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Abstract: The low specific surface area and insufficient exposure of active sites are usually the
key reasons for the poor oxygen reduction reaction of catalysts. Here, we update a new method,
using NaCl as a template, egg white as a carbon source and nitrogen source, adding FeCl3 as an
iron source, and adopting a two-step pyrolysis method to synthesize a sponge-like porous Fe-N-C
catalyst. This kind of three-dimensional sponge-like catalyst exhibits more defective structures, so
it shows an excellent electrochemical performance with a half-wave potential of 0.73 V and onset
potential of 0.88 V. Additionally, the catalyst has amazing stability, which proves that it is a promising
candidate for green energy devices. Our research provides an innovative method to synthesize
high-performance Fe-N-C catalysts using low-cost common biomaterials.

Keywords: ORR electrocatalysis; egg white biomaterial; three-dimensional carbons; protein-carbonized
engineering

1. Introduction

In recent years, fuel cells with high energy density have drawn significant interest in
new-generation portable energy storage devices due to their low costs, abundant material,
and environmental friendliness [1–3]. However, the development of fuel cells is hindered
by the sluggish dynamic behavior and multiple electron transfer processes of the cathode
oxygen reduction reaction (ORR) [4]. At present, most of the ORR catalysts are still
precious-metal-based (such as Pt, Ir, Pt, and their alloys) [5,6]. The high cost, limited
reserves, and poor stability of these precious metal-based catalysts severely impede their
large-scale commercial application. Hence, developing low-cost and high-efficient catalysts
for ORR is of paramount importance for fuel cells currently. Over the past several years,
considerable efforts have been devoted to developing carbon–based non-precious-metal
catalysts (NPMCs) with excellent ORR performance [7–11].

Since Jasinski et al., reported that cobalt phthalocyanine with the ability to reduce
oxygen plays an important role in fuel cells in 1964 [12], more metal macrocyclic compounds
based on bioactive oxidases have been discovered with oxygen reduction activity. With
the fast development of non-precious-metal electrocatalysts, fuel cell catalysts have been
gradually converted from precious metals to non-precious metals. Transition metal oxides,
transition metal non-oxide compounds, and metal/nitrogen/carbon hybrid materials are
extensively reported as promising ORR electrocatalysts [13]. With global warming and
environmental pollution, more and more “green resources” derived from biomasses with
fine structures have been recycled and utilized for innovative material production in a more
environmentally friendly way. Zhang et al., reported N-doped carbon matrix-supported
Co Single Atom Catalysts coordinated with pyridinic N, graphitic N, and pyrrolic N,
respectively. Additionally, they found that the graphitic N-doped catalyst showed the

Catalysts 2023, 13, 166. https://doi.org/10.3390/catal13010166 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13010166
https://doi.org/10.3390/catal13010166
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-4041-7807
https://doi.org/10.3390/catal13010166
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13010166?type=check_update&version=2


Catalysts 2023, 13, 166 2 of 12

best ORR performance among them, confirming the boosting effects of the graphitic N
doping [14]. Some biomass-containing proteins, including fish scale waste [9], shrimp
shell [15], and hemin [8], were successfully fabricated to the N-doped carbon catalysts with
electrocatalytic activity and durability.

Egg white is a high-protein biomass resource, providing rich carbon, nitrogen, and
oxygen sources, which could be a potential candidate for fuel cells. Some studies have
shown that the synthesis of ORR catalysts with egg white achieves desirable catalytic
performance [16–18]. At the same time, we used sodium chloride as a template to control
the morphology and structure of pyrolysis products, helping to form a porous sponge-like
three-dimensional structure, thus exposing more active sites.

In this study, with egg white as the precursor and NaCl as the hard template, a
three-dimensional sponge Fe-N-C doped porous carbon electrocatalyst (Fe-PC@NaCl) was
produced (Figure 1). The morphology, specific surface area, and active structure of the
catalyst were analyzed by scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), Raman, X-ray photoelectron spectroscopic (XPS), and Thermogravimetric
analysis (TGA). The results show that the Fe-N-C catalyst with the template of NaCl has
a porous three-dimensional spongy structure and exhibits more defect structures. In the
electrochemical test, the half-wave potential and onset potential of the Fe-PC@NaCl are
0.73 V and 0.88 V, which are 0.16 and 0.13 higher than that of PC@NaCl. Additionally, the
half-wave potential and limiting current density of Fe-PC@NaCl are 0.22 and 0.75 higher
than that of Fe-PC. It is revealed that with the template of NaCl and the activity of the cata-
lyst synthesized is greatly boosted and optimized with the addition of FeCl3. These results
prove the effectiveness and feasibility of using NaCl as a template to produce a Fe-N-C
catalyst with the precursor of environmentally friendly and pollution-free egg white.
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Figure 1. A schematic diagram of three-dimensional sponge-like carbons.

2. Results and Discussion
2.1. Electrocatalyst Characterization

SEM is an important method for observing the surface characteristics of the catalysts.
From SEM images (Figure 2a and Figure S1 in the Supplementary Materials), we can clearly
see that Fe-PC@NaCl formed a spongy 3D porous structure. This is because the Fe-PC
precursor was coated on the surface of the NaCl template and eluted with 0.1 M H2SO4
to form a three-dimensional sponge-like structure. This special structure was conducive
to enhancing the specific surface area and provided more active sites so that the oxygen
reduction reaction was easier to occur, and the mass transfer of oxygen was faster during
the reaction. The corresponding TEM images are shown in Figure 2b. It can be seen from
the image that Fe-PC@NaCl formed a connected spatial network structure through a thin
carbon wall. The shapes of the pores were mainly spherical and cubic, and the structures of
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the pores were relatively complete. In element mapping results (Figure 2c), the C element
was along the sphere surface with the N element sporadically bedded in it, which confirmed
that N was successfully doped into the C skeleton. The Fe element was concentrated in
the dense area found in the TEM images. At the same time, the O element was distributed
similarly to the Fe mapping. This phenomenon indicated that the dense area in the TEM
images was likely to be iron oxide.
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Figure 2. (a) The SEM images of Fe-PC@NaCl; (b) The TEM images of Fe-PC@NaCl; (c) the elemental
mapping of the Fe-PC@NaCl catalyst.

The XRD result in Figure 3a shows that FePC@NaCl-900, PC@NaCl-900, and FePC-900
were successfully doped with Fe and Fe3O4, while PC-900 was not. This confirms the
doping of Fe and Fe3O4, as found previously in the TEM and element mapping images.
TGA analysis was conducted to investigate the behavior during thermal treatment. As
can be seen from Figure 3b, the curves of Pc-900 and FePC-900 have two primary phases
of weight reduction. The first phase of mass reduction occurred from 25 ◦C to 100 ◦C,
which was a minor weight loss due to dehydration. Next, the weight reduction in the
second stage occurred from 200 ◦C to 400 ◦C, with a reduction of 50%, which was due
to the decomposition and complexation of precursors. However, the curve of PC@NaCl-
900 turned sharply at 810 ◦C, which was much higher than that of Pc-900 and FePC-900,
proving that the thermal stability of the PC@NaCl-900 was better than that of Pc-900 and
FePC-900. The weight reduction at this stage was due to the dissolution of the NaCl crystal.
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of FePC@NaCl-900, PC@NaCl-900, FePC-900 and PC-900.

X-ray photoelectron spectroscopy (XPS) was adopted to investigate the surface chemi-
cal composition and structure of the as-prepared catalysts. Figure 4 illustrates the detailed
XPS analysis of the synthesized Fe-PC@NaCl. In the full spectra shown in Figure 3a, the
main peaks from C1s, O1s, and N1s appeared, while the XPS peak of metal Fe could be
slightly found owing to a very low content in Fe-PC@NaCl, which was consistent with the
EDS elemental mapping. The presence of the N1 s peak indicates that N atoms are suc-
cessfully incorporated into the graphite structure of carbon materials, which is powerfully
supported by their C1s XP spectra (Figure 4b). The fitting C1s peaks located at 284.6, 285.8,
288.0 and 290.8 eV can be assigned to graphitic sp2 carbon, amorphous carbon, sp2 carbon
atoms bonded to nitrogen, and sp2 carbon atoms bonded to oxygen, respectively [19,20].

The O1s XPS spectrum of FePC@NaCl-900 (Figure 4c) is deconvoluted into three peaks
centered at 530.8, 532.3, and 533.3 eV, corresponding to the C(aliphatic)-O-C(aliphatic),
C=O, and metal-bounded oxygen (Fe-O), respectively. On the basis of the research results
of the Fe 2p, N1s, and O1s XPS spectra, it can be concluded that Fe atoms are mainly in
two forms, including Fe-N and Fe-O. The X-ray diffraction analysis proves the existence
of oxidized metallic Fe particles (Fe3O4) in FePC@NaCl-900. The Fe 2p3/2 spectrum of
Fe-PC@NaCl-900 was further analyzed in Figure 4d and can be deconvoluted into three
peaks at 709.7, 710.8 and 713.8 eV. The peak at 708.4 eV corresponds to the characteristic
peak of the Fe-N bond only [21]. The appearance of other peaks centered at 710.8 and
713.8 eV could be owing to the formation of various forms of iron oxides (710–713 eV).

The overall N content was only 1.66% and 1.67% in Fe-PC@NaCl and Fe-Pc but was
2.06% and 2.02% in PC@NaCl and PC. Figure 4e illustrates the N1 s XP spectra of Fe-
PC@NaCl-900, Fe-Pc, and PC@NaCl and can be deconvoluted into two peaks, which are
attributed and assignable to pyridinic-N (398.7 eV) and graphitic-N (401.2 eV). However,
the N1 s XP spectra of PC can be deconvoluted into four distinct components centered
at pyridinic-N (398.2 eV), nitrile N (399.7 eV), graphitic N (401.1 eV), and oxidized N
(402.2 eV). The relative proportion of graphitic-N was only 43.2% in PC but was 85.2%
(Fe-PC@NaCl-900), 86.4% (PC@NaCl), and 79.9% (FePC), respectively (Table S1). It is
worthwhile to note that a lower total N content and higher relative proportion of graphitic-
N were observed in Fe-PC@NaCl-900. This interesting phenomenon can be due to the
phase change from the solid phase to the liquid phase of the NaCl aggregates. During
the transformation process, some of the space-confined effects disappear, and the Fe-Nx
decompositions lead to an increase in the graphitization of the catalyst and the generation
of more active sites [9,22,23].

Due to the spongy 3D porous structure of the Fe-PC@NaCl, Raman spectroscopy was
used to test the defect and disorder structure of the catalyst. As shown in Figure 5, there
were two sharp characteristic peaks in the Raman spectra of each catalyst. One was the
“D” peak, and the other was the “G” peak. The D peak at 1350 cm−1 was due to the lattice
defects of carbon atoms. Additionally, the G peak at 1605 cm−1 was formed by the E2g
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mode for the in-phase stretching vibration of sp2-bonded carbon. The intensity ratio of
the two peaks (ID/IG) could correctly reflect the defective degree of the catalyst structure.
Among all the doped-carbon catalysts, the ID/IG ratio of Fe-PC@NaCl had the highest
value of 1.76, which is larger than that of PC (1.45), Fe-PC (1.32), and PC@NaCl (1.29).
The results show that Fe-PC@NaCl had the richest defect structure compared with other
catalysts [24] and That the Fe-PC@NaCl had been effectively modified with N-rich products
from the thermolysis of bioprotein inside the PC biomass [25].
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Figure 4. (a) XPS full-scan spectra of the PC material, PC@NaCl-900, FePC-900, and FePC@NaCl-
900. (b–d) High-resolution C1s, O1s, and Fe 2p XP narrow-scan spectra of FePC@NaCl-900. (e)
High-resolution N1s XP narrow-scan spectra of the PC material, PC@NaCl-900, FePC-900, and
Fe-PC@NaCl-900.
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2.2. ORR Electrocatalytic Activity

All the doped-carbon catalysts, including PC, Fe-PC, PC@NaCl, and Fe-PC@NaCl,
were tested by cyclic voltammetry (CV) under the same condition, i.e., in a 0.1 mol L−1

oxygen-saturated KOH solution. As demonstrated in Figures 6a and S3a, their CV curves
show a significant disparity between ORR electrocatalytic activities. Among them, Fe-
PC@NaCl-900 shows the best ORR performance with Ep at 0.88 V and EORR at 1.04 V
compared to PC@NaCl-900 (EORR: 0.92 V and Ep: 0.75 V). The increase in Ep and EORR is
probably due to the addition of Fe2+ and the formation of Fe-N. Additionally, the ORR
activity of Fe-PC@NaCl was also significantly higher than that of Fe-PC. This can be
attributed to the template effect of NaCl, which promotes the catalyst to form a hollow
structure and greatly improves the exposure of active sites. The linear sweep voltammetry
(LSV) technique was also used to measure the polarization curves of all the doped-carbon
catalysts by using a ring disk electrode (RDE), and the 1600 rpm was fixed (Figure 6b).
It is obvious that the ORR activity of Fe-PC@NaCl-900 was the highest among the four
catalysts, which was greatly improved compared with the other three catalysts. The onset
potential (EORR) and half-wave potential (E1/2) of Fe-PC@NaCl-900 were 0.99 V and 0.852 V,
respectively. Moreover, the limited current density of Fe-PC@NaCl-900 at 0.3 V was 1.36 mA.
The above data are obviously higher than that of other catalysts, which fully proves that
Fe-PC@NaCl-900 has the best ORR activity. At the same time, the effect of the calcination
temperature on the catalytic performance of Fe-PC@NaCl for ORR was observed. It can be
seen from Figure S3a (Supplementary Materials) that with the increase in the calcination
temperature and the performance of Fe-PC@NaCl was also improved. When the calcination
temperature reached 900 ◦C, the onset potential and half-wave potential of the catalyst
reached the maximum. However, with the continuous rise in temperature, these indicators
all dropped sharply, which can be closely related to the damage to the porous structure
of the catalyst under high temperatures (Figure 6c). We also compared Fe-PC@NaCl-900
with other recent ORR catalysts [26–34] (Figure 6d). We found that the performance is
comparable to those in the recent literature.
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0.1 M KOH solution, respectively. (b) LSV curves of PC, Fe-PC, PC@NaCl, and Fe-PC@NaCl in
O2-saturated 0.1 M KOH solution. (c) LSV curves of Fe-PC@NaCl-700,800,900,950 in O2-saturated
0.1 M KOH solution. (d) Comparison of half-wave potentials with the recent literature.

The ORR polarization curves measured on Fe-PC@NaCl-900 catalyzed electrodes in a
0.1 M KOH electrolyte over a range of electrode rotation rates (400–2500 rpm) are indicated
in Figure 7a. A Koutechy-Levich (K-L) analysis was performed to further investigate the
ORR kinetics by taking RDE measurements at various rotation speeds (Figure 7b), K-L
plots were derived from the LSV curves, and the plots for all of the Fe-PC@NaCl-900
catalysts showed good linearity. According to the slopes of the K-L plots, the electron
transfer number (n) for Fe-PC@NaCl-900 was 3.9, consistent with an efficient 4 e− process
of the ORR. This process is the same as the Pt/C, which indicates that the energy barrier
for the reaction of Fe-PC@NaCl-900 was comparable to that for Pt (III) [35]. The values
of n for PC-900, Fe-PC-900, and PC@NaCl-900, were determined to be 2.8, 3.4, and 3.6,
respectively (Figures S3b–S5, Supplementary Materials), and are indicative of both the
two-and four-electron processes during the ORR.
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The oxygen reduction stability of the catalyst is the key data of the basic fuel cell
technology research, which is directly related to its practical applications. An accelerated
aging test (AAT) was used to test the stability of Fe-PC@NaCl (Figure 7c). Compared with
the half-wave potential of the first test (0.852 V), the half-wave potential measured after
5000 cycles of the CV test (0.85 V) decreased by only 0.002 V, and the limiting diffusion cur-
rent density also decreased by 0.03 mA. These results show that the catalytic performance
of Fe-PC@NaCl synthesized in this study was kept basically unchanged after 5000 cycles
of the CV test, which proves that the catalyst has excellent stability in the alkaline system,
suggesting its excellent application prospects.

The kinetic process of ORR was studied by a rotating ring disk electrode (RRDE).
The LSV curve of the catalyst was obtained at 1600 rpm on the RRDE. The level of the
electrocatalytic activity of the pure egg white precursor and egg white precursor with FeCl3
was low. However, the level of electrocatalytic activity for the Fe-PC@NaCl with NaCl as a
template was significantly improved. In addition, as shown in Figure 8, we also calculated
the corresponding electron transfer (n) and peroxide species produced (H2O2

−) in the ORR
process. The high electron transfer number and low peroxide yield of the Fe-PC@NaCl in
the range of 0.2–0.8 V indicated a direct four-electron pathway. Therefore, we can conclude
that the Fe-PC@NaCl is a new ideal Fe-N-C catalyst.
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3. Experimental
3.1. Synthesis of Catalysts

PC precursor: 5 g egg white and 20 mL water were stirred for 5 h at room temperature
to obtain PC precursor.

Fe-Pc precursor: After 0.25 g, FeCl3 was ultrasonically dissolved in 20 mL water, and
5 g of egg white was added to this solution. Then, the solution was stirred for 5 h at room
temperature to obtain the Fe-PC precursor.

PC@NaCl precursor: After 5 g, NaCl was ultrasonically dissolved in 20 mL of water,
and 5 g of egg white was added to this solution. Then, the solution was stirred for 5 h at
room temperature to obtain the PC@NaCl precursor.
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Fe-PC@NaCl precursor: After, 0.25 g of FeCl3 and 5 g of NaCl were ultrasonically
dissolved in 20 mL of water, and 5 g of egg white was added to this solution. Then, the
solution was stirred for 5 h at room temperature to obtain the Fe-PC@NaCl precursor.

Subsequently, the PC precursor, Fe-Pc precursor, PC@NaCl precursor, and Fe-PC@NaCl
precursor were freeze-dried and heated at 350 ◦C for 1 h and 900 ◦C for 2 h with a heating
rate at 10 ◦C min−1 to gain PC-1, Fe-Pc-1, PC@NaCl-1, and Fe-PC@NaCl-1. Later, PC-1,
Fe-Pc-1, PC@NaCl-1, and Fe-PC@NaCl-1 were ground, washed with 0.1 M H2SO4 solution
3 times, and then deionized water 2 times and heated at 900 ◦C for 1 h to obtain PC, Fe-Pc,
PC@NaCl, and Fe-PC@NaCl, respectively. The diagrammatic synthesis of 3D sponge-like
carbons is illustrated in Figure 1.

Additionally, the Fe-PC@NaCl precursor was separately freeze-dried and heated at
350 ◦C for 1 h and at 700 ◦C, 800 ◦C, 900 ◦C, or 950 ◦C for 2 h to gain Fe-PC@NaCl-700-1,
Fe-PC@NaCl-800-1, Fe-PC@NaCl-900-1, and Fe-PC@NaCl-950-1, respectively. Then, Fe-
PC@NaCl-700-1, Fe-PC@NaCl-800-1, Fe-PC@NaCl-900-1, and Fe-PC@NaCl-950-1 were
ground, washed with a 0.1 M H2SO4 solution 3 times and then deionized water 2 times and
heated at 700 ◦C, 800 ◦C, 900 ◦C, or 950 ◦C for 1 h to obtain Fe-PC@NaCl-700, Fe-PC@NaCl-
800, Fe-PC@NaCl-900, and Fe-PC@NaCl-950, respectively.

3.2. Characterizations

The morphology and energy-dispersive spectroscopy (EDS) mapping analysis of the
as-prepared catalyst were investigated using transmission electron microscopy (TEM)
(Model JEM-2100, Tokyo, Japan) at an acceleration voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) was performed on a Specs spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) with Mg Kα (1253.6 eV) and radiation at 150 W. Binding energies were
calibrated by setting C1s to 284.6 eV. Raman spectroscopy data were performed using a
Renishaw inVia unit (Renishaw, London, UK) with excited 514.5 nm at room temperature.
Field-emission scanning electron microscopy (FE-SEM) images were measured using Hi-
tachi UHR S4800 (Hitachi, Tokyo, Japan). Powder X-ray diffraction (XRD) patterns of the
samples were measured using an XRD-6000 X-ray diffractometer (Shimadzu, Kyoto, Japan).

3.3. Electrochemical Measurements

All electrochemical measurements were performed on an electrochemical analysis
workstation (Zennium-E workstation, Gundelsdorf, Germany) using a conventional three-
electrode device. A glass-carbon rotation ring-disk electrode (GC-RRDE, Φ = 5 mm, Pine
Instrument Co., Durham, NC, USA), a saturated calomel electrode (SCE), and a graphite
rod (Φ = 0.5 cm) were used as the working electrode (WE), reference electrode (RE),
and auxiliary electrode (AE), respectively. The potential against SCE was converted into
potential against RHE according to the Nernst equation:

ERHE = ESCE + 0.059 pH + E0
SCE,

where E0
SCE is 0.241 V at 25 ◦C [36].

The catalyst ink was prepared by dispersing 1.0 mg of each catalyst in 200 µL of
the mixed solution containing water (160 µL), isopropanol (20 µL), and 5 wt% Nafion
solution (20 µL), followed by ultra-sonication for 30 min to form a homogeneous black
suspension solution.

The ORR performance of the catalysts was measured in an O2-saturated 0.1 M KOH
solution. The cyclic voltammetry (CV) curves were obtained at a scan rate of 50 mV s−1.

Before the electrochemical test, the continuous cyclic voltammetry (CV) scanning for
10 cycles was performed in an N2-saturated 0.1 mol L−1 KOH solution to activate the
carbon-based catalyzed electrode.
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The H2O2% yield and the electron transfer number (n) during the ORR were calculated
using the following equations [37]:

H2O2% = 200 ×
Ir/N

ID + Ir/N

n = 4 × Id
Id + Ir/N

where Id is the faradaic current at the disk, Ir is the faradaic current at the ring, and N is
the collection efficiency of the ring electrode (0.38). n was calculated using the Koutecky-
Levich equation:

1/jd = 1/jk + 1/Bω
1/2

B = 0.62nFCoDo
2/3ν−1/6

where F is the Faraday constant, Co is the O2 saturation concentration in the electrolyte, Do
is the O2 diffusion coefficient in the electrolyte, ν is the kinetic viscosity of the electrolyte,
ω is the electrode rotation speed, and 0.62 is a constant when the rotation rate is expressed
in rpm.

4. Conclusions

In this paper, a new strategy with egg white and NaCl for the synthesis of three-
dimensional sponge-like catalysts was studied. NaCl crystal particles were used as tem-
plates to effectively construct a three-dimensional porous hollow structure, improving
the surface performance, conductivity, and proton transport efficiency of the catalyst. As
a high-protein biomass, egg whites provide many carbon and nitrogen sources for the
active sites of the oxygen reduction catalyst. The onset potential and half-wave poten-
tial of the synthesized catalyst (Fe-PC@NaCl) are 0.88 V and 0.73 V, respectively, which
show excellent electrocatalytic performance. At the same time, the stability test results
also suggest the excellent long-term electrochemical stability of Fe-PC@NaCl. In addition,
the number of electron transfers and the yield of H2O2 are 3.742 and 4.32%, respectively,
indicating that the catalyst follows a direct four-electron transfer pathway in an alkaline
medium. This study provides a new pathway to synthesize high-performance catalysts
using natural biomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010166/s1, Figure S1: TEM images of Fe-PC@NaCl-900;
Figure S2: The elemental mapping of the Fe-PC@NaCl catalyst; Figure S3: (a) CV curves of Fe-
PC@NaCl-700, 800, 900, 950 in O2 and Fe-PC@NaCl-950 in N2-saturated 0.1 M KOH solution,
respectively, (b) The Ep, EORR and Jd of the PC-900, Fe-PC-900, PC@NaCl-900 and Fe-PC@NaCl-900;
Figure S4: (a) LSV curves of PC-900 at various rotation rates, (b) K-L plots at various potentials;
Figure S5: (a) LSV curves of PC@NaCl-900 at various rotation rates, (b) K-L plots at various potentials;
Figure S6: (a) LSV curves of FePC-900 at various rotation rates, (b) K-L plots at various potentials;
Table S1: N1s XPS results from Figure 4e.
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