Carbon 162 (2020) 528—-544

Contents lists available at ScienceDirect

Carbon_

Carbon

journal homepage: www.elsevier.com/locate/carbon

Deconvoluting the XPS spectra for nitrogen-doped chars: An analysis N
from first principles i

Michael Ayiania ¢, Matthew Smith *", Alyssa J.R. Hensley ”, Louis Scudiero €,
Jean-Sabin McEwen * " 4" 'Manuel Garcia-Perez * & "

2 Department of Biological Systems Engineering, Washington State University, Pullman, WA, 99164, USA
b Gene and Linda Voiland School of Chemical Engineering and Bioengineering, Pullman, WA, 99164, USA
€ Chemistry Department and Materials Science and Engineering Program, Pullman, WA, 99164, USA

d Department of Physics and Astronomy, Washington State University, Pullman, WA, 99164, USA

€ Department of Chemistry, Washington State University, Pullman, WA, 99164, USA

f Institute for Integrated Catalysis, Pacific Northwest National Laboratory, Richland, WA, 99352, USA

& Bioproducts Sciences and Engineering Laboratory, Richland, WA, 99354, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 September 2019
Received in revised form

6 January 2020

Accepted 22 February 2020
Available online 29 February 2020

Quantifying the content of surface nitrogen and oxygen containing functional groups in amorphous
nitrogen doped carbons via deconvolution of C 1s x-ray photoelectron (XPS) spectra remains difficult due
to limited information in the literature. To improve the interpretation of XPS spectra of nitrogen-doped
carbons, the C 1s, N 1s and O 1s core level energy shifts have been calculated for various nitrogenated
carbon structures via DFT. Furthermore, we propose an expanded method to improve the self-
consistency of the XPS interpretation based on a seven-peak C 1s deconvolution (3 C—C peaks, 3 C
—N/-0O peaks, and m-7t* transition peaks). With the DFT calculations, spectral components arising from
surface-defect carbons could be distinguished from aromatic sp? carbon. The deconvolution method
proposed provides C/(N + O) ratios in very good agreement (error less than 5%) with those obtained from
total C 1s, N 1s and O 1s peaks. Our deconvolution strategy provides a simple guideline for obtaining
high-quality fits to experimental data on the basis of a careful evaluation of experimental conditions and

results.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Amorphous carbon produced from lignocellulosic materials has
received much attention in recent years because of its applications
in environmental and agricultural management [1], with potential
to sequester carbon, serve as a soil amendment, and improve soil
aggregation. Modern engineered amorphous carbons with tailored
properties, such as porous structure, surface functionalities (O, N, P,
S)[2,3] and layers with large number of defects [2,3], are used in the
field of adsorption and catalysis [4—8]. There is a growing interest
in the production of nitrogen doped carbonaceous materials
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because of their excellent properties in a variety of applications
such carbon electrodes [9], heterogenous catalysis [10—20],
adsorption [4—8,21—-23], and batteries [24—30]. Nitrogen is typi-
cally introduced into chars in two ways: (1) carbonizing nitrogen-
containing organic compounds (e.g, melamine [31-33], 3-
methyl-1-butylpyridine dicyanamide ionic liquid [34,35]), or (2)
treating a carbonaceous material at high temperatures with
nitrogen-containing gases which decompose at reactor tempera-
tures, generating highly reactive radicals (for example, using
ammonia gas [9,36—38]). These radicals react with the carbona-
ceous material to form pyridines, pyrroles, graphitic nitrogen,
amines, pyridones, and N-oxides. Nitrogen-containing functional-
ities are responsible for an increase in the surface polarity of car-
bons [39], and for basicity, since both pyridines and pyrrole-type
structures are considered basic [39]. However, in general, the
acidic/basic character is governed by the heterogeneity of the ni-
trogen containing surface groups [40].

X-ray photoelectron spectroscopy (XPS) has been used to
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Fig. 1. Illustration of the char produced via ammonia doping. (A colour version of this figure can be viewed online.)

analyze N-doped chars, carbon nanotubes (CNTs), and graphene
[41—43], resulting in a wealth of char and graphene related XPS
analysis in the literature [28,44,45]. It is a versatile tool that can
provide information on the chemical and electronic states on a
surface and, within certain limits, on the near-surface region even
under reaction conditions [46—48]. The most frequently assigned N
1s peaks are pyridinic (398.2—399.1 eV) [33,49,50], graphitic-N
(401.1—402.7 eV) [33,49,50], nitrogen-oxide (402.6 eV) [33,49],
amine (400.0 eV) [51], and pyrrolic (400.1—401.2 eV) [52]. In the C
1s region for various carbonaceous materials, peak assignments
have been made to C3,-C3, (284.7-2849 eV), C3-N
(285.3—286.7 eV), and Cg’p—N (286.5—287.7 eV) groups [53].

The lack of accepted methodologies guiding the fitting of XPS
spectra is a major concern, where many of the published XPS
deconvolution of amorphous carbons being unreliable since they
lack a clear guidance to analyze the spectra of interest. Specifically,
the quantification of the total oxygen or nitrogen composition ob-
tained from deconvoluting the C 1s spectra does not agree with the
values obtained directly from the total C 1s, N 1s and O 1s spectra.
Several methods have been proposed in the literature to quantify
the oxygen content from oxygenated carbonaceous materials,
briefly summarized by Smith et al. [45]. To improve the quantifi-
cation of oxygen content in the deconvoluted C 1s spectra, Smith
et al. proposed a method based on a 7-peak C 1s deconvolution
(3 C—C peaks, 3 oxygenated peaks, and m-m* transition peak),
which resulted in C:O ratios in good agreement of those obtained
from total C 1s and O 1s spectra.

The lack of reliable methods for the deconvolution of C 1s, N 1s
and O 1s XPS spectra is a major challenge for the analysis of these
materials. To the best our knowledge no suitable method exists to
accurately correlate both the nitrogen and oxygen content to the
carbon (C 1s) XPS spectrum in the literature.

Thus, the main aim of this paper is to examine the deconvolu-
tion of XPS spectra from N-doped amorphous carbonaceous ma-
terials. Here, we consider the influence of defect-related carbon on
the core level binding energy as this will provide suitable guide-
lines for the fitting procedures of the C 1s region. To achieve this,
various nitrogenated model compounds and functionalized
coronene-based structures were examined using density functional
theory (DFT) to predict the core level binding energies of different
nitrogen functional groups (C 1s and N 1s). The core level binding of
oxygen is presented in a previous publication by our group [45].

2. Methods
2.1. N-doped char production
In this paper N-doped chars were produced by two ways: (1)

carbonizing a nitrogen-containing organic compounds (melamine)
and (2) treating the char at high temperatures with ammonia gas. A

series of N-doped chars were produced by carbonization at tem-
peratures ranging from 350 to 700 °C from cellulose and melamine
(cellulose: melamine ratio of 2:1 and 4:1 respectively) in a spoon
reactor following the same methods as previously described
[45,54,55]. Briefly, the furnace is preheated to a desired tempera-
ture while a pre-weighed sample (4.0 g) is stored in a water-
jacketed cooling zone. The cooling zone and furnace are purged
with a N; gas (99%) stream flowing at approximately 300 mL min~!
for a minimum of 10 min prior to treatment. At the start of the
experiment, the sample is introduced into the furnace and treated
for 30 min and 60 min residence times at the required temperature
(350—700 °C) before withdrawal to the cooling zone. A secondary
preheated nitrogen sweep gas, flowing at approximately
550 mL min~), is employed in the reactor zone to avoid char
oxidation. Samples were allowed to cool to temperatures below
25 °C under N; before exposure to air and later stored in sealed
containers. The char with a cellulose: melamine ratio of 2:1 and
that introduced into the furnace and treated for 60 min was used
for the deconvolution analysis in the rest of the paper.

The nitrogen doped char using ammonia was produced through
carbonization of cellulose followed by ammonization at a temperature
of 350—700 °C(See Fig. 1). This was conducted in a Quartz Tube
furnace reactor with 50 mm OD by 44 mm ID at a length of 1000 mm.
The carbonization was conducted under an oxygen free atmosphere
by purging the reactor with Ny gas. Briefly, cellulose was kept in a
tubular furnace in contact with N, for 30 min at 25 °C. Then, the
temperature was increased from 25 °C to the desired set temperature
at a heating rate of 10 °C min~ . The reactor was then kept at the set
temperature for 2 h. In the first hour, cellulose was pyrolyzed to char
under a N, gas environment. Following the carbonization, the
resulting char was treated with ammonia for one additional hour.
Flow rates of 500 mL min~' for N, and 1000 mL min~' for ammonia
were employed. The final char produced was cooled down to 25 °C
under N gas before storage and characterization.

2.2. Char characterization

2.2.1. Elemental analysis

Elemental analysis was performed using a TRUSPEC-CHN®
elemental analyzer (LECO, U.S.). Briefly, 0.15 g of sample was used to
determine the total carbon (C), nitrogen (N) and hydrogen (H)
contents. The oxygen (O) mass fraction was determined by sub-
tracting the ash, C, N, and H contents from the total mass of the
sample.

2.2.2. Proximate analysis

Moisture, fixed carbon, volatile matter, and ash content in all
chars produced were determined using a thermogravimetric
analyzer, SDTA851e (Mettler Toledo, U.S.). The percentage of fixed
carbon was determined by subtracting the ash percentage from the
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Fig. 2. Nitrogen content (a) and Yield of product (b) obtained using different ratios of cellulose-melamine mixture (CM) or ammonia activation (NHs) at varying residence times and

temperatures. (A colour version of this figure can be viewed online.)

volatile matter percentage, after assigning all weight loss up to
120 °C to loss of free and non-structural water.

2.2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained using a Shimadzu IRPrestige 21
spectrometer equipped with MIRacle single reflection ATR Ge
probe. The char samples were placed to cover the crystal window,
and the spectra acquired with (64 scans, 600—4000 cm~!, and a
resolution of 4 cm™!).

2.24. X-ray photoelectron spectroscopy

XPS analysis was performed using an AXIS-165 upgraded to an
Ultra manufactured by Kratos Analytical Inc. Achromatic X-ray ra-
diation of 1253.6 eV (MgKa) was used to analyze each material. All
high-resolution spectra were recorded using a pass energy of 40 eV
and spot size of approximately 120 pm. The spectrometer was
calibrated against both the Au 4f;/; peak at 84.0 eV and the Ag 3ds)»
peak at 368.3 eV. The minimum full width at half maximum
(FWHM) for the Au 4f7; peak is approximately 0.85 eV, repre-
senting the absolute minimum possible broadness achievable for
this configuration. Survey scans have been obtained using a pass
energy of 80 eV and step sizes of 1 eV to determine the overall
chemical composition of each sample. To determine the speciation
of carbon, nitrogen and oxygen groups, high resolution scans of the
C1s,N 1s and O 1s regions (280—295, 394—404 and 527—538 eV,
respectively) were collected for each material using 0.1 eV step
sizes. Static charging was detected in chars produced at tempera-
tures less than 500 °C. This charging was corrected with a
neutralizer (flood gun) by centering the C—C peak near 284.7 eV.

2.3. Computational details

The core level binding energies of both C 1s and N 1s were ob-
tained from the orbital energies using the modified Koopmans
theory package within Gaussian 09. The Becke three-parameter

Lee-Yang-Parr (B3LYP) hybrid functional and a 6-311G(p,d) basis
set [56] was used to perform the geometry optimization. To
calculate the C 1s XPS spectra, a linear correction factor was used
(BE corrected = BEB3ryp (eV)*0.9698 + 19.94) [45]. We note that this
estimate does not take into account the electron rearrangement,
but has been found to provide a reasonable estimate for the binding
energies using this simple linear correction factor. Using this linear
equation, a deviation of more than 0.40 eV from the average
calculated binding energy of a coronene structure (284.6 eV) was
considered significant for this study [45]. Model compounds such
as acridine, aminoanthracene, carbazole, and melamine have been
analyzed to confirm the validity of the computational method
presented here. The linear correction factor used for the C 1s
spectra is not valid for the N 1s spectra. As such, for the simulation
of the N1s XPS spectra, a scaling factor of 1.038, obtained from
dividing the experimental value of acridine (398.8 eV) by the
calculated value of acridine (384.03 eV), was multiplied to all of
calculated binding energies to compensate for the difference be-
tween the calculated values and experimental values [57,58].
Several defects, including nitrogenated functional groups, were
created on the coronene structure to evaluate the effects of various
carbon bonding structures proposed to be predominant in the chars
and the likely shifts associated with both the C 1s and N 1s core
level binding energies [54]. We also estimated the binding energy
of oxygen when bonded to nitrogen as found in nitrogen oxides,
where water was used as the reference structure. Using the infor-
mation obtained from the DFT-based calculations, such as the peak
position, the deconvolution process of the char was realized in an
in-house excel based routine to enable us better to tune the fitting
parameters, such as the asymmetry factor (TS), the asymmetric
tailing factor (TL), and the G-L ratio. We also calculated the C 1s core
level binding energies shifts for larger, periodic systems using the
Vienna Ab Initio Simulation Package (VASP) [59—61], where we
find that the core level binding energy shifts of the C—N models
compare well to the results obtained using Gaussian software for
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Fig. 3. (A) The full XPS survey scan of chars treated at various temperatures from a mixture of cellulose and melamine. (B) Parity plots for the surface vs bulk C:N ratios and (b) the
C:0 ratios (c) ratios. The surface ratios were obtained from the XPS results shown in Table 2, while the bulk quantities were obtained from LECO elemental analyzer (Table 1).

smaller systems that are presented in this manuscript (see Sup- pyrolysis reactions [62,63]. Char produced from a mixture of cel-
porting Information for more details of larger systems, Figs. S1—S3 lulose and melamine (CM) has a higher char yield than that pro-
and Table S1). duced with ammonia gas. However, both treatment species present

a similar decreasing trend with increasing temperature, and all
yields converge to roughly the same value at 700 °C. The high yield
of CM char might be due to the fact that the mixture of melamine
and cellulose increases the chance of cross-linking reactions [64]
and collision of different compounds leading to secondary char
forming reactions.

While melamine and ammonia treatments show similar trends
in terms of yield, they behave very differently when it comes to
nitrogen content. The nitrogen content of the CM chars decreased
fairly linearly from 350 to 700 °C. Regardless of the cellulose,

3. Results and discussions

3.1. Production and characterization of amorphous carbonaceous
materials

Fig. 2 presents the yield of char, the nitrogen content, the cel-
lulose to nitrogen-precursor ratio, and the effect of temperature in
the presence of ammonia. The yield of char decreased with
increasing temperature, which is due to the loss of volatiles by the
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Table 1
Bulk and surface elemental composition of nitrogenous char. Bulk elemental anal-
ysis data is on dry basis.

Samples CM350* CM400 CM500 CM600 CM700
C(wt.%) 62.3 66.6 743 77.6 82.2
H(wt.%) 3.9 34 2.4 1.7 0.9
N(wt.%) 241 21.6 17.1 13.2 11.1
o(wt.%) 9.7 8.4 7.5 6.2 5.7
Ash(wt.%) <0.1 <0.1 <0.1 <0.1 <0.1
c:0" 8.6 10.6 13.2 16.7 19.2
C:N® 3.0 3.6 5.1 6.9 8.6
C/(N + 0O) 2.2 2.7 3.7 49 6.0

2 Molar, dry ash free.

Table 2

High resolution scan parameters. Surface composition was obtained by XPS via in-
tegrated areas of the high-resolution scans, considering the instrument’s sensitive
factors (SF) (see method section for SF of C, N and O).

Fine Scan CM350° CM400 CM500 CM600 CM700
Total peak areas

C 1s (counts/sec) 17414 14570 21620 34284 30002
N 1s (counts/sec) 7846 4975 5298 6300 3837
O 1s(counts/sec) 4517 3274 4045 4713 3078
C (at. %) 73.8 78.2 82.7 86.5 90.0
N (at. %) 194 15.6 11.8 9.3 6.7

O (at. %) 6.8 6.3 5.5 4.2 3.3
C:N 3.8 5.0 7.0 9.3 134
c:0 10.8 125 15.0 204 273
C/(N + O) ws 2.8 3.6 4.8 6.4 9.0

ws (wide scan).
2 CM350-700 (Cellulose nitrogen doped and Production temperature).

melamine ratio and residence time, all CM chars produce a fixed
amount of stable nitrogen at 700 °C. When using ammonia for the
treatment the content of nitrogen first decreased from 350 to
500 °C before suddenly increasing from 500 to 700 °C to approach

(@) C1s (b) N 1s

s

294 292 290 288 286 284 282 280 404 402 400

Core Level Binding Energy (eV)

Core Level Binding Energy (eV)

the nitrogen content of the CM chars. The ammonia reacted with
the char only at temperatures over 500 °C. These results clearly
indicate that the amount of nitrogen in the structure of chars varies
widely depending on doping agent precursor and production
conditions.

3.2. Experimental XPS results

Fig. 3a shows a full survey of scans for the XPS signal up to
binding energies of 600 eV. The results show that only carbon, ni-
trogen, and oxygen contribute significantly to the surface chemistry.
The quantification of these elements was obtained by applying a
Shirley type background correction to each peak and applying the
pertinent sensitivity factors (SF) to standardize the reported counts/
sec. The instrument-specific sensitivity factors used for carbon, ni-
trogen, and oxygen are as follows: 0.278, 0.477, and 0.780 respec-
tively. It is observed from the full survey scan that the surface carbon
content increases with the production temperature, whereas both
the nitrogen and oxygen content decrease as the temperature rises
as a result of volatilization and polycondensation reactions [63,65].
These results agree well with the bulk elemental composition
analysis shown in Table 1 and Table 2. In the parity plots of the C:N
and C:O ratios from the bulk and surface elemental composition
analysis, as shown in Fig. 3b and c. There is increasing divergence as
the carbonization temperature increases above 500 °C. In most cases
the oxygen content on the char surface is more than the bulk due to
post-secondary oxidation when exposed to air — higher tempera-
ture char production leaves the surface of the char with highly active
sites acting as free radicals and upon cooling can react with oxygen
or water/moistures in the environment [66,67].

As we are interested in deconvoluting the XPS spectra, collecting
high-resolution spectra for the C 1s, N 1s and Ols signals is
necessary to discern the bonding states between carbon, nitrogen
and oxygen. Fig. 4a shows the C 1s spectra as a function of char
temperature of N-doped char. A broad peak centered at 285.0 eV is

(¢)O1s

398 396 3% 537 535 533 531 529 527
Core Level Binding Energy (eV)

Fig. 4. High resolution scan of (a) C 1s, (b) N 1s and (c) O 1s XPS spectra for nitrogenated char (CM_2:1_60min) as a function of carbonization temperature.
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Fig. 5. FTIR of N-doped char (CM char) produced at different temperatures between 350 and 700 °C. (A colour version of this figure can be viewed online.)

observed at lower temperatures (350—400 °C) with a shoulder
peak prominent at near 287.0—288.0 eV. As the temperature is
increased to 700 °C, the 285.0 eV peak at 300 and 400 °C narrows
and shifts to 284.7 eV and the peak near 288 eV disappears because
of the loss of both oxygen and nitrogen functional groups and the
polycondensation of aromatic structures. For the N 1s high reso-
lution spectra, a clear trend in the evolution of functional groups
can be seen as the temperature rises from 350 to 700 °C, as shown
in Fig. 4b. At 350 °C, a broad peak centered at 399 eV is observed,
where the broadness is likely due to the highly amorphous nature
of char produced at lower temperatures (see the XRD test results in
the Supplementary Information as Fig. S4). A clear definition of
specific functional groups starts to appear as the temperature is
raised to 400 °C with a sharp peak appearing at 398.8 eV and a
shoulder emerging at 400 eV. Increasing the temperature further
from 500 to 700 °C shows the nitrogen forming two main func-
tional groups with binding energies at 398.8 and 400.7 eV. These
two main peaks situated at 398.8 and 400.7 eV are experimentally
assigned to pyridinic and pyrrolic functional groups, respectively
[50,68]. This assignment is supported by molecular modeling in the
literature [57,69,70] and in this present study. The O 1s peak is
partially symmetric, where the maximum peak distribution is
shifted toward higher binding energies at about 533 eV as the
carbonization temperature increases. This binding energy is related
to ether and hydroxyl groups bonded to aromatics [45]. However,
since our FTIR test doesn’t shows any presence of hydroxyl func-
tional groups at higher temperatures (600—700 °C) we consider
that shift toward higher energy values may be related to stable

ether functional groups.

The bulk composition results were confirmed by FTIR (see
Fig. 5). From the spectra obtained for the different chars, relatively
intense and distinct peaks were observed. Bands between 3723 and
3176 cm~ ! were assigned to —OH and N—H functional groups. A low
intensity broad peak was observed within this range for char pro-
duced at 350 °C, 400 °C and 500 °C which was attributed to an —OH
group. This group disappears as the temperature increases from
400 to 700 °C. No bands were found at ~2270 cm~! which is nor-
mally assigned to C=N functional group. The peaks between 1680
and 1400 cm~! were characteristic bands of C=0 and C=C (aro-
matic structures) and C=N/C—N, respectively. The broadness
depicted might be due to the convolution of all these bonds. The
bands at around 1071 cm™! were attributed to C—O—C stretching in
aromatics. This analysis is relevant as it supports the elimination of
amines and nitrile groups in the deconvolution of the nitrogen XPS
spectra.

3.3. Benchmarking DFT-based XPS spectra

We have benchmarked our DFT calculated XPS spectra by
comparing theoretically and experimentally determined XPS
spectra for several reference model compounds (acridine, amino-
anthracene, carbazole, and melamine). In order to generate spectra
from each DFT calculated binding energy and its corresponding
intensity for its comparison to experimental spectra, a Gaussian:-
Lorenztian sum (G:Lsum) function (see equation (1)) was used. To
optimize these parameters, the G:L distribution and the full width
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Fig. 6. Experimental (red) and DFT calculated (black) XPS spectra for the C 1s and the N 1s core level binding energies. The black, blue, and white spheres represent carbon, nitrogen,
and hydrogen atoms, respectively. (A colour version of this figure can be viewed online.)
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Table 3
Core level energy shift of different model compounds (C directly bonded to N). The experimental N 1s core level binding energies are also presented.
Model compounds C1s N1s
Exp. DFT calculated C 1s -(N) shifts (eV) DFT Exp. (eV) DFT calculated N 1s -(C) shifts(eV) DFT
C—C peak (eV) C—N peak position (eV) N 1s-(C) peak (eV)
Acridine 284.4 1.1 285.7 398.7 0.0(ref) 398.8
Carbazole 284.4 1.1 285.7 399.9 19 400.7
Amino-anthracene 284.3 1.1 285.7 399.6 0.8 399.8
Melamine 284.3 29 287.5 397.8° 0.0 398.8%
399.6° 1.0 399.8"

@ Pyridinic group and.
> Amine group in melamine compound.

at half maximum (FWHM) as well as the TS and TL were allowed to
relax to the optimum fitting value. Below is the G:Lsum function
used in this study. A more general form of this equation can be
found elsewhere [45].

2
o] w
+

GLsum=hx | (1-m) xe 5+ 1S

1+[2><x77p}

x = binding energy (eV), p = peak center (eV), w = FWHM (eV),
m = Gaussian-Lorentzian mixing (0 Gaussian: 1 Lorentzian),
h = peak height (counts/sec), TS = asymmetry parameter, and
TL = asymmetry tailing parameter.

The results of DFT and experimental spectra of the reference
systems are shown in Fig. 6 and in Table 3. Table 4 presents the
resulting fitting parameters obtained as a result of matching the
DFT binding energies (via equation (1)) to the experimental data of
the model systems. The fitting of XPS spectra does not only depend
on peak position but also fitting parameters such as the line shape,
asymmetric factor (TS), and the asymmetric tailing (TL) [71].

The C 1s energy shift and binding energy for C—N relative to the
graphitic C—C peak of coronene (C—C peak of coronene, which is
here referred to as graphitic due to the planar hexagonal ring
structure of the system and to distinguish it from non-hexagonal
and non-planar defects), as well as the N 1s energy shift and
peak position (given both for the calculated and the experimental
peak position), are shown in Table 2. Surprisingly, the carbon
bonded to nitrogen in a six-member ring (acridine) has the same C
1s core level energy shift (1.1 eV) as that bonded to nitrogen in a
five-member ring (carbazole) or to aminic nitrogen (amino-
anthracene). Additionally, the carbon bonded to 3 nitrogen atoms
(melamine) presents a shift of 2.9 eV relative to graphitic carbon.

1-e

Melamine has two nitrogen functional groups with theoretical
binding energies of aminic (399.8 eV) and pyridinic (398.8 eV)
functional groups. Pyrrolic functionality can be found in the
structure of carbazole with a calculated binding energy of 400.7 eV.

—In(2)x [Zx%] ’

(1)

From Table 3 and Fig. 6, the N 1s core level binding energies
compare very well with both the experimental energies and the
spectra, respectively.

3.4. DFT simulation of the C 1s XPS spectra of unknown structures

The fundamental problem always faced in XPS deconvolution
analysis of functionalized amorphous carbons is the C 1s position
when bonded to different types of nitrogen functional groups and
other heteroatoms. To achieve a better understanding of the C—N
peak position apart from the simple reference compounds
(Fig. 6), we calculated the energy shift of unknown nitrogenated
structures. Fig. 7 presents the simulated C 1s XPS spectra of
different nitrogen functional groups introduced in a coronene
molecule. Generally, the degree of C—N core level binding energy
shift relative to the C—C peak is determined by the type of hy-
bridization. For example, Cfp-N (Fig. 7a—d) shows an energy shift
ranging from 1.0 to 1.4 eV while Cg’p—N (Fig. 7c and d) ranges from
1.8 to 1.9 eV. Other factors such as ring strain and vacancies also
influence the core level binding energy value. Fig. 7a shows a pyr-
rolic group, and the binding energies of the carbons in the five-
member ring (C, and C.) have a core level binding energy shift
of —1.1 eV. We thought initially that the nitrogen in the five-
member ring might have altered the electronic configuration of

Table 4

Fitting parameters used for the analysis of model compounds with a G:Lsum line shape.
Samples C1ls N1s

FWHM G-L (0-1) TS (0—-1) TL (1-200) FWHM G-L (0-1) TS (0—1) TL (1-200)

Acridine 2.0 0.2 0.0 0.0 2.4 0.2 0.0 0.0
Carbazole 14 0.1 0.2 32 14 0.2 0.0 0.0
Amino anthracene 2.0 0.1 03 114 1.9 0.3 04 55
Melamine 14 0.8 0.3 65 2.0 0.0 0.3 35
Average Parameters 1.7 0.3 0.2 52.8 2.0 0.2 0.2 22.5
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Fig. 7. Structures with different nitrogen functionalities in coronene with the corresponding DFT calculated C 1s spectra: (a) pyrrolic, (b) pyridinic, (c) graphitic, (d) two graphitic
nitrogen in para position, (e) pyridone, and (f) N-oxide. Sphere colors are the same as in Fig. 5, with the red sphere representing oxygen. Labels A-F are the core level binding energy

shifts of C 1s relative to coronene. (A colour version of this figure can be viewed online.)

the ring relative to a six-member ring. However, this hypothesis
contradicts our findings on the study of the stability of nitrogenated
carbon materials through DFT where we found that nitrogen
functionalization of a hydrogen terminated graphene edge does not
significantly affect the edge’s electronic structure [72]. Nonetheless,
studies on the effect of an internal cyclopentane ring within a
polyaromatic structure shows that the core level binding energies
for carbon atoms in the cyclopentane systems reveals a downshift
0of 0.57 eV as compared to the average C 1s core level binding energy
of coronene [45]. This downshift might be the reason behind the
observed distinct asymmetry on the low binding energy side of the
carbon spectra. The possibility of bonding states between oxygen
and nitrogen was also considered, revealing a higher C 1s shift of

about 3.2 eV for carbon when bonded to both simultaneously (O=
C—N in Fig. 7e). Additionally, C—N=0, as present in N-oxides (see
Fig. 7f), has a C 1s core level binding energy shift that ranges from
1.6 to 1.8 eV. These calculated C 1s core level binding energy shifts
can be used to predict the peak position of each functional group
and hence facilitate the deconvolution of any carbonaceous
material.

In addition to the nitrogen functionality, chars can contain car-
bon defects, such as vacancies and non-hexagonal structures, as
shown by Smith et al. [54]. This gives us the opportunity to test the
effect of defects on the core level binding energy shifts in the C 1s
spectra of N-doped char (see Fig. 8). Creating a double carbon va-
cancy and introducing a pyrrolic functionality in coronene (Fig. 8a)
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Fig. 8. C 1s core level binding energy shift of carbon defective structures. Labels A-F are the core level shifts of the C 1s core level binding energy relative to coronene. Sphere

coloring is identical to Figs. 5 and 6. (A colour version of this figure can be viewed online.)

did not significantly change the core level binding energy shift of
the carbon bonded directly to nitrogen, however, it did decrease the
C 1s core level binding energy of the edge carbons by —0.40 eV. This
is not considered significant due to the error range introduced by
the linear equation used to calculate the core level binding energies
(see the computational details section). Fig. 8b shows that a N-
doped non-hexagonal structure significantly increases the C 1s core
level binding energies of the carbon atoms along the edge. This
indicates that C—C adjacent to carbon defects can alter the C 1s core
level binding energies in the C—N range (285.7—286.5 eV),
contributing to the difficulty in deconvoluting XPS spectra of
nitrogenated char. However, the C directly bonded to N on the

pyridinic group experienced a decrease in energy by 0.3—0.6 eV as
compared to a defect free pyridine model (see Fig. 8b). The effect of
a saturated nitrogen edge was investigated by introducing four
pyridinic groups to coronene, as shown in Fig. 8e. All the carbons in
the ring showed an increase in the C 1s core level binding energies,
presenting us with an upper bound during optimization and
deconvolution of the C 1s XPS spectra. Fig. 8c and f shows the
change in C 1s core level binding energies for graphitic nitrogen in
different forms. The core level binding energy shifts calculated for
C?D-N slightly increase in energy in the range of 0.8—1.4 eV when
compared to defect free pyridinic and pyrrolic functional groups in
Fig. 8a—b. The same is also observed for the carbons with CEP—N
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(b)

Fig. 9. More structures that benchmark the effect of heteroatoms on the core level binding energy of a modified coronene based model. Labels A-E are the core level shifts of the C

1s core level binding energy relative to coronene. Sphere coloring is identical to Figs. 5 and 6. (A colour version of this figure can be viewed online.)
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Table 5
Summary of peak assignments and parameters with the corresponding core level binding energy (CLBE) value range for the interpretation of N 1s and C 1s spectra of chars.
Peak Assignment CLBE (eV) FWHM G-L (0
(eV) -1)
C=N-C Pyridinic group in aromatics 397.8 14-2.0 0-0.20
—398.8
C—(NH)-C Pyrrolic group in aromatics 399.9 14-2.0 0-0.20
—400.7
C-(NC)—C Graphitic Nitrogen in aromatics 401.2 14-2.0 0-0.20
—401.8
O0=N-C Nitrogen Oxides 402.2 14-2.0 0-0.20
—404.2
534.0
—534.8
O=CNC/H-N—H Pyridone/amine group 399.6 1.4-2.0 0-0.20
—399.9
C-Ciow Defective carbons in five-member rings 283.2 1.2-2.0 0-0.30
—284.1
C-Cprimary Graphitic carbon 284.3 1.2-2.0 0-0.30
—284.8
C-Chigh/Csp2-N Carbon in more than six-member ring/Carbon bonded to N in pyridinic, pyrrolic in both defect and defect 284.8 1.2-2.0 0-0.30
free regions —285.5
C—0/Csp3-N/C—-N=0 Ether ground found in esters and lactone/Graphitic Nitrogen in aromatics/Nitrogen Oxides 285.9 14-24 0-0.20
—286.5
C=0/N-(Csp2 = O)/N—C(O) Pyridone, amide/Carbonyl groups 286.5 14-24 0-0.20
—C —287.6
C(0)—O/N—C(N)—N/N Carboxyl, esters, lactone and other related carbons bonded to 2 and 3 heteroatoms 288.4 14-24 0-0.20
—C(0)-N —288.9

hybridization, which shows an increase in energy in the range of
about 2.2 eV when compared to the graphitic nitrogen structure
(see Fig. 8c¢). Finally, the combined effects of oxygen and nitrogen
functionalities within the same carbon-defective coronene were
examined via the introduction of both ether and pyridinic groups
(Fig. 8d). Smith et al. [73] studied the structure of char using a cross
polarization pulse sequence with long range dipolar dephasing and
demonstrated that a distribution of ether groups and defects occurs
within clusters. Interestingly, the C 1s core level binding energy
shift for CEP—O (2.0—2.1 eV) was found to be in the same range as
that of CEP-N in defective structures. This might explain the
broadness of the C 1s spectra (Fig. 4a) and the difficulties experi-
enced with its deconvolution. We also calculated the C 1s core level
binding energies of larger, periodic systems and the results are
consistent with the coronene results (see Supporting Information,
Fig. S1 and Table S1).

In addition to the structures tested initially, it is worth testing
the effect of multiple bonds on the core level binding energy. For
example, N—C(C)—0, N—C(N)—0, N—C(0)—0 as well as N—C(N)—N
(see Fig. 9). These core level binding energy shifts were calculated
with reference to the coronene structure. Structure b and d are
noted to have binding energies in the same range of C(0)—O
(288.4—288.9 eV) (found in carboxylic, esters and lactones). While
natural and synthetic compounds may be expected to show high
concentrations of such bonds, given the high temperature, uncon-
trolled reactions occurring during pyrolysis, it is expected that
these bonds will exists based on statistical distributions throughout
the structure. Because of these carbons bonded to two or more
heteroatoms that are not strongly favored by thermodynamics,
these structures (carboxyl/lactone groups) are not expected to
contribute strongly to the overall spectra. Hence, these systems
have not been considered in the expressions found in the SI for the
deconvolution analysis.

3.5. New deconvolution rules for N-doped char

After carefully analyzing the DFT calculated peak positions of
both the reference systems and unknown structures as well as the

optimum fitting parameters obtained from the reference systems
by fitting their DFT-based core level binding energies via equation
(1) to their corresponding experimental data, we have been able to
establish general rules to deconvolute the XPS spectra of nitro-
genated char. We note that the deconvolution scheme proposed is
based on the best information available in today’s literature and on
our DFT molecular modeling studies, but inevitably, the physical
picture that will be obtained from the deconvolution of XPS spectra
of amorphous carbonaceous materials containing thousands of
polyaromatic molecules will always be an approximation based on
the information at hand. The fitting scheme proposed cannot be
considered final. The authors are aware that it may be expanded or
modified with new peaks as new information on XPS secondary
effects become available.

Table 5 shows a summary of the peak position, FWHM, and G-L
of different C—C, C—N and C—O bonds used here to deconvolute
carbon, nitrogen and the oxygen spectra. Different defects on cor-
onene, such as vacancies and non-hexagonal rings, led to the
identification of different types of C—C bonds: (1) C—C bond
(283.5—284.1 eV) found in pentagonal rings, (2) C—C bond
(284.3—284.7 eV) present in graphitic carbon. These findings agree
with our previous results [45]. Besides the C—C bond, we also
determined the C 1s core level binding energies for 3 distinct types
of C—N/(-0) bonds: (1) CZP—N (285.1-285.5 eV), (2) C—0/Csp3-N/
C—N=0 (285.9—-286.5 eV), and (3) C=0/N-(Csp» = 0)/NC(O)C
(286.5—287.6 eV). Both oxygen and nitrogen have a large impact on
the core level binding energy of carbon. Carbon bonded simulta-
neously to oxygen and nitrogen (see Fig. 7e) had a core level shift of
3.2 eV (core level binding energy near 287.8 eV) relative to C—C;
this binding energy is in the same range of C=0 functional groups
[45]. The presence of vacancies also affects the core level binding
energy, as these vacancies create a new distribution of the electrons
causing strained structures or reconstruction of the structures
[72]—hence, a significant impact on the core level binding energy
of the atoms.

The FWHM of C—C can relax in the range of 1.2—2.0 eV, due to
fitting parameters obtained from the known compounds. The G-L
function of the C 1s core level binding energy can relax between
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Fig. 10. Basic algorithm for the combined N 1s/O 1s/C 1s deconvolution of XPS spectra of chars and amorphous carbons. The algorithm has been modified from Smith et al. for

nitrogenated carbons [45].

0 and 30%; a maximum bound of 30% (meaning 30% Lorentzian and
70% Gaussian) while a G-L of 20% was obtained for the N 1s. This
indicates that the deconvolution of the XPS data of carbonaceous
materials is best performed by a combination of both Gaussian and
Lorentzian functions as these shapes arise due to a combination of
the physics involved in the ionization process and distortions due to
the measurement mechanism. It is important to mention that the
peak asymmetry of the primary C—C band for chars produced at
elevated temperatures is most likely a result of secondary emis-
sions effects. This effect is linked to the increased aromatic
condensation of these materials and is a well-known effect in both
graphite and activated carbons. Proper consideration of the

asymmetry factor of the primary C—C peak is essential for the ac-
curate deconvolution of the Cls spectrum. This asymmetry is
attributed to the excitation of conduction band electrons following
a core emission. Hence, to be able to capture the effect of the sec-
ondary emission effect, the primary C—C (peak II) assigned to ar-
omatic carbons, is allowed a variable asymmetry factor based on
the empirical equation utilized in XPSpeak 4.1 with the TL value
fixed at 200. To maintain consistency with both background
assessment and peak shape, the asymmetric primary C—C peak
near 284.4 eV is evaluated using the full empirical AGLsum line-
shape with TL fixed at 200.
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Fig. 11. Deconvolution of (a) C 1s spectra from char produced at 700 °C (where Peak I are defective carbons in five-member rings, Peak Il are graphitic carbons, Peak III are carbons
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0—C aliphatic, Peak IIl is O—C aromatics N, Peak IV is Oxygen bonded to nitrogen, and Peak V is water due to the moisture content). (A colour version of this figure can be viewed

online.)

Table 6

Percentage of peak composition after using a newly proposed scheme for the deconvolution of chars produced from 350 to 700 °C.

Deconvoluted Peaks

Carbonization Temperature

350 °C 400 °C 500 °C 600 °C 700 °C

Peak composition
C—C jow Defect (%) 83 16.1 2.8 1.8 1.3
C—C primary (%) 32.8 36.9 66.7 70.1 74.8
C—C High/Csp2-N (%) 30.5 239 174 15.0 12.9
C—0/C—N=0/Csp3-N (%) 12.0 11.8 5.1 4.2 3.5
C=0/0=C—N (%) 114 74 3.1 39 1.2
[€e]0) (%) 3.9 2.6 2.1 1.9 2.5
T-T0* (%) 14 14 3.0 3.1 44
C/(N + O) ws 2.8 3.6 4.8 6.4 9.0
C/(N + 0O) 29 34 4.7 6.4 9.2
C/(N + O)error (%) -4.8 4.3 3.0 -0.2 -23

ws-wide scan from XPS experiment.
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Table 7
Peak positions after deconvolution analysis of char produced from 350 to 700 °C.

Deconvoluted Peaks Carbonization Temperature

350 °C 400 °C 500 °C 600 °C 700 °C

Peak Center (eV)
C—C jow Defect 283.3 283.4 284.0 284.0 284.0
C—C primary 284.3 284.5 284.5 284.6 284.7
C—C high/Csp2-N 285.3 285.1 285.2 285.5 285.5
C—0/C—N=0/Csp3-N 286.1 286.2 285.9 285.9 286.4
C=0/0=C—N 287.5 287.5 286.7 286.9 287.5
(€e]6} 288.8 288.8 288.9 288.8 288.9
T-TC* 291.0 291.0 291.1 291.0 291.0

Table 8
Full width half maximum (FWHM) after deconvolution analysis of char produced
from 350 to 700 °C.

Deconvoluted Peaks Carbonization Temperature

350°C  400°C  500°C  600°C  700°C
FWHM
C—C tow Defect 18 18 12 12 12
C—C primary 15 14 14 14 13
C—C nign/Csp2-N 16 18 1.7 18 14
C—0/C—N=0/Csp3-N 1.9 2.0 1.8 22 1.8
C=0/0=C—N 19 18 2.0 19 22
Co0 19 2.0 18 18 2.2
T 26 23 3.0 3.0 3.0

3.6. Deconvolution of N-doped cellulose char using the newly
proposed rules

Finally, using the established rules (summarized results in
Table 5), we were able to deconvolute the XPS spectra of N-doped
cellulose char. Fig. 10 shows a basic algorithm proposed to serve as a
systematic approach toward deconvoluting amorphous nitro-
genated carbonaceous materials like char. Fig. 11 shows the
deconvoluted spectra of char that contains nitrogen, carbon and
oxygen and is produced at 700 °C. The N 1s spectra has been par-
titioned into 5 peaks: pyridinic (Peak I) (398.4 eV), pyridone (Peak
1) (399.6 eV), pyrrolic (Peak III) (400.6 eV), graphitic (Peak IV)
(401.2 eV), and N-oxide (Peak V) (402.1 eV). The O 1s is deconvo-
luted into 5 peaks: C=0 (Peak I), 531.2 eV; C—O0 aliphatic (Peak II),
532.5 eV; C—0 aromatic (Peak III), 533.1 eV; N=0O (Peak IV),
5341 eV and H,0 (Peak V) 534.9 eV. Whereas the C 1s spectra was
deconvoluted into 7 peaks: C-Ciow (Peak I), 283.8 eV; C-Cprimary
(Peak II), 284.6 eV; C-Chigh/Csp2-N (Peak III), 285.4 eV; C—0/C—N=
0/Csp3-N (Peak IV), 286.0 eV; C=0/0=C—N (Peak V), 286.7 eV and
N—C=0 (Peak VI), 288.8 eV peaks as well as a w-7* transition peak
(Peak VII) located at 291 eV.

Deconvolution of the N-doped cellulose char gives an under-
standing of how the different structural configuration of C—C, C—N
and C—O changes with the production temperature. Tables 6—8
presents the composition, peak position and the FWHM of carbon
spectra at different temperatures after applying our newly pro-
posed deconvolution strategy for nitrogenated amorphous char
respectively. The increase in carbonization temperature from 350 to
700 °C has a significant effect on the structure of the resulting char.
The formation of graphitic structures (C—C primary) is lower at 350 °C
and disordered and defective carbons tend to dominate around
these temperatures. This can be explained from the fact that these
temperatures are not sufficient to cause significant poly-
condensation reactions. As the temperature rises, there is a higher
degree of polycondensation leading to more sp? carbons, which
decreases the level of disorder and defects due to the formation of

partially well-defined polyaromatics structures. Considering the
heteroatoms in the system, it is obvious to see the reduction trend
of both oxygen and nitrogen functionalities as a function of
carbonization temperature. Another important factor to note is that
the satellite peak (7-m*) increases as the temperature increases.
This is related to the fact that more aromatic structures (more Csp))
are being formed. Using the newly proposed scheme we have been
able to describe the intrinsic nature of the nitrogen and oxygen
distributions within the char resulting in an error of less than 5%
between the total experimental C/(N + O)ys (where ws denotes
that this is the wide scan from the XPS experiment) and the C/
(N + O) ratio estimated after the deconvolution process.

Here, a systematic approach has been developed to interpret
XPS spectra of nitrogenated carbons. The analysis given above
demonstrates that a careful deconvolution of the binding states of
amorphous carbons like char requires the consideration and eval-
uation of extrinsic effects, such as line broadening, as well as
intrinsic effects, such as the degree of functionalization and con-
tributions of carbon species distinct from graphite carbon in an
inhomogeneous system. Our analysis gives insight into the struc-
tural configuration of nitrogenated amorphous carbons and their
defects (such as vacancies and disorder), the latter of which have a
high affinity to foreign atoms/molecules [74]. This analysis also
helps to determine how the carbonization temperature during char
creation affects the formation of non-hexagonal ring structures.

4. Conclusion

A new curve deconvolution scheme has been proposed for
amorphous, nitrogen containing carbons that utilizes deconvolu-
tion of the N 1s and O 1s peak as a frontier parameter for the
interpretation of the C 1s peak. The deconvolution of C 1s was
achieved with the help of DFT-based calculations. These calculated
results provided an insight into the C 1s core level binding energy
shifts caused by different nitrogenated functional groups leading to
the prediction of peak positions. With the DFT calculated results we
determined that nitrogen and oxygen functionalities can overlap,
such as C—0/Csp3-N/C—N=0, C=0/N-(Csp2 = 0)/N—C(0)—C as well
as C(0)—0/N—C(N)—N/N—C(0)—N. Notwithstanding that, defective
carbons in more than 6-membered rings (C-Chigh) can also overlap
with Cspp-N. The results from the deconvolution of spectra from
nitrogen containing char indicated the presence of defects in the
form of non-hexagonal rings. Identification of these surface defect
components allows a high-quality deconvolution of C 1s spectra.
The deconvolution method proposed was based on the information
available in the literature and on DFT-based calculations of primary
effects of polyaromatic structures containing N and O functional
groups. Secondary emission effects need to be taken into account in
the deconvolution of the Cls XPS spectra. In our deconvolution
scheme, the secondary effect was taken into account with an
empirical equation describing the asymmetry of the primary C—C
peak. New phenomenological studies of secondary effect (DFT or
of other nature) are needed to inform the creation of more robust
deconvolution schemes for carbons containing O and N.
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