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ABSTRACT: Interactions at the gas—solid interface drive
physicochemical processes in many energy and environmental
applications; however, the challenges associated with character-
ization and development of these dynamic interactions in complex
systems limit progress in developing effective materials. Therefore,
structure—property—performance correlations greatly depend on the
development of advanced techniques and analysis methods for the
investigation of gas—solid interactions. In this work, adsorption
behavior of O, and humidified O, on nitrogen-functionalized carbon
(N—C) materials was investigateczi to provide a better understanding
of the role of nitrogen species in the oxygen reduction reaction
(ORR). N—C materials were produced by solvothermal synthesis
and N-ion implantation, resulting in a set of
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materials with varied nitrogen amount and speciation in carbon matrices with different morphologies. Adsorption behavior of
the N—C samples was characterized by in situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) and
ambient pressure X-ray photoelectron spectroscopy (AP-XPS) experiments. A new analysis method for the interpretation of AP-
XPS data was developed, allowing both the determination of overall adsorption behavior of each N—C material and
identification of which nitrogen species were responsible for adsorption. The complementary information provided by in situ
DRIFTS and AP-XPS indicates that O, adsorption primarily takes place on either electron-rich nitrogen species like pyridine,
hydrogenated nitrogen species, or graphitic nitrogen. Adsorption of O, and H,0O occurs competitively on solvothermally
prepared N—Cs, whereas adsorption of H,O and O, occurs at different sites on N-ion implanted N—Cs, highlighting the

importance of tuning the composition of N—C materials to promote the most efficient ORR pathway.

1. INTRODUCTION

The demand for advanced materials with controlled, unique
properties is evergrowing as the complexity of novel devices
and systems increases to meet societal challenges. Designing
improved materials for applications such as heterogenous
catalysis, gas storage in energy and environmental fields,
adsorbents, and fuel cell and air battery electrode materials rely
heavily on knowledge of surface properties, which largely
depend on surface chemical speciation.'~* Interactions at the
gas—solid interface are the foundation of many processes
involved in these applications. However, these interfaces are
often very complex, and the interactions are challenging to
observe and interpret, further slowing progress in material

development.”™’

Common techniques to quantify elemental speciation,
correlate material properties to synthetic variables, and develop
synthesis—property—performance relationships include but are
not limited to: transmission and scanning transmission
electron microscopies (TEM and STEM), energy-dispersive
X-ray spectroscopy (EDS), Fourier-transform infrared spec-
troscopy, and X-ray photoelectron spectroscopy (XPS).
Techniques such as these typically require high or ultrahigh
vacuum (UHV), or are bulk measurements, making
interactions between solids and gaseous species inaccessible
under usual conditions. Utilizing in situ/in operando character-
ization through surface sensitive techniques like ambient



pressure XPS (AP-XPS) and diffuse reflectance infrared
Fourier-transform spectroscopy (DRIFTS) enables the multi-
modal study of gas—solid interactions. AP-XPS and DRIFTS
have been used to monitor surface changes, track adsorption
behavior, and identify reactive intermediates in various
material systems.*”'® Complementary information obtained
through AP-XPS and DRIFTS mitigates the drawbacks of the
base techniques; the extreme surface sensitivity of DRIFTS
balances the 1—10 nm information depth in AP-XPS, whereas
the ability to quantify AP-XPS data and the breadth of different
bonding types and chemical state information available from
AP-XPS compensates for corresponding weaknesses in
DRIFTS.”" These are of particular value when investigating
complex material systems and processes common to energy
applications where corroborative multitechnique studies are
needed.”’ ™

Carbon-based materials, from commonly used high surface
area carbons such as carbon black to more novel nanostruc-
tures such as carbon nanotubes (CNTs) and graphene, are at
the forefront of materials development for energy and
environmental applications.*”*”>° Nanostructured carbons
are promising due to the breadth of carbon allotropes as well
as the ability to tune the physical, chemical, and electronic
properties through modifications of their composition,
structure, and morphology. The applicability of carbon-based
materials is expanded when considering carbon materials
functionalized with various heteroatoms such as nitrogen,
sulfur, phosphorous, and others.”’ =’ In the case of nitrogen,
which is very close in size to carbon and has one more
electron, it is possible to control electronic properties without
significant structural modification to the carbon matrix being
functionalized.”” Various methods that have been employed to
incorporate nitrogen into carbon can generally be categorized
into two groups: direct-incorporation (chemical synthesis of
carbon structure including nitrogen containing precursors) and
post-treatment (such as ammonia treatment or physical
modification via implantation).”*™*" The inability of either
synthetic route to produce single nitrogen functionalities and
the diversity of functionalization approaches used across the
literature results in the vast library of nitrogen species observed
in the field. Such heterogeneity makes the characterization of
the role of different nitrogen species present in nitrogen-
functionalized-carbon (N—C) materials in various processes
very challenging.”¥*"*

A case of particular interest is the use of N—C materials in
polymer electrolyte membrane fuel cells (PEMFCs), where
they can act either as a support or an active component of the
catalyst in the oxygen reduction reaction (ORR) at the
cathode.”* ™ Replacing unmodified carbon supports with N—
Cs has shown increased activity and durability of catalysts
based on nanoparticles of platinum-group metals (PGMs) as
well as PGM-free alternatives.””””*® Both N—C and transition
metal-N—C (M—N—C) materials have been studied as PGM-
free catalysts, where certain nitrogen species are considered to
be active for the ORR.>*° In the field of PEMFCs, the
development of these PGM-free catalysts is crucial to meet the
goal of drastic reduction in the amount of PGMs used in these
devices.” Use of N—C materials may reduce reliance on PGMs
by stabilizing PGM catalysts and/or as a component of PGM-
free N—C and M—N—C catalysts, although both systems lack
definitive understanding of the role that different nitrogen and
nitrogen—metal species play in the ORR.>>*” The literature
suggests that multiple pathways are possible for the ORR on

N—C and M—N-C-based electrocatalysts, featuring either a
direct four-electron transfer or an indirect 2 X 2 electron
transfer that may involve a hydrogen peroxide intermedi-
ate.”*" Since hydrogen peroxide is corrosive to PEMFC
hardware, it is critical to understand which species are
responsible for which pathway so that those promoting the
desirable pathways can be maximized.*” However, since the
incorporation of nitrogen into high surface area carbons
typically results in very heterogeneous materials with nitrogen
present in a variety of functionalities and environments, it is
difficult to isolate and assign activity/selectivity to the
multitude of nitrogen species. This puzzle is made more
complex in the case of generally more active M—N—C catalysts
where both metal—nitrogen complexes and nitrogen species
may contribute to the ORR. Therefore, it is key to understand
the role of nitrogen species both for the goal of developing
more active N—C and M—N—C catalysts and toward isolating
the contributions of metal—nitrogen species in M—N-C
catalysts.

An approach to elucidating the role of particular nitrogen
species in the ORR is to develop model N—C materials with
controlled surface features and to subsequently conduct
fundamental mechanistic studies, often complemented by
theoretical simulations. Typical model systems thus far have
featured ordered carbons such as highly oriented pyrolytic
graphite (HOPG), graphene, and carbon nanotubes (CNTs).
Studies of HOPG materials where nitrogen was incorporated
through N-ion implantation, while demonstrating a variety of
nitrogen species, primarily indicated a correlation between
pyridinic nitrogen and ORR activity.”>*' Several experimental
and density functional theory (DFT) studies on ORR
mechanisms of N-doped graphene and N—CNTs have
proposed that activity may be due to pyridinic nitrogen,
graphitic nitrogen, or both species, with either the nitrogen
atom or an adjacent carbon atom as active.*”**~** Additional
work on N—CNTs suggests that different nitrogen species may
support different steps of the ORR mechanism, indicating that
the presence of multiple nitrogen moieties may be beneficial
for ORR activity by enabling different reaction pathways.*’~*
Although studies of model N—C materials and theoretical
work have enhanced the understanding of the role of specific
nitrogen species in certain material systems, there is still no
consensus on the respective contributions of each nitrogen
species toward the possible steps of the ORR.

Of particular importance is the first step of the ORR that
involves adsorption of O, to a potentially active site. Therefore,
this work focuses on identifying the adsorption behavior of O,
on N-doped carbons with different compositions and
morphologies. To this end, a set of N—C materials with
different surface properties was prepared by two methods:
direct-incorporation (solvothermal synthesis resulting in size-
controlled spheres) and post-treatment (N-ion implantation of
carbon black and graphitic nanoplatelets (GnPs)).”** All
materials were characterized at UHV with STEM-EDS and
laboratory source UHV-XPS to understand their composition
and morphology. DRIFTS experiments in O, were conducted
to confirm the adsorption of O, on the N—C samples and to
complement the AP-XPS studies. AP-XPS studies were carried
out at beamline 9.3.2 of the Advanced Light Source (ALS)
synchrotron user facility at Lawrence Berkeley National
Laboratory (LBNL), using lower photon energy (630 eV) at
UHYV and in O, with and without humidification.”’ Reduced
photon energy provides more surface sensitive measurements



and permits subsequent analysis of subtle changes in the N 1s
and O 1s spectra, enabling this work to shed light on the O,
binding behavior of various nitrogen species.

2. EXPERIMENTAL SECTION

2.1. Solvothermal Synthesis. The preparation of nitro-
gen-functionalized carbon spheres (N—Csph) was adapted from
a previously reported solvothermal synthesis.”” An aqueous
alcohol solution was prepared from 320 mL of deionized H,0O
(18.2 MQ) and 128 mL of ethanol (Pharmco-Aaper, 200 proof
absolute anhydrous) in in a 1 L high density polyethylene
screwcap bottle while stirring at 300 rpm. Resorcinol (3.2 g,
Sigma-Aldrich, >99%), 6.0 mL of ethylenediamine (Sigma-
Aldrich, >99.5%), and 4.8 mL of formaldehyde (Alfa Aesar, 37
wt %) were added, while stirring continued for 24 h.
Solvothermal conditions were then achieved by sealing the
bottle with DuraFilm and heating at 100 °C for 24 h, after
which the sealed bottle was cooled under running water.
Polymerized spheres (PS) were isolated by centrifugation of
the reaction mixture at 9000 rpm (9327 G) in a Marathon
22Kkbr centrifuge for 20 min, followed by aspiration of excess
solution. The PS were then redispersed in ethanol, transferred
into quartz boats, and air-dried at 70 °C for 12 h to drive off
the ethanol. PS were then pulverized into a fine powder via
mortar and pestle to ensure uniform treatment during
pyrolyzation. Pyrolysis of PS was accomplished via thermal
treatment at variable temperatures under N, flowing at 100
sccm. A quartz boat containing PS was heated at 2 °C/min to
350 °C, dwelled for 4 h, then heated at 5 °C/min to either 600,
700, or 900 °C, where it dwelled for 2 h before cooling to
room temperature.

2.2. Nitrogen Implantation. Nitrogen functionalization
of two commercially available carbons, a carbon black (Vulcan
XC-72R, Cabot Corp.), and graphitic nanoplatelets (GnPs,
Nanesa Inc.) was Eerformed through ion implantation, as
previously reported.”®* Approximately 500 mg of the carbon
sample was placed in a rotating holder in the implantation
chamber, which was evacuated to a base pressure of 5 X 107
Torr. The chamber was then refilled with pure N, to an
operating pressure of ~1 X 107> Torr. A 3 cm direct current
ion source (Veeco) was operated at a 13 mA beam current, 55
V discharge potential, and 100 V accelerator potential for 1 h
while rotating the sample at 30 rpm to produce N-Vulcan or
N-GnP.

2.3. STEM-EDS. STEM-EDS was conducted using an FEI
Talos F200X operated at 200 kV. Samples were prepared by
brushing Cu grids with holey C support films through the
powders. Elemental EDS maps at various magnifications were
acquired for up to 11 min per area, and data was both collected
and processed by standard methods using Bruker ESPRIT
software.

2.4. Quantitative XPS. Laboratory-based UHV-XPS was
performed with a Kratos AXIS Nova photoelectron spec-
trometer using a monochromatic Al Ka source operating at
300 W (1486.6 eV). The operating pressure was 2 X 107°
Torr. Survey and high-resolution spectra were acquired at pass
energies of 160 and 20 eV, respectively. High-resolution
spectra were recorded for the C 1s, O 1s, and N 1s core levels
for all N—C materials. XPS data was processed using Casa XPS
software. A linear background subtraction was used for the
quantification of C 1s, O 1s, and N 1s regions. Elemental
concentrations obtained from peak areas of high-resolution
spectra of each element were used to evaluate surface

composition. All spectra were charge referenced by adjusting
the C 1s region to 284.5 eV, which is the average value
obtained from the measurement of three spots on each sample
mounted on conducting carbon tape.

2.5. DRIFTS. In situ DRIFTS was conducted using a
Thermo Nicolet 4700 IR spectrometer fitted with a liquid-
nitrogen-cooled MCT detector and Harrick Scientific Praying
Mantis DRIFTS accessory with ZnSe windows. Spectra were
collected as an accumulation of 1020 scans over a range of
4000—600 cm™" at a resolution of 4 cm™'. Each sample was
heated to 150 °C at 10 °C/min and held for 1 h, then allowed
to cool to 60 °C while maintaining high vacuum. A
background spectrum was taken at 60 °C and used for
subsequent spectra after oxygen introduction. The DRIFTS
chamber was pressurized with approximately 1 Torr of oxygen,
and IR data was collected under static oxygen pressure.

2.6. AP-XPS. Reduced photon energy UHV and AP-XPS
was performed at beamline 9.3.2 at the ALS synchrotron user
facility at LBNL.”' Samples were dispersed in isopropyl alcohol
and drop-cast onto conducting gas-diffusion-electrode carbon
paper. All samples were first measured at ambient temperature
under UHV (<1 X 107® Torr). High-resolution C 1s, O 1s, and
N 1s spectra were collected with a photon energy of 630 eV
and pass energy of 100 eV, excluding the N 1s, which had a
pass energy of 50 eV. The same measurement settings were
used to acquire data during in situ conditions (100 mTorr O,
or 200 mTorr 1:1 O,/H,O dosed sequentially) at a
temperature of 60 °C. In situ measurements were performed
on the same area of analysis with the same focal distance as the
initial UHV measurements. Deconvolution of N 1s and O 1s
spectra was performed by a least squares method using a series
of components with a 70% Gaussian, 30% Lorentzian line
shape. For spectral subtraction, background-subtracted spectra
were normalized by area before subtraction to account for
differences in signal.

3. RESULTS AND DISCUSSION

3.1. Morphology and Elemental Distribution. A set of
five N—C materials were prepared with systematically varied
nitrogen amounts and speciation, introduced into the carbon
either through chemical or physical methods. It is well
documented that changing pyrolysis temperature can control
both the amount and distribution of nitrogen functionalities
incorporated in carbon-based materials.”**”*"* Therefore,
N—C,, synthesized here using a solvothermal treatment were
pyrolyzed at 600, 700, and 900 °C. Physical routes such as
nitrogen ion implantation are also known to produce a wide
range of functionalities, with implantation parameters affectin
the amount and speciation of incorporated nitrogen.’>***>
The distribution of functionalities in implanted samples greatly
depends on not only the ion dosage but also the nature of each
carbon material.”> Two commercially available carbons were
selected for this study, given their different shape, structure,
and degree of graphiticity: Vulcan XC-72R and graphitic
nanoplatelets. The various distributions of nitrogen environ-
ments in this set of samples should allow the comparison of
adsorption behavior between N—C materials with different
properties.

N—C materials were first characterized by STEM-EDS to
better understand their differences in morphology, while also
gaining insight into nitrogen content and spatial distribution. A
collection of bright-field (BF) STEM images and correspond-
ing elemental EDS maps for N and C (Figure 1) show the



N-C,, 600 °C

N-C,, 700 °C

Figure 1. Representative BF-STEM images and EDS maps are shown, highlighting the morphology and elemental distribution of all N—C materials

at lower magnification.

representative morphology and elemental distribution for each
sample. Higher magnification images were taken in high angle
annular dark-field (HAADF) STEM mode, showing the
differences (or lack thereof) in morphology at different scales
(Figure 2). The three N—Cy,, samples appear qualitatively

N-Cg.n N-Vulcan N-GnP

;Q‘L‘

HAADF

C+N

Figure 2. HAADF-STEM images and EDS maps (including C and N
overlaid) are displayed, showing morphology and elemental
distribution at higher magnification. N—C is represented by the
sample pyrolyzed at 700 °C.

similar at both length scales, confirming that pyrolyzation
temperature does not significantly impact particle size or
nitrogen spatial distribution. As expected, N—C,, are spherical
in shape and fairly uniform in size, around 100 nm in diameter.
N-Vulcan has the typical features for this type of carbon: a
variety of near-spherical particles fused together and more
amorphous structures with features in the 20—50 nm range,
which is shown more clearly at higher magnification (Figure
2). N-GnP shows the expected presence of many overlapping
carbon sheets, with a random distribution of graphene sheet
edges leading to regions of thicker or thinner nanoplatelets at

the particle edges. All samples show a fairly even spatial
distribution of nitrogen at lower magnification. Chemically
modified samples (for which the 700 °C sample was selected as
representative in Figure 2) show an even distribution of
nitrogen, consistent with the incorporation of nitrogen
throughout the bulk of N—C,,;. However, the physically
modified samples show increased heterogeneity at the smaller
scale. Since N-ion implantation is a line-of-sight technique, it is
not likely that the entirety of the sample is accessible to be
modified; it is thus not surprising to observe heterogeneity in
the spatial distribution of nitrogen in the EDS maps,
particularly with N-Vulcan. Heterogeneity can also be observed
in the N-GnP sample at the edges of sheets which is likely due
to the relative ease with which nitrogen can be implanted into
the more defected edge sites.

Elemental concentrations were quantified from both EDS
and lab-based UHV-XPS data (ST 1). EDS has an information
depth on the order of 100 nm, whereas XPS quantifies the top
5—10 nm of material, enabling comparison of surface and bulk
elemental concentration. Little to no difference in elemental
concentration from EDS is seen amongst the chemically
derived N—C,, materials, with 1.6—1.5 atomic % (at.
%) oxygen and 1.9—1.8 at. % nitrogen present. From EDS,
physically modified samples have less oxygen and nitrogen,
with both samples having the same amount of oxygen (0.6 at.
%) and slightly different amounts of nitrogen (0.6 at. %
nitrogen in N-Vulcan vs 0.8 at. % in N-GnP). It is expected
that the physically modified samples have less nitrogen in a
bulk measurement as N-ion implantation only modifies the
outermost layers of carbon, whereas chemical modification
incorporates nitrogen throughout the material’s surface and
bulk. All samples have more oxygen and nitrogen present in
the XPS quantification, indicating that these elements are
enriched in the outermost few nanometers of the carbon
structure. The oxygen concentration in chemically modified
N—C materials decreases with increased pyrolyzation temper-
ature, from 4.1 at. % at 600 °C to 3.6 at. % at 700 °C and
finally to 3.1 at. % at 900 °C. The N—C,, pyrolyzed at 600
and 700 °C have a fairly similar nitrogen concentration, 3.1
and 3.0 at. % of nitrogen, respectively, but higher pyrolyzation
temperature leads to loss of surface nitrogen (down to 2.0 at.
%). Little difference exists between surface and bulk nitrogen
concentrations (2.0 at. % from XPS vs 1.8 at. % from EDS) for



the 900 °C pyrolyzed sample, indicating that the decrease in
total nitrogen with increased pyrolyzation temperature is
primarily due to changing surface chemistry. Although the two
physically modified samples were implanted under the same
conditions, there is a significant difference: N-Vulcan shows
relatively low amounts of heteroatoms, comparable to those
observed in samples obtained from the thermochemical
method (2.4 at. % of oxygen and 0.9 at. % of nitrogen),
whereas N-GnP shows significantly higher amounts of
heteroatoms (6.2 at. % of oxygen and 6.1 at. % of nitrogen)
and introduced new nitrogen species that were not present on
as-received samples.”” This illustrates that the initial carbon
structure is a key variable in physically modifying carbon with
nitrogen—N-GnP has a very high relative amount of exposed
edges that can be more easily implanted with nitrogen than the
more continuous structure of Vulcan. The combination of
STEM imaging, EDS mapping, and quantitative analysis of
EDS and XPS spectra demonstrates that the spatial distribution
and elemental concentration of nitrogen is varied, producing
an interesting set of N—C materials for further study.

3.2. Distribution of Surface Nitrogen Species. Having
characterized the amount and spatial distribution of nitrogen
within the N—C materials, the next step is to better understand
the types of nitrogen species present by examining the N 1s in
greater detail. Properly deconvoluting the N 1s and assigning
physical meaning to component peaks is particularly complex
due to the abundance of possible nitrogen species in N—C
materials and their relative proximity to each other in terms of
binding energy (BE). Here, the full-width at half-maximum
(FWHM) for each component was rigidly constrained to 1.0
eV, to show sensitivity toward subtle changes in the N 1s
expected during the in situ experiments and to illuminate
subtle compositional differences in samples. Fits of the N 1s in
the literature are often comprised of only several components
with FWHMs broader than 1.0 eV; however, it is impossible to
assign such broader components to a single nitrogen species/
environment. Even using numerous individual peaks with 1.0
eV FWHM, it remains a challenge to definitively assign a
unique physical meaning to each peak, and therefore peaks are
also grouped by the similarities in nitrogen bonding and
electronic properties of the proposed species. For the initial fit
of the N 1s, UHV-XPS collected at ALS with a photon energy
of 630 eV was used (Figure 3). The spectrum of each material
was fit with up to nine 1.0 eV peaks. Positions were rigidly
constrained to a 0.2 eV BE range across all UHV data. Relative
abundance, position, and FWHM of all components for each
sample are reported in Table S2. Assigning physical species to
the component peaks in the N 1s deconvolutions is based on a
combination of previous work and a survey of the literature
that encompasses theoretical calculations and experimental
data on both reference materials and catalyst materi-
als.! 3239485234757 The Jowest BE peak (397.6 eV) cannot
be assigned to a single group and is attributed to nitrogen-rich
species such as inorganic carbon nitrides, triazines, and multi-
N-defect clusters. The component at 398.0—398.2 eV is
assigned to the imine functional group and can encompass
both aliphatic and aromatic imine species. The peak at 398.6—
398.8 eV is attributed to pyridinic nitrogen. These three low
BE components can be grouped and described as electron-rich
nitrogen species, as low BE species are the most likely to have a
higher electron density due to nitrogen lone pairs, the
proximity of other nitrogen atoms in the carbon matrix, and
resonant 7 bonding in aromatic rings. Species contributing to
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Figure 3. Deconvoluted N 1s spectra collected with synchrotron
source energy (630 eV) at UHV and room temperature are shown for
all N—C materials.

signal at 399.3—399.5 eV can be attributed to several
functionalities, namely, amine and nitrile species. Previous
work on N-Vulcan has concluded that this component is due
to amine species, and it is unlikely that nitrile species will form
in highly graphitic carbons.’” Species located at 400.0—401.0
eV are commonly reported as a single peak and assigned to
pyrrole; however, recent work combining DFT calculations
and XPS measurement of reference materials has shown that
signal in this region arises from both pyrrolic nitrogen and
hydrogenated pyridinic nitrogen.”* Therefore, the two
components at 399.9—400.1 and 400.6—400.8 eV in our data
are assigned to in-plane hydrogenated nitrogen species; when
considered as one set of species, they contribute between a
third and one-half of the total nitrogen species of each sample.
For the remaining N 1s signal above 401 eV, three components
were used to complete the fit of the N Is. Graphitic nitrogen
species have been assigned to a broad range of BE values in the
literature, here two components are used to represent two
possible regimes of graphitic nitrogen: graphitic nitrogen
species in a more nitrogen-rich and/or less ordered environ-
ment (401.2—401.4) and graphitic N that can be viewed as a
substitutional point defect in a well-ordered environment
(402.0—402.2).>* Protonated nitrogen (quaternary edge, in-
plane protonated graphitic, or protonated edge pyridinic) can
also contribute to these higher BE peaks. The final component
ranges from 402.8 to 403.0 eV and is assigned to a mixture of
oxidized organic nitrogen species such as oxidized pyridine and


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b00487/suppl_file/jp9b00487_si_001.pdf

hydrogenated nitrogen defects that are present at the edges of
the graphitic carbon structure.”*’

From the analysis of N 1s spectra, we can see that there is a
variation in nitrogen species from sample to sample. In general,
both routes result in a large concentration of hydrogenated
species, whereas the physical modification route produces
larger amounts of pyridine and amine species, and direct
incorporation via a chemical route results in larger amounts of
imine species. For samples prepared via the chemical route, the
relative proportions of major species can be tuned by changing
the temperature. Imine, graphitic, and hydrogenated nitrogen
species all increase with increased pyrolyzation temperature,
whereas pyridine and amine species decrease at higher
temperatures, corresponding to the loss of surface N observed
in Table S1. The physically modified samples also show a
preference for certain species, likely the result of differences in
initial composition and structure of carbon. N-GnP has a
higher proportion of imine and amine, whereas N-Vulcan has
more hydrogenated and graphitic nitrogen, likely due to N-
GnP having a larger proportion of edges where nitrogen can be
more easily incorporated into the carbon structure. This
analysis confirms that using both chemical and physical routes
produces a diverse set of materials with different nitrogen
speciations.

3.3. Oxygen Adsorption Studies by DRIFTS. The
adsorption of oxygen is the first step in catalyzing the ORR;
thus, to better understand the role of nitrogen, it is necessary
to investigate the oxygen adsorption behavior of nitrogen
species.”* Initial study of O, adsorption was conducted with
DRIFTS on a selected set of samples with the most different
compositions and structures (N—Csph 600 and 900 °C, N-
Vulcan). A spectrum of the sample was collected under
vacuum at 60 °C to serve as a background, prior to introducing
approximately 1 Torr of oxygen. Performing the background
correction in this fashion results in spectra with features due to
the interactions between oxygen and the sample (Figure 4).
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Figure 4. DRIFTS spectra show surface interactions due to exposure
of N—C materials to 1 Torr of O, at 60 °C.

The three selected samples all have peaks aligning with the
symmetric NO, stretch between 1320 and 1390 cm™ and the
asymmetric NO, stretch between 1485 and 1560 cm™
indicating some degrees of oxygen adsorption to nitrogen
sites in all samples. Spectra from each sample also contain
evidence of carbon—oxygen interaction with strong IR
absorption in the 1100—1300 cm™' range, consistent with
Cc-0 stretching.w’58 However, there are several differences in
other spectral features that point to different adsorption
processes on each sample.

Two broad lower energy hydroxyl stretches between 3200—
3400 and 3400—3570 cm™' are present primarily in N—-Cgy,
samples and correspond to the O—H stretch of hydrogen-
bonded hydroxyl groups.'” Hydrogen-bonded hydroxyl O—H
stretching character can be attributed to the adsorption of
oxygen to hydrogenated nitrogen species, as it has previously
been suggested that adsorption of this nature would result in
interactions of oxygen with both the nitrogen and the
hydrogen in a hydrogenated nitrogen species. >’ The N—
C,pp, materials pyrolyzed at 600 and 900 °C both have a strong
and relatively sharp peak at approximately 3730 cm™, which
correlates to a free hydroxyl O—H stretch, as does the peak at
3690 cm™".°°"%* This feature may be due to resonant effects of
oxygen adsorption to carbon that induces oxygen—hydrogen
interactions.

Although the N—C,, samples both have strong O—H
stretching features, the N-Vulcan sample shows more strong
NO stretches at lower wavenumber, indicating that the
adsorption to hydrogenated nitrogen is not the only process
occurring. The broad feature at 2800—2900 cm ™" correspond-
ing to alkane-like C—H stretching can shed light onto two
other possible adsorption processes occurring: oxygen
interaction with electron-rich nitrogen in an aromatic ring,
such as pyrimidine or pyridine, or interaction with graphitic
nitrogen species that both result in a loss of electron density at
the nitrogen atom.'"® As the nitrogen atom is no longer
donating as much electron density to the aromatic ring, it
follows that there may be a loss of C=C 7 bonding and a
subsequent increase in the alkane-like character due to
resonant effects. All three samples show an increase in alkane
character, indicating adsorption to either electron-rich nitro-
gen, graphitic nitrogen species, or graphitic carbon.

Adsorption to hydrogenated species occurs in all three
samples measured with DRIFTS and is indicated by hydrogen-
bonded hydroxyl O—H stretching. Electron-rich nitrogen
species and graphitic nitrogen are characterized by an increase
in alkane-like C—H stretching. It should be noted that all
samples measured with DRIFTS show some degrees of
carbon—oxygen interaction; this could be due to either direct
adsorption to carbon species or weaker interactions with a
neighboring carbon when oxygen adsorbs to a nitrogen species
in an aromatic carbon structure. Through in situ DRIFTS
analysis of oxygen adsorption in N-Vulcan and N—C,,;, 600
and 900 °C samples, we have confirmed that adsorption of O,
is occurring on chemically and physically derived N—Cs,
indicating that both nitrogen and carbon species participate in
the adsorption process, with notable variations stemming from
differences in available nitrogen functionalities.

3.4. Oxygen and Water Adsorption Studies by AP-
XPS. Adsorption behavior differences are further elucidated
using AP-XPS at the ALS. In the interest of mimicking the
operating conditions of a fuel cell, AP-XPS was performed on
all N—C materials with a photon energy of 630 eV in 100
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shown (f). The absolute value of the difference spectra was taken (g) to allow quantification of the total change in the N 1s. Deconvoluted O 1s in

100 mTorr of O, and 100 mTorr of H,O at 60 °C is shown (h).

mTorr of O, at 60 °C, and then in 200 mTorr of
approximately 1:1 O, and H,O, also at 60 °C. These
measurements are performed sequentially by adding water
vapor to the oxygen that is already present. The N 1s has been
fit for both the oxygen (Figure S1) and humidified oxygen
(Figure S2) conditions, with the corresponding fitting

parameters available in Tables S4 and SS. A similar strategy
in peak deconvolution was applied as in Figure 3: FWHM
values were set at 1.0 eV, whereas positions were set to the
same value as used to fit the UHV data. This approach

attempts to account for any changes in the N 1s by allowing
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only one variable, the relative percentage of the components,
to change in response to shifts in the data.

Several intricacies are associated with the analysis of such
data. Even with the increased surface sensitivity of the reduced
photon energy measurements, the fraction of data that comes
from the true surface that adsorbs gaseous species is small and
the covalent interactions between gas and nitrogen species are
weak, resulting in very subtle changes in the XPS spectra. With
the presence of different types of nitrogen species, a multitude
of binding energy shifts can occur upon adsorption on these
various sites. Oxygen bound directly to a nitrogen species that
is bonded only to carbon, as in the case of pyridine, will draw
electron density away from the nitrogen atom and result in a
positive shift to higher BE.'"*> However, in the case of
hydrogenated nitrogen species, the interaction between the
adsorbed gas and hydrogen atom results in an increase of
electron density around the nitrogen atom and a subsequent
shift to lower BE in the N 1s.'"*” Therefore, on samples with
hydrogenated and nonhydrogenated nitrogen species, it is
likely that gas adsorption will result in competitive shifts as
hydrogenated species move to lower BE and nonhydrogenated
species move to higher BE. When fitting data, shifts would
appear as changes in the relative amounts of components or
changes in position. Allowing both position and relative
percentage to change will result in a deconvolution that
matches the in situ data, however allowing two variables to
change will reduce the confidence with which spectral
deconvolution changes can be assigned to physical processes.
The fits (Figures S1 and S2) have position constrained;
however, the quality of fit suffers and sensitivity to small shifts
is lost, therefore a different approach to analysis must be
employed.

An alternative data analysis methodology (Figure 5) was
developed to overcome the above challenges. Interpretation of
the N—C,, sample pyrolyzed at 700 °C is shown as an
example. Since our main goal is to identify the role of nitrogen
species in oxygen adsorption, the N 1s and O Is high-
resolution spectra are examined. First, overlays of background-
subtracted, area-normalized N 1s and O 1s data are shown.
Changes in the spectral features of the N 1s (Figure Sa) are
similar for the oxygen and humidified oxygen conditions,
primarily impacting the region between 397 and 401 eV. If
such changes in the N 1s are indeed due to O, adsorption,
corresponding changes should also be present in the O 1s. The
most intense peaks present in the O 1s (Figure Sb) are from
the gas phase itself, as resolved in the doublet (538.7 and 539.8
eV) corresponding to O, gas and the single peak (535.2 eV)
due to H,O vapor. Now, it is necessary to isolate the changes
due to gas—solid interactions. In the case of the N 1s, the
difference spectra are calculated by subtracting the UHV data
from spectrum collected at each atmosphere (Figure Sc).
Changes up to ~10% of the total normalized signal are
observed. Difference spectra are not easily employed in the
case of the O 1s due to the presence of the gas phase signal.
Discounting the O, gas signal is simple due to its separation in
BE from the O 1Is signal attributed to the N—C structure;
however, the peak due to water vapor overlaps that of the
sample. In this case, a thorough curve fitting can be applied to
identify adsorbed oxygen and water species. The initial O 1s
region from the sample in UHV is fit by four components
(Figure 5d), with contributions from different carbon—oxygen
species. This allows both the unchanged oxygen species in the
N—C solid and the gas phase peaks to be accounted for. Fits of

the O 1s under UHYV for all samples can be found in Figure S3,
with the corresponding fitting parameters in Table S5. Now,
both the solid adsorbate species and the adsorbed gaseous
species can be identified. It is important to consider that some
of the N 1s changes may come from instrumental noise. With
this in mind, a threshold was applied to discount changes with
a normalized intensity value of less than 0.01 au, approximately
3% of the max intensity of the N 1s (Figure Se). This threshold
value was validated by calculating the difference spectra of
repeated UHV measurements conducted on the same area of
analysis (Figure S4). Due to the nature of synchrotron
experiments, there are additional challenges to face concerning
the collection of a statistically significant amount of data to
enable more robust error evaluation. In particular, there exists
a trade-off between repeating measurements and characterizing
a broad enough range of samples with varied properties to
elucidate trends within a finite amount of experiment time.
This strategy may eliminate some small changes due to
physical processes; however, this is acceptable within the goal
of identifying the main adsorbing species. In difference spectra,
a negative peak should be due to species that are actively
adsorbing O, and have decreased intensity due to a shift in BE
induced by covalent interaction with an adsorbed gas species.
Positive peaks are representative of a “destination” species,
referring to the new BE of the nitrogen species covalently
interacting with adsorbed gas. To better understand the
adsorbed gas species, the fit used for the O 1s UHV data (i.e.,
peak positions, FWHMs, and area ratios amongst each other)
is rigidly constrained and applied to the data acquired in the
presence of oxygen (Figure 5f). After the peaks accounting for
the gas phase O, are added, an additional loosely constrained
peak is added to complete the curve fit. This peak accounts for
any difference in the O 1s associated with adsorption on the
N—C material. Here, a single broad peak with low intensity is
required to complete the fit and is assigned to adsorbed O,
(O.4s)- By quantifying the percentage of the O 1s that is
assigned to adsorbed gas relative to the total oxygen in the N—
C material, differences in amount of gas adsorbed can be
identified. As the amount of gas phase signal varies for each
sample, contributions from the gas phase components are
omitted when quantifying O,4. Toward this goal, a similar
parameter can be generated for the N 1s by taking the absolute
values of the N 1s difference spectra after thresholding (Figure
Sg), then integrating to represent the magnitude of the total
change in the N 1s due to gas adsorption. This will allow the
overall adsorption behavior of the N—C materials to be
tracked, and the contributions of N and C in adsorption to be
analyzed—absolute difference spectra for all materials are
shown in Figure S5. To complete the analysis, the same fitting
approach from the O 1s data in O, atmosphere is applied to
the humidified O, atmosphere data (Figure Sh). The new O,
peak has a greater intensity than that of the O, atmosphere
case, indicating the adsorption of both H,O and O,. Analyzing
AP-XPS data in this holistic fashion allows for analysis of
correlations between changes in the N 1s and overall
adsorption behavior of N—C materials.

With a thorough method to analyze changes in XPS data due
to gas adsorption established, we next apply it to the data
obtained on the entire material set to identify adsorbing N
species in both O, and humidified O, environments. The
changes in the N 1s are observed through the generation of
difference spectra for each atmosphere (Figure 6). Only a small
difference can be seen in the UHV and atmospheric data for
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Figure 6. Overlaid N 1s spectra measured in UHV at ambient
temperature, 100 mTorr O, at 60 °C, and 200 mTorr 1:1 O,/H,0 at
60 °C are displayed for all samples, along with difference spectra
calculated by subtracting the UHV spectrum from each in situ
spectrum. Difference spectra are displayed with data below the
threshold of instrumental noise removed.

the N—C,,, pyrolyzed at 600 °C, indicating that its nitrogen
species are only somewhat active/available for O,/H,O
adsorption. The remaining negative peaks after thresholding
are present at positions that indicate O, binding to graphitic
nitrogen (401—402 eV) and H,O binding to electron-rich
nitrogen (397.5—398.5 eV), supporting the conclusion from
O, DRIFTS that the 600 °C sample has an adsorption process
that increases alkane character due to resonant effects. More
significant changes are seen in the N—C,,;, samples pyrolyzed
at higher temperatures. The 700 °C N—Cg;, sample shows a

primary negative peak at low BE for both O, and humidified
O,, indicating that the majority of its O, adsorption is taking
place on electron-rich nitrogen species such as pyridine,
pyrimidine, and N-clusters. With the addition of water vapor, a
negative peak develops between 400 and 402 eV, indicating
H,O adsorption to hydrogenated and graphitic nitrogen
species. For the 900 °C N—C;, sample, negative peaks are
present at positions that could indicate adsorption of O, to
electron-rich nitrogen, graphitic nitrogen, and hydrogenated
nitrogen, with the latter species producing the most prominent
peak. This is in good agreement with what is observed with
DRIFTS, as adsorption to graphitic and electron-rich nitrogen
would cause the increase in alkane character observed, whereas
adsorption to hydrogenated nitrogen explains the increase in
O—H character that occurs. The difference spectra for O, and
humidified O, conditions are very similar, indicating that O,
and H,O primarily adsorb at the same sites. N-Vulcan shows
two negative peaks, at positions that indicate the adsorption to
graphitic nitrogen, correlating to the adsorption behavior seen
in DRIFTS, as the N-Vulcan sample displayed an increase in
alkane character attributed to the adsorption of O, to graphitic
nitrogen. The adsorption of H,O in N-Vulcan occurs at the
same sites as O, and with a more significant increase in
magnitude than that of the N—Cg, samples. N-GnP shows the
most variation in adsorption sites between the two
atmospheres. In O,, the only negative peak is ~399 eV,
which suggests adsorption to amine species. In the case of
humidified O,, the main adsorption is taking place on
hydrogenated nitrogen species. Among the chemically
modified samples, most of the changes in the N 1Is occur
during O, adsorption, whereas the addition of H,O increased
the magnitude of some changes but did not significantly shift
the peaks that are present in the difference spectra. With
respect to the physically modified samples, there is less
similarity between the peaks in the difference spectra at the
two atmospheres. This indicates that the chemically modified
samples primarily adsorb O, and H,O at the same sites,
whereas physically modified samples have sites that preferen-
tially adsorb O, versus H,O gaseous species.

To confirm that changes in the N 1s are due to gas
adsorption and not other processes such as protonation, the
changes in the O 1s were also evaluated by spectral
deconvolution (Figure 7). Fitting parameters for each
environment can be found in Tables S6 and S7. Components
due to gas adsorption are slightly different for each sample,
where the O, adsorption peak is at low BE (530.6 V) for the
N—C,,, sample pyrolyzed at 600 °C, whereas the O,
component ranges from 533.6 to 534.4 eV for the remaining
samples. Such behavior confirms that O, adsorption on
different sites from sample to sample results in different
perturbations in the O, electron density. There are slight
changes in the BE of the O,4, component when H,O vapor is
introduced, with the largest shift occurring in N-GnP, from
534.4 to 532.7 €V, indicating that H,O is likely adsorbing on a
different site than O,. All materials show an increase in the
relative percentage of the O,y component when H,O vapor is
introduced, confirming that some degrees of adsorption take
place for both gases on all samples.

Overall adsorption trends for each gas environment can be
examined from the above analysis of the O 1s and N 1s
spectral regions by comparing the relative amount of the O 1s
assigned to adsorbed gas species and the total change in the N
Is calculated by integrating the absolute area under the curve
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Figure 7. Deconvoluted O 1s spectra measured in 100 mTorr O, at

60 °C and 200 mTorr 1:1 O,/H,0 at 60 °C are displayed for all
samples.

of the N 1s difference spectra (Figure 8). First, the
contribution of the O,y component due to O, adsorption is
plotted on the x axis, whereas the O, component for
humidified oxygen is plotted on the y axis (Figure 8a). The line
y =« is included, as a sample present on that line indicates that
no further gas adsorption occurred when H,O vapor was
introduced following O, introduction. A sample above the y =
«x line indicates that more gas is adsorbed when H,O vapor is
introduced following O, adsorption; all samples fall into this
regime. The three chemically modified samples are only
slightly above y = x, indicating much less adsorption of H,O
than O, vapor. Both N-Vulcan and N-GnP are well above the y
= x line, indicating that H,O adsorption is still favorable
despite the presence of adsorbed O,; these observations
suggest that O, and H,O are adsorbing on different sites for
the physically modified samples. The N 1s change is plotted for
O, environment on the x axis and humidified O, on the y axis
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Figure 8. Trends in adsorption behavior are shown by comparing
quantified relative changes in the N 1s and O Is. Percentage of the O
Is attributed to adsorbed species is plotted for O, and H,O
atmospheres (a), along with the change in the N 1s from integrated
absolute difference spectra (b). Both spectral regions are combined to
show overall adsorption changes for each environment (c).

(Figure 8b), differing from Figure 8a in that it is specific to
nitrogen only, hence any differences between the two plots
should denote an interaction between gas and carbon, as that is
the only other available species for gas adsorption. The
chemically modified species and N-Vulcan show similar
positions relative to the y = x line to those in Figure 8a,
indicating that the adsorption behavior characterized in the O
Is corresponds to nitrogen species. In contrast, N-GnP now
has a value not as far above the y = x when considering changes
due to N only, suggesting that a portion of the O, adsorbed
was due to carbon sites rather than nitrogen. The trends in
oxygen adsorption behavior are summarized by showing the N
1s change (x axis) and the O 1s change (y axis) on the same
plot for each atmosphere (Figure 8c). Changes in each of the
chemically modified species are small and direct; thus, the
majority of available adsorption sites are occupied by O, when
H,O0 is introduced and little adsorption of water occurs. For



the N-GnP sample, a significant increase that is much steeper
than direct indicates that both H,O and O, species are

favorably adsorbed, likely due to the adsorption occurring at

different active nitrogen and carbon species. N-Vulcan has a
relationship between that of the chemically modified samples

and N-GnP, significantly more H,O is adsorbed than O,;
however, a greater proportion of this change is accompanied by

changes in the N 1s than that of N-GnP. This suggests that N-
Vulcan still has some adsorption of H,O to carbon sites, but to
a lesser extent than that of N-GnP. Considering that the N-ion
implantation process can also create defects in the carbon
structure other than the incorporation of nitrogen species, and
that N-GnP is more impacted by the implantation process, it
follows that the defected nature of these carbons would result
in more adsorption to carbon species.

4. CONCLUSIONS

A set of five N—C materials was produced via two methods: a
direct-incorporation, solvothermal treatment in which pyrolysis

temperature was varied, and a post-treatment, N-ion
implantation process in which the initial carbon structure was

varied. STEM-EDS and UHV-XPS confirmed that these
methods produced a variety of different nitrogen species and
amounts incorporated into different carbon morphologies. In
addition to thorough characterization of the samples in UHV

to confirm the diverse set of nitrogen properties, several in situ
studies were performed to better understand acfsorption of O,

and H,0O on N—C materials. Through analysis of difference
spectra from both AP-XPS and DRIFTS, it was determined

that each sample displayed adsorption of oxygen to different
N—C functionalities. The N—Cg, sample pyro%yzed at 700 °C
primarily adsorbed oxygen to electron-rich nitrogen species,
whereas the 900 °C pyrolyzed N—C,,;, sample adsorbed more
to hydrogenated nitrogen species, with additional contribu-
tions from electron-rich nitrogen and graphitic nitrogen.
Adsorption of oxygen to N-Vulcan took place on graphitic
nitrogen and carbon species, whereas N-GnP adsorbed oxygen
at aliphatic nitrogen species, possibly amine species. The 600
°C N-C,,, sample was the least active for adsorption of both
gases. Physically modified samples were significantly more
active for H,O adsorption, likely due to a more defected
carbon structure resulting from the N-ion implantation
process. Since the participation of certain nitrogen species in
the ORR has been linked to differences in selectivity of the
possible ORR pathways, correlating such experiments with
catalytic activity and moving toward in operando AP-XPS
measurements in future studies may enable direct confirmation
of which species are responsible for what steps of the ORR.
This will be of particular value when applied to M—N-C
catalysts, as this work provides a baseline study of adsorption
behavior of nitrogen species that will aid in isolating the
behavior of metal-containing sites from the behavior of N—C
species. Overall, it is shown that multiple nitrogen species are
able to adsorb oxygen and are therefore potentially active for
the ORR, whereas a route is established for future AP-XPS
analysis of subtle solid—gas interactions both in nitrogen
containing materials and other relevant systems.

Tables of elemental composition from EDS and XPS;
tables of XPS fitting parameters for all peak deconvo-
lutions; peak deconvolutions of the N 1s during in situ
measurements; peak deconvolution of the O 1s at UHV;
duplicate N 1s spectra for thresholding; and the absolute
value of thresholded N 1s difference spectra used for
integration to determine the total change in N Is
difference spectra (PDF)
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