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Water Confinement in Nitrogen-Rich Nanoporous Carbon
Materials Revealed by In Situ Scanning Transmission X-Ray

Microscopy

Bin Wu, Faidra Amargianou, Jan-David Férster, Christopher Péhlker, Thomas Guy Rauch,
Deniz Wong, Christian Schulz, Robert Seidel, Markus Weigand, Martin Oschatz,

and Tristan Petit>

The interaction between water molecules and surfaces in porous carbon-based
materials plays a significant role in various fields including but not limited to
catalysis, gas sorption, or electrochemical energy storage and conversion. The
incorporation of nitrogen enhances the hydrophilicity of typically rather nonpo-
lar carbon-based materials but the molecular understanding of water chemical
configuration in such porous materials remains incomplete. Water adsorption
on nitrogen-containing nanoporous carbon surfaces is governed by a subtle
balance between water-water and water—surface hydrogen bonding interac-
tions, which together determine the water structures formed and their stability.
In this work, in situ Scanning Transmission X-ray microscopy performed

on individual nanoporous carbon particles under a humid atmosphere is used
to elucidate the interactions between nitrogen-containing carbon surfaces and
water molecules. The hydrogen bonding of water is found to be nonuniform
within the particles and to depend on the nanopore size and the chemical bond-
ing of nitrogen atoms. The nature of the nitrogen sites interacting with water is
further characterized by resonance inelastic X-ray Scattering and near ambient
pressure X-ray Photoelectron Spectroscopy. This study provides new perspec-
tives on water interaction when confined in nanoporous nitrogen-rich carbons.

1. Introduction

Interactions between water molecules
and surfaces are among the fundamental
phenomena in electrochemical energy
devices."”) Interfacial water found at
electrode—electrolyte interfaces has a cru-
cial influence on the performance of energy
storage devices such as aqueous electric
double-layer capacitors for electrochem-
ical energy storagel>*l or electrocatalysts
for energy conversion.>¢! In the context
of nanoporous materials, confinement
in the pores may change the local or-
dering or density of the confined water
molecules.”] This, in turn, may bring new
opportunities for chemical nanoreactors.®!

Nanoporous carbon materials provide
high surface area, electrical conductivity,
and high thermal/chemical stability. This
makes them promising, amongst others,
for applications in catalysis, atmospheric
water capture, and energy storage.’!!]
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Their huge specific surface area as well as tunable pore size
distribution ensure excellent electrochemical activity in aque-
ous systems and their electrical conductivity allows for a lim-
ited ohmic drop during electrochemical polarization. This quali-
fies carbons, amongst other high-current applications, as an elec-
trode of choice in electrochemical double-layer capacitors.[!#13]
For applications in heterogeneous electrocatalysis such as elec-
trochemical oxygen reduction and evolution, a large electrochem-
ically active surface area is highly desired. Furthermore, the hy-
drophilicity and electroconductivity of carbon materials can be
tuned through doping with other elements such as nitrogen into
the carbon framework, or by modification of their surface chem-
istry with specific functional groups.!'***l To control the chem-
ical constructions of carbon materials as precisely as possible,
thermal condensation of precursor substances toward “molecu-
lar carbon materials” is one suitable approach.!' For instance,
a template-free synthesis of nanoporous carbon materials with
high and controllable nitrogen content by direct condensation of
the hexaazatriphenylene (HAT-CN) precursor (C-HAT-CN) was
recently reported.'”] C-HAT-CN materials belong to the family of
C,N-type compounds and have demonstrated extremely high hy-
drophilicity with favorable adsorption profile of water and several
gases as well as attractive electrocatalytic properties.['*-2° Espe-
cially, the water adsorption properties of these C-HAT-CN mate-
rials are remarkable with heats of adsorption significantly above
the evaporation enthalpy of bulk water over a very broad range
of uptakes and appear to be more typical for zeolite materials
rather than for classical porous carbons.!'”?1:22I Theoretical calcu-
lations also indicated high adsorption affinity of the C-HAT-CN
materials toward H,O and underlined the importance of the in-
terplay between basic pyrazinic nitrogen atoms and nearby pos-
itively polarized carbon atoms as surface active sites for water
adsorption.?3] Nevertheless, a molecular understanding of the
water structure and the nature of its chemical bonding with ni-
trogen sites remains elusive.

Several analytical methods have been applied to elucidate the
water hydrogen bonding (H-bonding) in porous and carbon-
based materials. For instance, Nuclear Magnetic Resonance
(NMR) spectroscopy allows a precise identification of water
H-bonding because the chemical resonances are sensitive to
the change of electron density and chemical environments of
the investigated nuclei.?*! In addition, Fourier Transform In-
frared Spectroscopy and Raman spectroscopy are highly sensi-
tive to the water H-bonding networks,?>-?’] but it remains dif
ficult to apply them on strongly absorbing porous carbon parti-
cles. Furthermore, intense research with contradicting findings
has been carried out recently to study the structure and orienta-
tion of water molecules on carbon surfaces based on vibrational
sum-frequency-generation spectroscopy, however also limited to
flat carbon surfaces (graphene).l28-3)

Core-level soft X-ray spectroscopies are element-specific tech-
niques that allow to probing separately the carbon, nitrogen, and
oxygen electronic states. Near Ambient Pressure X-ray Photoelec-
tron Spectroscopy (NAP-XPS) has been used to study the wa-
ter interaction with diamond®!! and carbon nitride surfaces,3?!
but cannot access the inner nanopores due to its short prob-
ing depth. X-ray Absorption Spectroscopy (XAS), on the other
hand, also offers high sensitivity to the local chemical environ-
ment but with bulk sensitivity when transmission detection is
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used.[] XAS at the oxygen K-edge was found to be highly sen-
sitive to the H-bonding of interfacial water on colloidal carbon
nanomaterials.[3334

In this work, we provide a molecular understanding of wa-
ter adsorption in porous nitrogen-rich carbon particles using in
situ Scanning Transmission X-ray Microscopy (STXM). STXM al-
lows the monitoring of water H-bonding in individual C-HAT-
CN particles by acquiring XAS with sub-50 nm spatial resolu-
tion. The carbon, nitrogen, and oxygen bonding environments in
C-HAT-CN prepared at different condensation temperatures ex-
posed to helium with relative humidity (RH) up to 80% at room
temperature were characterized by in situ STXM. Clear inhomo-
geneities of the H-bonding for water confined close to the surface
and in the core of individual C-HAT-CN particles were observed.
Moreover, the nature of the nitrogen sites interacting with wa-
ter molecules was further characterized by NAP-XPS and Reso-
nant Inelastic X-ray Scattering (RIXS), identifying the critical role
of pyridinic nitrogen in the water adsorption process. This work
provides new chemical insights into the role of nanoconfinement
and nitrogen on the zeolite-like water adsorption properties of
nanoporous nitrogen-rich carbon materials.

2. Results and Discussion

2.1. Carbon and Nitrogen Bonding in C-HAT-CN Materials

The series of model C-HAT-CN materials described in the follow-
ing has been prepared by thermal condensation of HAT-CN at
550, 700, and 1000 °C, and the resulting porous nitrogen-carbon
materials are denoted as C-HAT-CN-550, C-HAT-CN-700 and C-
HAT-CN-1000, respectively. Our earlier studies!'”?!] have shown
that a temperature of 550 °C is needed to induce condensation
of HAT-CN to a microporous framework at reasonable rates and
that the ideal condensation degree and a stoichiometry of nearly
perfect C,N is reached at 700 °C. For comparison with another
microporous carbon material with significantly lower nitrogen
content, we have also introduced C-HAT-CN-1000 as a reference
sample in the present study. Specifically, in this series of sam-
ples, it has been found that the specific surface areas slightly in-
crease from 627 to 785 m? g~! and 801 m? g~ for C-HAT-CN-550,
C-HAT-CN-700, and C-HAT-CN-1000, respectively. At the same
time, micropore volumes also slightly increase from 0.24 cm? g~
(C-HAT-CN-550) t0 0.30 cm® g~! (C-HAT-CN-700) and 0.31 cm®
g~! (C-HAT-CN-1000) due to a slight enlargement of the microp-
ore size. Arther pronounced differences are found in the atomic
C/N ratios in the materials determined from combustion elemen-
tal analysis which are 1.64, 1,96, and 13.83 for C-HAT-CN-550,
C-HAT-CN-700, and C-HAT-CN-1000, respectively.

For the present study, the chemical composition of the C-HAT-
CN particles was first explored by STXM at C and N K-edges.
Figure 1la displays the STXM images at the C K-edge of indi-
vidual C-HAT-CN-700 particles. The core and surface regions
(Figure 1b) are isolated based on their chemical bonding using
a clustering analysis (see Supporting Information for details).
STXM images at the C K-edge for C-HAT-CN-550 and C-HAT-
CN-1000 particles are shown in Figure S2 (Supporting Informa-
tion).

The XAS at the C K-edge of the three C-HAT-CN samples ob-
tained by averaging the transmitted X-rays in the surface and core
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Figure 1. Carbon and nitrogen bonding in individual C-HAT-CN-700 particles. a,b) STXM images under dry conditions as well as core and surface regions
of the clusters at 285 eV (C K-edge) of the C-HAT-CN-700 sample. The scale bars are 2 um. XAS at C K-edge c) and N K-edge d) of C-HAT-CN-550, C-
HAT-CN-700, and C-HAT-CN-1000 for the core (dotted line) and surface area (solid line). All spectra were normalized to the XAS pre-edge and shifted

for clarity.

regions exhibit two main features in the pre-edge at ~285.8 eV
(C1) and »~286.8 eV (C2), for C-HAT-CN-550 and C-HAT-CN-700
(Figure 1c). The feature C1 is related to transitions from C 1s to
7*_c orbitals, mostly coming from graphitic carbon while C2 is
assigned to transitions from C 1s to the z*._y orbital in the ter-
minal cyano group.®*! The C2 feature is not observed on C-HAT-
CN-1000 which is completely condensed. Smaller contributions
at ~287.9 eV (C3) and =~ 289 eV (C4) are also visible. C3 is at-
tributed to the transition to #*_y_c in the pyridine-like ring of a
matrix, which also appears in the C;N, system.[*%”] In addition,
C4 can be assigned to transitions from C 1s to 7%._, suggesting
the presence of O-containing functional groups and defects,*’]
as confirmed by the XAS O K-edge discussed later. For C-HAT-
CN-1000, an additional peak CO located at 284.7 eV is detected. It
is associated with transitions to z*(aromatic carbon),[*8! suggest-
ing the presence of highly graphitized carbon in C-HAT-CN-1000
compared to the particles obtained by condensation at lower tem-
peratures, which is in line with the characterization from previ-
ous studies.['2!] The core region appears more graphitized than
the surface of the particle. Note that a saturation of the carbon
signal is observed for the core region due to the large thickness
of the particle and the relative intensity of the peaks cannot be
reliably compared.

The XAS at the N K-edge of the different C-HAT-CN samples
extracted from the STXM images (Figure S3, Supporting Infor-
mation) are shown in Figure 1d. Note that no nitrogen was de-
tected on C-HAT-CN-1000, which is in line with the absence of
C—N bonding (C2) in C K-edge XA spectra, and low nitrogen con-
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tent detected by XPS (<8 at.%) and elemental analysis (<5 at.%)
in similarly prepared material reported in previous work.['’ Two
main features are detected at #398.6 eV (N1) and ~399.8 eV (N2)
on C-HAT-CN-550 and C-HAT-CN-700. The feature N1 is related
to #* transition of pyridinic N and N2 is associated with the ex-
citation from N 1s to m*._y orbital in the cyano group.>3%40]
The assignment to the cyano group was further confirmed using
RIXS at the N K-edge (Figure S4, Supporting Information) as dis-
cussed in the Supporting Information. The nitrogen bonding ap-
pears quite homogeneous across the particles and the slight peak
intensity changes may be related to a thickness-induced satura-
tion of the X-ray absorbance.

2.2. Nitrogen—Water Interaction at Near Ambient Pressure of
Water

The chemical change of the nitrogen sites upon exposure to water
was first probed by NAP-XPS. The N 1s spectra of the C-HAT-CN-
700 in vacuum show two main components, which are attributed
to pyridinic N at 399.25 eV and cyanic N at 401.40 eV binding
energy, respectively (Figure 2).[1) Another weaker component at
403.56 eV can be attributed to oxidized pyridinic N. When expos-
ing the sample to 1-3 mbar of water under near ambient pressure
(NAP) conditions, both components shift by 0.6 eV (pyridinic N)
and 0.2 eV (cyanic N) toward lower binding energies. The larger
shift for the pyridinic N peak suggests a chemical interaction
with water, possibly through electron delocalization between the
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Figure 2. N Ts XP spectra of C-HAT-CN-700 at vacuum and NAP condi-
tions (=1 mbar water vapor) at an excitation photon energy of 700 eV.
Spectra have been background-subtracted and energy-calibrated against
Fermi (Figure S5, Supporting Information). Peaks have been fitted by
Gaussians representing the cyanic N, pyridinic N, and pyridinic N oxide
as well as nitrogen gas. After applying NAP conditions, the main peaks
are shifted toward lower binding energies.

pyridinic nitrogen and condensed water molecules. The pyridinic
N oxide peak is not detected under NAP conditions. The water
condensation on the surface of C-HAT-CN-700 is further con-
firmed by recording the partial electron yield X-ray absorption
(PEY-XA) spectra at the oxygen K-edge (Figure S6, Supporting
Information).

The photoemission spectra (PES) obtained for resonant exci-
tation of the different nitrogen states identified with XAS at the
N K edge provide further insights into the chemical interaction
between nitrogen atoms and water molecules. Figure 3a,b show
2D maps corresponding to the valence band spectra recorded as a
function of the excitation photon energy for C-HAT-CN-700 un-
der vacuum and NAP conditions. At first glance, both contour
plot representations look quite similar except in the region high-
lighted in the dashed white ellipses corresponding to N1s2p2p
resonant Auger electron decay channel (Figure 3a,b). The decay
channel at 399 eV is less intense than the one at 400 eV, especially
under NAP. When the maps are integrated along their binding
energy axis, PEY-XA spectra are obtained. Two peaks related to
the excitation of an N 1s electron to the z* orbitals of pyridinic N
(at 399 eV) or to the cyanic group (at 400 eV) are observed, as for
transmission XAS (Figure 1d). However, when normalizing both
PEY-XA spectra (Figure 3c,d), the peak at 399 eV appears clearly
less intense for NAP compared to vacuum conditions. From a
fitting of the XAS, the relative area of the pyridinic compared to
the cyanic component decreases of 45% upon interaction with
water (Figure S7 and Table S1, Supporting Information). We at-
tribute this decrease to a strong orbital hybridization between the
x* orbitals of pyridinic N and water. Due to the hybridization, the
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excited electron has a chance to delocalize with the water envi-
ronment during the few femtosecond N1s core-hole lifetime and
is therefore no longer available for a refill of the core-hole with
a subsequent resonant Auger electron decay. In contrast, the in-
tensity of the cyanic N absorption peak is hardly affected, because
there is no spatial overlap between the cyano groups and water,
and therefore no hybridization could occur. This interpretation
is also supported by resonant valence band photoelectron (RPE)
spectra at 399 and 400 eV photon energy discussed in the Sup-
porting Information (Figure S8, Supporting Information). These
resonant photoemission results therefore demonstrate a strong
chemical interaction between water and pyridinic nitrogen upon
exposure to water molecules. These interactions go far beyond
typical physisorption schemes and are mainly responsible for the
high hydrophilicity of these N-rich carbon materials.

2.3. Water Adsorption in Individual C-HAT-CN Particles

The electronic structure of the water condensed inside the pores
of the C-HAT-CN particles was then investigated by in situ
STXM. Individual C-HAT-CN particles are exposed to helium
with up to 80% RH and monitored continuously inside an in situ
STXM microreactor.[*?] Hyperspectral STXM images at the car-
bon, nitrogen, and oxygen K-edges were collected at increasing
RH for C-HAT-CN-550, C-HAT-CN-700, and C-HAT-CN-1000
samples. No clear changes are observed at the carbon and ni-
trogen K-edges for low humidity (Figure 1) and high humidity
(Figure S1, Supporting Information). Unlike AP-XPS discussed
earlier, which is only sensitive to the first few nanometers, all
nitrogen atoms are probed in transmission XAS. As such, we
can conclude that most of the nitrogen atoms contained in C-
HAT-CN are not in contact with the water molecules therefore
after averaging over all nitrogen atoms, no change is detected.
On the other hand, significant changes are observed at the oxy-
gen K-edge as a result of water adsorption within the particles.
The oxygen optical density (OD) extracted from the STXM images
at 535 eV excitation energy increases significantly with humidity
(Figure 4). The water adsorption seems to saturate at ~60% RH
for C-HAT-CN-1000 while the OD continues to increase up to the
maximal probed RH for the other samples.

The spatial distribution of adsorbed water within C-HAT-CN-
700 at low humidity (RH < 5%) was analyzed in further detail
(Figure 5). We distinguished surface and core regions using a
cluster analysis based on their XA spectra signature (see Figure
S4, Supporting Information and details in Supporting Informa-
tion). Four main components are observed in the XAS at the O
K-edge in the surface region for all samples atlow RH (Figure 5).
The details of the fitting parameters are given in Table S2 (Sup-
porting Information). Feature O1 originates from C=0 bonding,
suggesting the existence of some oxygen-containing functional
groups for all samples.[*}] The features 02-04 are related to wa-
ter molecules with different H-bonding configurations. In gen-
eral, the XAS of liquid water consists of a pre-edge at 535 eV
(02), a main edge at 537 eV (03), and a post-edge at 540 eV
(04).[4+%1 02 originates from uncoordinated OH groups due to
unsaturated or dangling hydrogen bonds on the H-donating site.
03 is also related to the population of molecules with unsatu-
rated H-bonds, while O4 is associated with the fully saturated
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Figure 3. Resonant valence band spectra near the nitrogen K-edge. a) Contour plot from C-HAT-CN-700 at vacuum conditions. b) Contour plot from
C-HAT-CN-700 at NAP conditions. The electron signal intensity is expressed by a color code (blue — lowest intensity, white — largest intensity). For both
maps, an off-resonant valence PES measured at 395 eV photon energy, slightly below the N 1s resonance, has been subtracted from each individual
spectrum. Dashed white ellipses indicate missing intensity in the NAP spectra. c,d) PEY-XA spectra obtained by integration along the binding energy

axis of the contour plots in vacuum c) and NAP d).

H-bonding network.*l An additional O’ band seems to be
present at 543 eV in the core region of C-HAT-CN-550 and C-
HAT-CN-700 (Figure 5d,e). The attribution of this feature may
tentatively be attributed to 6%y _.I*}! It cannot be distinguished
in the XAS of C-HAT-CN-1000 because of the presence of over-
lapping and broader O4 combined with the low nitrogen content.
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Figure 4. Water adsorption on individual C-HAT-CN particles. The optical
density (OD) averaged over the full particle imaged by STXM is monitored
at 535 eV as a function of humidity in the in situ STXM microreactor. The
OD was normalized to the minimum OD of each sample.
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Water molecules are observed in C-HAT-CN even at low RH
conditions at room temperature, which is reasonable because
of their strong water adsorption capability, which necessitates
heating above 200 °C in an inert atmosphere to remove all wa-
ter molecules.['’] By comparing the spectral shape of the 02—
04 components to previously reported XAS O K-edge of water
molecules in another environment, one can estimate the nature
of the water H-bonded network in the porous particles. In the
core region, the O2 and O3 peaks are predominant, similar to
water monomers adsorbed on metal surfaces.[*s! The 02 and 03
correspond to the 4a, and 2b, orbitals of water molecules, which
are broadened and energy-shifted compared to the gas-phase
molecules due to the hybridization with the pyridinic groups of
the C-HAT-CN surface. For C-HAT-CN-1000, the appearance of
the O4 post edge shows the presence of strongly H-bonded wa-
ter molecules. Due to the much lower nitrogen content, water
molecules are not stabilized by pyridinic groups and may form
H-bonds between each other, hence forming small water clus-
ters with dominating water-water interactions, interacting less
with the carbon surface. In the surface region, the post edge O4
is dominating for all samples, with an increasing relative area
for higher condensation temperature. This is related to strong
H-bonding donating interactions by H,O monomers, forming a
more extended H-bonding network but still weaker than in bulk
water.[]

The evolution of water H-bonding with increasing humidity
was then monitored by recording the XAS at the O K-edge over
the same particles. When the RH increases, the water-related 02—
04 features become more intense (Figure 5g—i). The O1 peak re-
lated to C—O bonds on the C-HAT-CN surface does not change
and is used as a reference for XAS normalization. Most of the
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Figure 5. Water adsorption in individual C-HAT-CN particles monitored by in situ STXM. STXM images at O K-edge (at 535 eV) under low RH for C-
HAT-CN-550 (RH = 1.9%) a), C-HAT-CN-700 (RH = 4.9%) b) and C-HAT-CN-1000 (RH = 4.5%) c). The scale bars are 2 um. The peak fitting of XAS at O
K-edge for two regions of core and surface area with distinct spectral behavior at low (<5%) RH are shown for d) C-HAT-CN-550 e) C-HAT-CN-700 and
f) C-HAT-CN-1000 samples. XAS at O K-edge for two regions of core and surface area with distinct spectral behavior at low (<5%), medium (~30%),
and high (~75%) RH are compared for g) C-HAT-CN-550 h) C-HAT-CN-700 and i) C-HAT-CN-1000 samples. The dotted lines represent the XA spectra
at the core area and solid lines correspond to the XA spectra at the surface region. All the spectra were normalized to the XAS pre-edge and offset for

clarity.

X-ray absorption increase occurs below RH 40%, especially for
the core regions. The spectral shapes at medium and high hu-
midity are similar and overlap in the case of C-HAT-CN-1000, in-
dicating the saturation of water absorption at relatively low RH,
as discussed earlier (Figure 4).

The pre/main-edge ratios of the XAS at the O K-edge were an-
alyzed to qualitatively estimate the evolution of the H-bonding
network of water molecules in the C-HAT-CN samples with hu-
midity (Figure 6). At low humidity, in the surface (core) region
of C-HAT-CN-550, C-HAT-CN-700, and C-HAT-CN-1000, ratios

Adv. Funct. Mater. 2024, 34, 2406528 2406528 (6 of 9)

of 0.58 (0.60), 0.46 (0.53) and 0.42 (0.44), respectively, were cal-
culated. The ratios decreased by 14 (9), 9 (6), and 8 (6) % at sur-
face (core) regions, respectively, at high RH compared to those
at low RH, suggesting a strengthening of the H-bond network
for increasing the number of adsorbed water molecules. Further-
more, under both high and low RH, the pre/main-edge ratio is
higher in surface regions compared to core regions for all sam-
ples, showing a stronger H-bonding in the core of C-HAT-CN ma-
terials. Moreover, with the increase of condensation temperature,
the ratio of pre/main edge decreases in both surface and core area

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. The ratio of the pre/main edge of the XAS at the O K-edge was
obtained from in situ STXM recorded on individual C-HAT-CN particles
under low and high humidity for core and surface area.

as follows: C-HAT-CN-550 > C-HAT-CN-700 > C-HAT-CN-1000
(Figure 6). Comparing these values to the reported pre/main-
edge ratio of 0.38 for liquid water,[*®! we can conclude that the
H-bonding network in the pore of all C-HAT-CN materials re-
mains generally weaker than bulk liquid water even at high RH.
The same H-bonding as liquid water is reached only in the sur-
face region of the C-HAT-CN-1000 sample at high RH.

2.4. Discussion

Based on these spectromicroscopic results, a molecular descrip-
tion of the structure of water adsorbed and confined in the pores
of C-HAT-CN mesoporous materials is proposed as summarized
in Figure 7. The chemical interaction with the pyridinic groups,
as well as the pore confinement, are both affecting the water or-
ganization in the nanopores. As found by NAP-XPS, a higher ni-
trogen content leads to a stronger contribution of chemical inter-
actions (i.e., electron transfer and the formation of joint orbitals)
between pyridinic groups and water molecules, which does not
occur for graphitic carbon. This result agrees with theoretical cal-
culations, suggesting a high adsorption affinity of C-HAT-CN for
water molecules due to the activation of the lone pairs of the pyri-
dinic nitrogen atoms.[?*] H-bond formation between water and
pyridinic groups may lead to the breaking of hydrogen bonds be-
tween water molecules in the first adsorption layers.[*] There are
thus fewer water molecules in the double H-bond donor config-
uration, which is confirmed by the absence of the O4 post edge
feature in XAS O K-edge obtained at core regions of C-HAT-CN-
700 and C-HAT-CN-550.°/ For C-HAT-CN-1000 with lower ni-
trogen content but still, with a porous structure, the hydration
of the pores is more likely to resemble liquid water as observed
in carbon nanotubes and other graphitic nanostructures. For ex-
ample, Molinero et al. investigated water—graphite interaction via
molecular simulation®!] and concluded that liquid water at the
surface of the graphite interface has similar free energy, entropy,
and enthalpy as bulk water. This is highly consistent with our ob-
servation on C-HAT-CN-1000 at high humidity.

The averaged pore size of C-HAT-CN-1000, C-HAT-CN-700,
and C-HAT-CN-550 was previously determined to be 1.5, 1.1, and
0.8 nm, respectively, by gas physisorption.['’] Considering the
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diameter of one water monomer which is in the order of 0.3 nm,
the slight pore differences between the different samples may
accommodate much larger water clusters. The fact that the H-
bonding is less distorted for the C-HAT-CN-1000 compared to
C-HAT-CN-550 and C-HAT-CN-700 can result from both a lower
nitrogen content and from larger pores.

The difference between core and surface regions within one
particle may be explained by a slightly different pore structure
and lower accessibility of the core regions to the water molecules.
In the surface region, a gradual strengthening of the water H-
bonding is observed with increasing humidity. The generally
stronger water H-bonding in the surface region may suggest that
larger pores are formed there, facilitating the formation of more
ordered water clusters with localized H-bonds compared to a core
region with smaller pores where only water monomers can be ad-
sorbed. Unfortunately, the spatial resolution of STXM is not high
enough to visualize the pores and their connectivity within the
mesoporous carbon and the gas physisorption only provides an
average pore distribution, without information on the pore dis-
tribution within individual particles. Another possible interpreta-
tion for the different water H-bonding between surface and core
regions would be that once the surface pores are fully saturated
with water molecules, diffusion of additional water molecules to
the core is inhibited. This phenomenon would mean that the wa-
ter molecules cannot diffuse through the porous channels above
a certain RH and only monomers strongly interacting with the
C-HAT-CN surface, already present at low RH, are found in the
core region. Both size-limited and diffusion-limited H-bonding
could explain the weaker H-bonding network in the core region

Low Humidity High Humidity
|5 -
T
o
o
4
2
5]
|
Nanopores
€ ~
€
o
o
=z
£
-
T
| E—

Core Surface

Water H-bonding

Figure 7. Schematic picture of water adsorption in mesoporous carbon
materials. Surface regions are shown with lighter colors. Pores, particles,
and water layers are not at scale. For clarity, only one porous channel is
drawn. The filling of the pores by water molecules is indicated in blue
color while the strength of the water H-bonding between gas-like water
monomers and liquid-like condensed water is qualitatively indicated ac-
cording to the scale bar.
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of the C-HAT-CN. The characterization of porous carbons with
varying pore size distribution and similar surface chemistry may
clarify this latter point in future studies.

3. Conclusion

In this work, we probed the H-bonding of confined water in
mesoporous nitrogen-containing materials. To this aim, the elec-
tronic structure of confined water was probed by XAS at the oxy-
gen K edge on individual particles for varying humidity using in
situ STXM. Different H-bonding between water molecules con-
fined in the surface and core region of the C-HAT-CN materials
were observed. The differences in the H-bonding motifs are ex-
plained by different pore sizes and nitrogen content which are
controlled by the C-HAT-CN synthesis temperatures. In addition,
the inhomogeneous chemistry and/or pore size between surface
and core regions also affects the water adsorption. Pyridinic nitro-
gen was found to undergo significant chemical interaction with
adsorbed water molecules based on NAP-XPS and XAS. This
work highlights that the specific chemical construction of porous
carbon-nitrogen compounds can be used to achieve a fine-tuning
of the water microenvironment in their pores.

4. Experimental Section

Synthesis of HAT-CN: The synthesis of hexaazatriphenylene-
hexacarbonitrile (HAT-CN) was carried out according to the procedure
stated in the literature.l'’] Briefly, Hexaketocyclohexane octahydrate (4 g,
12.6 mmol) and diaminomaleonitrile (10.88 g, 100.8 mmol) were refluxed
in AcOH (150 mL) for 2 h. The black suspension was filtered off while hot
and washed with hot AcOH (3 X 25 mL) resulting in a black solid. The
solid was suspended in 30% HNO; (60 mL) and heated at 100 °C for 3 h.
The hot dark brown suspension was poured into ice water (200 mL) and
cooled overnight. The suspension was filtered and the solid was refluxed
in MeCN (400 mL) for 2 h and was filtered. The filtrate was evaporated in
vacuo to give an orange solid.

Synthesis of C-HAT-CN-X:  In atypical procedure, C-HAT-CN-X was pre-
pared using HAT-CN (500 mg) for condensation in a horizontal tubular
furnace at different temperatures for 1 h under N, gas flow. The heating
ramp was set up to be 2 °C min~' from room temperature to 80 °C, and
4 °C min~! from 80 to 550, 700, or 1000 °C, respectively. The resulting
materials described are C-HAT-CN-X, where C stands for condensed and
X is the synthesis temperature.

Scanning Transmission X-ray Microscopy: STXM imaging was con-
ducted at the UE46-PGM2 undulator beamline at the BESSY Il synchrotron
at the “MAXYMUS” endstation with a provided energy range of 130-
2000 eV. It provides a resolution of E/AE <8000 at C and the measure-
ments were conducted in single-bunch top-up mode.[?] A zone plate was
used with a 25-nm outer zone width in whose point focus the sample,
mounted on a piezo stage, was scanned by moving it perpendicular to the
beam direction, while the order-sorting aperture between the zone plate
and sample prevents the sample from being hit from zero-order light. The
total transmitted beam was detected with a fast avalanche photodetector,
allowing one to extract spatially resolved spectroscopic information with a
good signal-to-noise ratio as well as to perform time-resolved microscopy.
The STXM-NEXAFS data analysis was conducted using the Multivariate
ANalysis Tool for Spectromicroscopy software (MANTIiS-3.0.01). This in-
cluded the extraction of spectra, the map creation, and the cluster analy-
sis (CA). MANTIS-compatible files were compiled from the filtered recon-
structions via custom-made scripts, programmed in Python 3.6.5.[°3]

Resonant Inelastic X-Ray Scattering: RIXS measurements were per-
formed at the U41-PEAXIS beamline using the endstation PEAXIS of
BESSY I1.I*] The samples were prepared using the same procedure as for
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XAS. The RIXS spectra were acquired with an incident angle of 30° from the
sample surface and a scattering angle, 26, of the detector at 60°. Carbon
tape optimized the instrument resolution to 60 meV at the N K-edge.

Near-Ambient Pressure X-ray Photoemission Spectroscopy: NAP-XPS
measurements were carried out at the U49/2-PGM-1 beamline at BESSY
I using the near-ambient pressure SOL3PES experimental setup, which is
equipped with a Scienta Omicron R4000 HIPP-2 hemispherical electron
analyzer. There are three differential pumping sections, each consisting of
a pinhole and two molecular turbo pumps, to separate the detector unit
from the experimental chamber. A similar differential pumping scheme is
used to deal with the pressure difference between the experimental cham-
ber and the ultra-high vacuum (<107° mbar) inside the beamline. During
the measurements, the angle between the polarization axis of the incom-
ing soft X-ray and the electron analyzer was 54.7° (magic-angle geometry)
to avoid any photoelectron angular distribution effects. PE measurements
were performed at high vacuum (between 8 x 10~° and 6 x 106 mbar)
and NAP conditions (between 1 and 3 mbar). The distance between the
electron analyzer entrance pinhole and the focal point of the soft X-ray
beam was shorter than 500 pum, minimizing electron scattering at ele-
vated water vapor pressure in the chamber that causes an attenuated elec-
tron signal. To create the water vapor environment, a test tube was con-
nected and filled with ultrapure water (degassed by two freeze-pump-thaw
cycles) to the vacuum chamber. A needle valve was used to set the re-
quired H,O gas flow into the chamber. The pumping flow rate is controlled
with a motorized gas-regulating valve (Pfeiffer EVR 116), which was man-
aged by a proportional-integral-derivative controller (Pfeiffer RVC300 pres-
sure gauge). Additionally, a temperature-controlled chiller (Julabo F12-ED)
actively cooled the sample holder. The U49/2 beamline provides high-
brilliant soft X-ray light up to a photon energy of Eph = 1400 eV, enough
to core-ionize oxygen and carbon. The energy resolution of the beamline
was better than 220 meV at 400 eV photon energy used for the absorp-
tion spectra, and better than 500 meV at 700 eV photon energy for the
N1s XPS measurements. The energy resolution of the electron analyzer
was 250 meV (pass energy of 100 eV). The measured photoelectrons had
kinetic energies between 300 and 400 eV, which translates to an electron
inelastic mean free path range of ~3—-4 nm.[>%] The recorded N1s spectra
were energy-calibrated against the Fermi edge and measured separately
after each scan (Figure S7, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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