119] proposed that, under heating, NHs reacts with carboxylic acid and
phenol/ether groups to render amides and amines, respectively, as represented in Equations 1-3 of
Figure 11. Furthermore, Ortega et al. [87] proposed that other carboxylic groups such as anhydrides
and lactones also react with NHs, as illustrated by Equations 4 and 5.
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Figure 11. Examples of hypothetical reactions of ACs with NHs.

At this point, it is worth noting that WVCN400 presented a considerable N content, 2.8/3.1 wt%
[EA (Table 2)/XPS (Table 3)], despite the low presence of oxygenated acidic groups in the starting
material (WVC). This result evidences that there must exist another pathway for N incorporation that
does not depend on the presence of oxygenated acidic groups. We speculate that the temperature of
400 °C is high enough to promote the insertion of —NH2 groups (aminic nitrogen) directly onto the
edge carbon atoms, as illustrated by Equation 6 in Figure 11. Then, the amides and amines formed as
illustrated in Figure 11 would undergo a series of subsequent cyclization reactions, as shown in
Equations 7-11 in Figure 12, some of which have already been suggested by other authors [87,90].
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Figure 12. Examples of hypothetical cyclization reactions taking place during ammonization of ACs.

Some additional reactions have been described. For example, Arrigo et al. [25], Ortega et al. [87]
and Arrigo et al. [88] proposed the decarbonilation of delta-lactams into pyrrole (Equations 13 in
Figure 13). Furthermore, Arrigo et al. [25] proposed that the iminol tautomeric form of amide could
lose H20 to form pyridine (Equations 14 in Figure 13). Both reactions are plausible, but we do not
have how to prove their occurrence.

A, o« O
@ A, O H  (Eq 13)
° O

Delta-lactam Pyrrole

e
WOH A QN (Eq. 14)

Pyridine
Figure 13. Additional hypothetical reactions that would take place during ammonization of ACs.

Figures 14a, 14c and 14e show the HR N 1s core level spectra of the samples ammonized up to
400 °C, which present an envelope between around 397 and 402 eV. In accordance with the literature
and the above-proposed reactions, this envelope was deconvoluted into four contributions centered
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at around 398.5, 399.5, 400.3 and 401.5 eV. They were assigned, respectively, mainly to: pyridinic N
(N-6 peak); aliphatic N (N-X peak) in amines, imides and lactams; pyrrolic N (N-5 peak); quaternary
nitrogen (N-Q peak) [28,32,35,52,58,63,64,71,73,75,86,89]. Furthermore, some authors [21,59,86] have
considered that the peak at around 400.3 eV (that is to say, N-5, according to the employed
nomenclature) can also have contribution from pyridine-like structures, which are formed as
tautomeric forms of delta-lactams (Figure 15). The presence of some N-Q could be explained by the
occurrence of reactions such as that displayed by Equation 12 in Figure 12.

T T T T T
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Figure 14. HR N 1s core level spectra for the ammonized ACs.

oL, @
:

Delta-lactam Pyridone
Figure 15. Tautomeric equilibrium between delta-lactam and pyridone-like structures.

It is worth to point out that the —NO: groups previously introduced by the nitrification treatment
were completely removed during ammonization, as revealed by the absence of a peak between 404
and 408 eV in the HR N1s core level spectrum of WVAcN400.

Mass losses of 4.2 and 1.8 wt% took place during the ammonization procedures leading to
WVN400 and WV AcN400, respectively, while a mass gain of 3.2 occurred during the ammonization
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that produced WVCN400 (Table 2). These results are in accordance with the idea that, for materials
with a relatively high content of oxygenated acidic groups, N incorporation takes place primarily
through the reactions described by Equations 1-5 in Figure 11, followed by reactions like those in
Equations 7-9 in Figure 12 and Equations 13 and 14 in Figure 13. In general terms, these reactions
release small molecules such as NHs, CO, and H20, which would explain the slight weight losses
observed during the ammonization of WV and WV Ac up to 400 °C. On the other hand, in the case of
samples with low content of oxygenated acidic groups, the initial incorporation of N would take place
mainly through reactions like that presented by Equation 6 in Figure 11, followed by reactions like
those illustrated by Equations 10-12 in Figure 12. The combination of these reactions would explain
the small mass gain verified during the ammonization of WVC up to 400 °C.

In accordance with the proposed reactions, N incorporation during ammonization up to 400 °C
was followed by reductions in O content: from 13.6 (WV) to 10.7 wt% (WVN400); from 8.4 (WVC) to
8.1 wt% (WVCN400); from 17.0 (WVACc) to 9.5 wt% (WVAc400) (Table 3). In the case of WVC, the
reduction was slight because, as discussed above, the main route for N incorporation did not involve
the consumption of oxygenated groups. In turn, since WVAc presented, among the samples
submitted to ammonization, the higher content of oxygenated groups, it underwent the largest
reduction in O content.

As expected, the ammonization of the materials having relatively high content of oxygenated
acidic groups up to 400 °C increased PZC: from 4.7 (WV) to 6.8 (WVN400) and from 1.8 (WVAc) to
3.4 (WVACcN400) (Table 2). On the other hand, in the case of the material that did not display elevated
content of oxygenated acidic groups, WVC, its PZC near the neutrality (6.2) was not significantly
altered (the PZC measured for WVC400 was 6.1).

Figure 16 shows the CO2- and CO-TPD profiles of the samples ammonized up to 400 °C. It is
notable that the CO profiles were very similar to those of the corresponding materials before
ammonization (Figure 9). In this sense, the presence of an intense peak in the ~500-850 °C region for
the samples WVN400 and WVAcN400 can be taken as evidence that the conversion of phenol/ether
groups into amines according to Equations 2 and 3 in Figure 11 was not prominent during
ammonization up to 400 °C. In this sense, it is valid to highlight that the remnant of phenolic groups
would be able to explain the considerable acidic content verified for the referred samples (0.50 and
1.06 mmol g7, respectively).
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Figure 16. CO: (red lines) and CO-TPD (black lines) profiles of ammonized samples (the scale was kept the same
in order to facilitate comparisons).
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In turn, the CO2-TPD profile was completely modified by ammonization up to 400 °C. Below
~450 °C, CO2 emissions practically disappeared because, as discussed above, carboxylic acids reacted
with NHs or even decomposed. On the other hand, CO: release was intensified in the range of ~500-
900 °C, which is somewhat surprising because, as already discussed in Subsection 3.1, CO;, as a rule,
is released only by the decomposition of carboxylic groups in the low to medium temperature range.
An interesting aspect to be noted is that the CO2-TPD profile of the samples ammonized up to 400 °C
seems to correlate with the corresponding CO profile in the medium-to-high temperature range. For
example, samples WVN400 and WVAcN400 present a large CO2 emission between around 450 and
800 °C, which resembles the CO emission in this temperature range. Concerning higher temperatures,
it is notable that the samples that released CO above ~800 °C (WVN400 and WVCN400) also released
some CO: in the ~800-900 °C range, whereas the sample that did not emit CO above ~800 °C
(WVACN400) also did not emit any COz. These results strongly suggest that at least most of the CO:
detected during TPD analyses of ammonized samples would actually be the result of a partial
conversion of the released CO to CO: within the sample holder (the so-called inverse Boudouard
reaction [107]).

At this point, it is worth mentioning that the lactone decomposes in the range of ~500-900 °C
(Figure 8). However, it is assumed that the lactones reacted with NHs during ammonization and the
intensity; furthermore, the CO2 emissions in the range of ~500-900 °C were even more intense for the
materials ammonized up to 400 °C than for the corresponding materials before ammonization
(compare the CO>-TPD profiles of samples WVN400 and WV Ac400 in Figures 16 a and 16¢ with those
of samples WVN and WV Ac in Figure 9a).

Marchon et al. [119] proposed that the conversion of CO to CO: involves the reaction of a
carbonyl group with CO to give a lactone, which would decompose in the sequence to release CO..
A possible mechanism to explain this reaction is proposed in Figure 17. Since the conversion of CO
into CO2 was significantly observed only for ammonized samples, it is possible to infer that the
referred conversion is favored by the presence of N-containing groups. This hypothesis is in
accordance with the proposed mechanism since, as portrayed in Figure 2, N-containing groups
increase the density of 7t electrons on the carbon basal planes, which would increase the contribution
of the resonant structure (II) of Figure 17 to the overall hybrid structure and therefore favor the
nucleophilic attach of carbonylic oxygen to a CO molecule.

[
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(1) (1) Iv)
Figure 17. Possible mechanism to explain the CO conversion into COz.

An additional point that is worth addressing here is that the relative intensity between CO2
emission and the corresponding CO emission became lower the higher the temperature. Thus, for
example, while CO emissions for WVN400 had two well defined intense maxima around 675 and 910
°C, the corresponding CO: emissions presented a maximum at 640 °C with a kind of elbow at ~810 °C
(Figure 16a). This behavior can be understood in light of the mechanism proposed above for the
conversion of CO into CO2: firstly, because the nitrogenated groups, which favors the conversion,
gradually decompose as the temperature increases, which would contribute to decrease the rate of
CO conversion; secondly, because the carbonyl groups that promotes the conversion start to
decompose above ~800 °C (remember that the CO to be converted at higher temperatures is formed
precisely by the decomposition of carbonyls).
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Figure 18 and the data in Table 1 show that the ammonization of WV and WV Ac up to 400 °C
reduced the porosity of the materials, while the porosity changed little in the case of the
ammonization of the sample that had previously been submitted to complementary carbonization
(WVCQ). This behavior shows that N-containing groups inserted during ammonization reduce the
available porosity in the materials that are still in an incipient carbonization degree (that is to say,
that were not heated at relatively high temperatures such as 800 °C).
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Figure 18. (a) N2 adsorption-desorption isotherms of the ammonized samples and (b) the corresponding PSD
curves (for the sake of comparison, the isotherms and PSD curves of the respective starting materials were

included; closed and open symbols correspond to the adsorption and desorption branches, respectively).

3.4.2. Ammonization up to 800 °C

Increasing the maximum ammonization temperature from 400 to 800 °C caused different effects
on N incorporation depending on the chemical composition of the starting material. For the
unmodified AC (WV) and the sample that had previously been submitted to complementary
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carbonization (WVC), the N incorporation during ammonization up to 800 °C was higher than during
ammonization up to 400 °C. The N contents were 5.5/5.1 and 3.5/3.9 wt% for WVN800 and WVCNS800,
respectively, whereas the values for their counterparts ammonized up to 400 °C were 3.9/3.1 and
2.8/31 [EA (Table 2)/XPS (Table 3)]. Additional incorporation of nitrogen above 400 °C is assumed to
occur due to the reaction of NHs (or derived species such as ‘NH: radicals) with the edge carbons in
a manner similar to that illustrated by Equation 6 in Figure 11.

On the other hand, for the sample that had been previously treated with HNOs (WVAc), the
effect of increasing the ammonization temperature was contrary, so that WVAcN800 presented a
much lower N content than WVAcN400 [the values were 1.6/1.9 and 7.8/6.8 wt%, respectively; EA
(Table 2)/XPS (Table 3)]. These results can be related to the intense weight loss verified during the
ammonization of WVAcup to 800 °C, 32.4% (Table 2), and shows that, if on the one hand the presence
of oxygenated acidic groups favors N incorporation at low-to-medium temperatures, on the other
hand the resulting structure is highly susceptible to decomposition at higher temperatures, leading
therefore to the release of most of the N incorporated at lower temperatures. For the sake of
comparison, the respective weight losses during the ammonization of WV and WVC were only 10.8
and 1.5%, respectively.

The HR N1s core level spectra of the samples ammonized up to 800 °C presented different
profiles than those verified for their counterparts ammonized up to 400 °C (compare Figures 14b with
14a, 14d with 13c, and 14f with 14e). The N-X peak due to aliphatic nitrogen, which was prominent
for the samples ammonized up to 400 °C, was not present in the spectra of the samples ammonized
up to 800 °C. For the latter, only aromatic nitrogens, mainly pyrrolic (N-5) and pyridinic (N-6), are
present. At this point it is worth highlighting that a similar trend can be observed in the N 1s core
level spectra of the materials prepared through ammonization up to different temperatures by other
authors [25,52,76,88]. In this sense, Arrigo et al. [25] reported N-X contents (called in their work N2
peak) of 5.0, 6.7 and 0.0 for materials obtained by ammonization up to 200, 400 and 600 °C,
respectively, of a carbon nanofiber pre-treated with HNOs (concentrated, 120 °C, 2 h).

As expected, the TPDs of the samples ammonized up to 800 °C (Figure 16d-16f) presented low
CO and CO: emission up to this temperature. Similar to the material submitted to complementary
carbonization (Subsection 3.2), the minor emissions that took place bellow the maximum temperature
reached during the material processing are attributed to functional groups formed by post-synthesis
reaction with atmospheric Oz and H20. In turn, the intense CO emission peak verified for WVN800
and WVCNSO00 at around 880-890 °C is assigned to the decomposition of carbonyl groups. In the case
of WVACNS00, this emission is not observed because, as already discussed in Subsection 3.3, the
carbonyl groups were consumed by the pre-treatment with HNO:s. It is noteworthy that, in the same
way as verified for the samples ammonized up to 400 °C, the CO emissions from the samples
ammonized up to 800 °C had a corresponding less intense evolution of CO», supposedly due to the
conversion of CO into CO: (see pertinent discussion in Subsection 3.4.1).

The samples ammonized up to 800 °C presented a lower O content than the corresponding
starting materials and counterparts ammonized up to 400 °C. The values were 13.6/10.7/7.2% for
WV/WVN400/WVN800, 8.4/8.1/7.6% for WVC/WVCN400/WVCNS800, and 17.0/9.5/8.2% for
WVAc/WVAcN400/WVAcNS800 (Table 2). In the case of the series WVC/WVCN400/WVCNS800, the
reduction was slight because WVC had already lost the labile oxygenated groups during the previous
complementary carbonization. Furthermore, WVN800 and WVAcNS800 had considerably higher
aromaticity due to the thermal effects during ammonization. The H/C ratios were: 0.41/0.39/0.29 for
WV/WVN400/WVN800; 0.48/0.50/0.19 for WV Ac/WVAcN400/ WV AcNS800. In the case of WVC, as it
had already been treated at 800 °C during complementary carbonization, no additional gain of
aromaticity was detected after ammonization. The determined H/C ratios were 0.16/0.15/0.19 for
WVC/WVCN400/WVCNS800.

As expected, the materials ammonized up to 800 °C presented a higher content of basic groups
than acidic groups. The acidic/basic contents were 0.33/0.75, 0.07/0.86 and 0.32/0.68 mmol g for
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WVN800, WVCNB800 and WVACNBSO00, respectively. Even though, the corresponding measured PZC
values were always near neutrality: 6.2, 6.3 and 6.9.

Concerning the textural properties, it is first necessary to stress that, for materials that have not
been previously processed at high temperatures (the cases of WV and WV Ac), it would be expected
that the increase of the maximum ammonization temperature from 400 to 800 °C would have
provoked a porosity shrinkage due to thermal effects, in a similar way as verified when WV was
submitted to complementary carbonization (Subsection 3.2). However, this behavior was not
observed in the present study (Figure 18; Table 1). Instead, in the case of sample WWNBS800, the
porosity was much similar to that of its counterpart ammonized up to 400 °C (WWN400). In turn, the
porosity of WWAcNS800 was much higher than that of its counterpart sample ammonized up to 400
°C (WWACN400). These findings evidence that another effect balanced or even surpassed the trend
of porosity shrinkage due to thermal issues. This effect is supposed to be the above-mentioned
degradation, in the medium-to-high temperature range, of labile aliphatic N-containing
functionalities formed at lower temperatures. As reported at the end of the previous Subsection, these
functionalities would reduce the available porosity of the sample ammonized up to 400 °C, so that
their removal would work as a kind of “material gasification” that increases the available porosity.

As expected, none of the above reported effects were relevant in the case of WVC ammonization.
Firstly, because this material had already been previously processed at high temperature during the
complementary carbonization, so that the thermal effect of porosity shrinkage had already taken
place (see Subsection 3.2). Secondly because, since WVC had a low content of oxygenated acidic
groups, the formation of labile aliphatic N-containing functionalities was not significant during its
ammonization (see pertinent discussions in Subsection 3.4.1). Therefore, the sample WVCN800 had
a very similar porosity to its counterpart ammonized up to 400 °C (WWCN400).

3.4.3. Final Considerations About Ammonization

Although there are scarce works in the literature concerning the ammonization of carbon-based
materials at (or up to) different temperatures, the results of the existing works are in consonance with
those presented here. These works can be divided into two groups. The first group corresponds to
those works whose authors carried out the direct ammonization of carbon materials, that is to say,
without performing an oxidative pre-treatment [37,39,52]. For these authors, the content of N
incorporated at higher temperatures was higher, in a similar manner as verified for the ammonization
of WV and WVC in the present work. For example: Pevida et al. [37] reported N contents (EA) of 3.3
and 6.3 wt% for the materials obtained through ammonization at 400 and 800 °C (2 h), respectively,
of a commercial HsPO4 activated carbon; Yang et al. [52] reported N contents (XPS) of 1.03 and 2.80
wt% for the materials obtained through ammonization up to 350 and 850 °C (2 h), respectively, of a
commercial AC. In the other group are the works whose authors carried out a pre-treatment of the
carbon material with HNOs before ammonization [25,76,87,88]. For these authors, the content of N
incorporated at higher temperatures was lower, in a similar manner as verified for the ammonization
of WV Ac in the present work. For example: Zhang et al. [76] reported N contents (EA) of 4.0 and 2.1
wt% for the materials obtained through ammonization at 400 and 800 °C (2 h), respectively, of the
materials obtained through chemical activation of a petroleum coke with KOH followed by pre-
treatment with a HNO:s solution (20 wt%, 3 h, 60 °C); Kundu et al. [88] reported N contents (XPS) of
3.5and 1.1 wt% for the materials obtained through ammonization at 400 and 800 °C (2 h), respectively,
of materials obtained through pre-treatment of commercial carbon nanotubes with HNOs vapor (48
h, 200 °C).

It is should also be mentioned that some authors have inadvertently carried out an oxidative
pre-treatment with HNO:s prior to ammonization [25,50,76,87,88], based on the premise that this pre-
treatment improve N incorporation. However, the results reported in the present work show that the
effects of pretreatment of a carbon-based material on N-incorporation depend on the ammonization
temperature and the surface chemical composition of the starting material. Therefore, the pertinence
of carrying out a nitrification pre-treatment should be evaluated on a case-by-case basis.
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4. Conclusions

The present work provides valuable insights on the preparation of N-doped ACs through
ammonization. The results showed that, during ammonization up to low temperatures (around 400
°C), nitrogen is incorporated in the form of aliphatic (supposedly amines, imides and lactams),
pyridinic and pyrrolic groups, with a minor contribution of quaternary nitrogen. The presence of
oxygenated acidic groups (mainly carboxylic acids, anhydrides and lactones) on the surface of the
starting material favors N insertion by means of the formation of amides that, in the sequence,
undergo cyclization reactions to give rise mainly to imides and lactams. Therefore, the highest N
content on the AC surface (around 8 wt%, as determined by XPS) was verified for the sample obtained
from ammonization up to 400 °C of the material that had been pre-treated with a HNOs solution
(because this pre-treatment greatly increased the content of the referred oxygenated acidic groups).

Although the presence of oxygenated acidic groups favors N incorporation, it is not an
indispensable requisite, because NHs can alternatively react directly with edge carbon atoms,
presumably to give rise to amine groups that can react in the sequence to form mainly pyridine and
pyrrole-like structures. Therefore, even the sample that had been submitted to a previous
complementary carbonization up to 800 °C, which presented a quite low content of oxygenated acidic
groups, incorporated considerable content of N during ammonization up to 400 °C (around 3 wt%,
as determined by XPS).

By increasing the maximum ammonization temperature to 800 °C, two effects were observed: (i)
on the one hand, the incorporation of N was favored; (ii) on the other hand, reaching high
temperatures provoked the decomposition of aliphatic groups, which caused the release of part of
the N that had been incorporated at lower temperatures. The overall result was that the N present in
the materials obtained by ammonization up to 800 °C was found only in the form of aromatic N,
mainly pyridinic and pyrrolic ones, with a minor contribution of quaternary N. Furthermore, if the
starting material had a high content of oxygenated acidic groups, the N content of the material
obtained after ammonization up to 800 °C was lower than that verified for its counterpart material
ammonized up to 400 °C, because most of the N was incorporated in the form of aliphatic groups that
decomposed at higher temperatures. In turn, if the starting material had a low-to-medium content of
oxygenated acidic groups, the N content verified for the materials prepared by ammonization up to
800 °C was superior to that verified for their counterpart samples ammonized up to 400 °C, because
a larger amount of N was incorporated in the form of stable aromatic rings.
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