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Abstract

In order to understand the nature and structure of N doping centers in carbon ma-
terials, we combine 2D solid-state NMR experiments and chemical shift calculations for
N, C, H nuclei from density functional theory (DFT). Comparisons of predicted chem-
ical shifts with experimental 2D 3C-'°N spectra show good agreement and the calcu-
lations explain the spectral broadening seen in the experiments. The major differences
between the chemical shifts of graphitic/pyridinic/pyrrolic N-moieties are understood
by comparing the electronegativities of the various environments. Moreover, the signal
broadening is explained using four different factors: (1) the standalone N/C geometry,
(2) the effect of a second N atom nearby, (3) the first or second neighbor C atom dif-

ference, and (4) the influence of residual water, which is important to understand the
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eletrocatalytic environment. An intuitive correlation between the charge of the probed
atom and the chemical shift is validated: the smaller the charge, i.e., higher electron
density, the more shielded the nucleus is, and hence the smaller the associated chemical
shift. These results can improve the understanding of the nature of hetreoatom sites
in nitrogen-carbon materials and contribute to the rational design of these materials

with desired electronic properties and improved electrochemical performance.

Introduction

Nitrogen-doped graphenes have emerged as an important class of materials due to their at-
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tractive electronic properties with applications as electrodes,? electrocatalysts®* and cat-

alyst supports.® Typical N doping of graphene, however, provides a mix of different local

6 are pyrrolic, pyridinic, and graphitic nitrogen.

N structures where the simplest species
Materials with high extents of doping are desired, and present a large range of lateral as-
sembly and interactions among these three basic types of N centers. In order to establish
tentative perfomance-structure relations, numerous efforts have been made to detect the
local environments of N-doped graphene via tools including Raman spectroscopy,” X-ray
photoelectron spectroscopy® (XPS), scanning tunneling microscopy "® (STM), and nuclear
magnetic resonance'® (NMR) spectroscopy. However, Raman spectroscopy can provide only
limited insights into the detailed local structure of N atoms since distributions of various
local moieties are present, which limit the resolution. XPS, in principle, is sensitive to the
local bonding near surfaces, but the slight differences in binding energies are hard to accu-
rately simulate and interpret, especially since the resolution is low.!® STM provides high
resolution images of local structures, but the sampling of the various sites is challenging.
Two-dimensional (2D) solid-state NMR (ssNMR), benefitting from advances in sensitivity

l'is a promising tool to cast light onto the atomic-scale

and resolution in the recent years,®
structure of these materials and is particularly amenable to combined analyses with first-

principles calculations.



Although solid-state NMR has been utilized to determine the local structures of different
periodic carbon materials,'%!? theoretical predictions of NMR spectral features from ab
initio calculations are generally scarce, limiting the accuracy in the interpretation of the
spectra in terms of local structures. Such predictions had been limited to finite systems
until Mauri et al. extended the theory to periodic systems.!® Mauri et al. later made
improvements to account for the translational invariance when the projector augmented
wave (PAW) method is used; this is known as the gauge including projector augmented
wave (GIPAW) approach.*15 The GIPAW method has been utilized in various systems to
represent the influences of structural variations on NMR signals. 1619

Periodic models are important to representing the variations in NMR chemical shifts,
especially for systems with delocalized wavefunctions. Thonhauser et al. investigated both
finite and periodic carbon systems and showed that a relatively large finite system, coronene,
is still different from a periodic model.2° Results of Ozcan et al.2! also showed in the case of
graphene that for cluster models, five to six concentric hexagonal shells, i.e., 150 to 216 C

atoms in the model, are needed to achieve a converged *C chemical shifts on center C atoms

at the level of 5 ppm, in line with the results of Vihikangas et al.?? The results of Skachkov

1'23 1.24

et a and de Souza et a are achieved using periodic graphene models, although the
reported ¥C chemical shifts are different from the value reported by Thonhasuer (roughly
by 10 ppm). Instead, results of Skachkov et al.?® and de Souza et al.?* match better with

the value obtained by Casabianca?

using a cluster model. Moreover, none of these studies
investigated the effect of N-heteroatoms. For the N-doped graphene system, to the best of
our knowledge, the only relevant work has been done by Zhang et al. using cluster models?®
and there is no study done using periodic models.

In this work, density functional theory (DFT)-based first-principles calculations are per-
formed on periodic N-doped graphene models to simulate a 2D 3C-!5N heteronuclear mul-

tiple quantum coherence (HMQC) spectrum, in order to understand the relation between

local structure and 3C or °N chemical shifts. Results are compared to a experimental 2D



NMR spectra and allow a more detailed interpretation of it. Various local structures with
a mix of multiple basic N species are modeled to provide insights into the structure-related
broadening, which can be further decomposed into (1) standalone geometry effects, and (2)
influences of additional proximate N atoms. The influence of a small amount of adsorbed wa-
ter is modeled by adding explicitly water molecules to reflect the experimental measurement
condition. In order to better understand the link between local structure and chemical shift,
the relationships between local structure, atomic charge and chemical shifts are discussed,
enabling a more detailed understanding of the influence of N doping motifs on the electronic
structure. These results open the rational design of N-doped carbon materials with desired

electronic properties to improve electrochemical performance.

Methods

The Vienna Ab initio Simulation Package?” (VASP) was used for calculations. The
Perdew-Burke-Ernzerhof?® (PBE) exchange correlation functional at the generalized gra-
dient approximation (GGA) level is used. The density-dependent dispersion correction
(dDsC) 30 Van der Waals correction was applied for all structures. Three different sets
of graphene structures were used: a hexagonal terrace model which consists of 72 C atoms
(6x6 supercell), an armchair edge model which consists of 66 C atoms and 12 H atoms
(before substitution with N), and a zigzag edge model consisting of 40 C atoms and 8 H
atoms. The vacuum in the z-axis was set to 20A. For the armchair /zigzag ribbon model,
the in plane vacuum between the ribbons was at least 15A. For geometry optimizations, a
Monkhorst-Pack 3x3x1 k-point mesh was used for terrace model, 1x3x1 for armchair and
3x1x1 for zigzag. For NMR calculation, a 5x5x1 k-point mesh was used for terrace model,
1x7x1 for armchair and 7x1x1 for zigzag. The test for the convergence of the chemical
shifts in non-doped models with respect to the k-points mesh is shown in SI table S1, and

convergence to the level of 1-2 ppm was achieved.



All the calculations were developed on a basis set of plane waves. A gaussian smearing
with sigma value of 0.1 eV was used through all calculations. For energy calculations, a cutoff
energy for the plane wave basis set at 500 eV and an electronic step convergence criterion
of 10¢ eV were used. For geometry optimizations, forces were optimized to 0.02 eV/ A. For
NMR calculations, a cutoff energy for the plane wave basis set at 600 eV and an electronic
step convergence criterion of 101? eV were set for most cases due to the requirement of such
calculations. For some models (a full list can be found in SI section 2) that do not converge
under this criterion, electronic step convergence criterion may be loosened to at most 1077
eV and it has been tested on the graphitic N system that the influence on the calculated
NMR chemical shifts is only up to 0.01 ppm, as shown in SI Fig. S1. The variation of the
chemical shifts of non-doped models with respect to the cutoff energy is shown in SI table
S2, and convergence to the level of 1 ppm was achieved for a value of 600 eV. The accurate
precision setting was always used. Default values are used for the order of the stencils used
to calculate the magnetic susceptibility and the step size for the finite difference k-space
derivative, corresponding to equations 38, 40, and 47 in the work of Yates et al.'®

VASP outputs the chemical shift tensor following the convention d1; > d99 > d33 and the

isotropic shift is calculated as:3!

011+ 022 + 033

Diso = 1
150 3 ( )

The output values without core contribution were used as this will only lead to negligible
difference of smaller than 0.001 ppm, as shown in SI table S3. We used the values without the
G=0 contribution since the G=0 contribution is not a bulk property and is affected by the
surface currents that appear on the surface of the sample.'* VASP assumes a spherical shape
for the G=0 contribution,* which may not be the case for the N-doped graphene sample.

More details can be found in SI section 5. The conversion to a value that is amenable to



experimental measurement and comparison was done via;2%:2324

6= 5system,calc - 5ref,calc + 57‘ef,ezp (2)

The reference system here is chosen as « glycine for *C, N and 'H. The experimental
values used are 33.4 ppm for O,cf.exp,n, 172.7 ppm for 0y f ezp.c and 3.54 ppm for Oref eqp - It
is worth mentioning that the 0,ef csp i i an average chemical shift value of three H atoms in
the NH3 group of glycine.!® Note that the reference values for the *C, N, and 'H isotropic
chemical shifts are consistent relative to commonly used standards: tetramethylsilane (TMS)
as 0 ppm for 1¥C and 'H and liquid ammonia as 0 ppm?? for 1°N. The CHARGEMOL package
is used to calculate the Density Derived Electrostatic and Chemical (DDEC6) charge3334
based on VASP charge density.

For the construction of 2D '3C-5N spectra, we consider the first neighbor C-N pairs
since the experimental dipole-mediated 2D NMR spectrum depicts signal intensity that is
proportional to 13, where 1 is the distance between the two nuclei.?>3¢ For pristine graphene,
the second neighbor distance in the network is 1.73 times the first neighbor distance. This
ratio is maintained after geometry optimizations in graphitic N and pyridinic N models,
whereas in pyrrolic N models, the ratio is found to be 1.54. As the result, the 2D NMR
signal intensity from a second neighbor will be only roughly one fifth compared to the signal
strength arising from a first neighbor in graphitic or pyridinic N models, and one fourth in
pyrrolic N models.

Experimentally, a mesoporous N-carbon material containing 16 atom% N was synthesized
from a 1:3 molar ratio of cyclohexanehexone octahydrate and uniformly '3C,'*N-enriched
urea, with the synthesis reported by Fechler et al.®” Nuclear enrichment made solid-state
NMR characterization of the N-carbons possible. *C and N chemical shifts were referenced
to their respective values in uniformly *C,'N-enriched glycine powder, using the same values

as mentioned in the computational settings. The carbon materials were diluted with KBr at



a sample:KBr ratio of 1:3 w/w before being loaded into the MAS rotor. The KBr served as
both an internal temperature probe® and to reduce undesirable sample heating that may
arise from rapid rotation of conductive samples in the high magnetic field required for the
NMR measurements. 3

Solid-state two-dimensional (2D) 3C-!°N heteronuclear multiple quantum coherence
(HMQC) experiments were used to correlate '*C and "N isotropic chemical shifts of 3C
and N nuclei that are dipole-dipole-coupled through space. A schematic diagram of the
2D NMR pulse sequence is provided as SI Fig. S2a. Briefly, the solid-state dipolar-mediated
BC-IPN HQMC NMR spectrum was acquired using the SR4,2 sequence to filter polarization
transfer from *C to ®N (for indirect detection) and back to the 3C (for direct detection).
These experiments were performed with 100 kHz 'H decoupling, using zirconia rotors, Vespel
caps, and under 8 kHz MAS on a Bruker AVANCE II HD 400 DNP-NMR spectrometer
with a 9.4 T superconducting magnet operating at 400.20, 100.64, and 40.56 MHz for 'H,
130, and N nuclei, respectively, and equipped with a variable-temperature 3.2 mm HXY
MAS probehead. SR4,% was used as the dipolar recoupling scheme according to Hu et al.*’
Heteronuclear *C-'°N dipole-dipole couplings scale with respect to the cube of the distance

3536 making these measurements sensitive principally to 3C and

separating two nuclear spins,
15N nuclei that are covalently bonded directly, or to a lesser extent, by weak next-nearest
neighbor interactions. The latter contribute negligibly to the overall measured signal inten-
sity as consequence of the short 3C-'N recoupling times used here (0.6 ms, sensitive out
to 2-3 bond distances),*! but preferentially detect dipolar-coupled nuclei over shorter (1-2
bond) distances. The 2D dipole-mediated 3C-1°N HMQC NMR spectrum? was acquired
using 1024 transients, with 32 ¢; increments in the indirect dimension in STATES-TPPI
acquisition mode. Recycle times of 10 s (corresponding to 1.3 Ty of *N nuclei) were used for
maximum signal sensitivity. Low-temperature conditions were used to improve NMR signal

sensitivity through enhanced polarization from the Boltzmann distribution and to mitigate

the influences of rapid nuclear spin relaxation effects. The temperature measured in the



MAS gas stream nearest to the stator was 95 K, and the actual sample temperature was
estimated from "Br 7T relaxation measurements to be ca. 99 K.

Similarly, 2D ®N-'H heteronuclear correlation (HETCOR)-MAS experiments were used
to correlate 'H and '°N isotropic chemical shifts of 'H and N nuclear spin pairs that
are dipole-dipole-coupled through space over sub-nanometer distances and corroborate the
assignment of pyrrolic N. A schematic diagram of the 2D NMR pulse sequence is provided as
SI Fig. S2b. Specifically, following a 90 degree pulse, 'H polarization was allowed to evolve
for incremented durations (for indirect detection), after which a shaped pulse was used to
transfer 'H polarization to dipole-dipole-coupled '°N nuclei for direct detection. The N-
doped material was exposed to atmospheric conditions for one week, and surface adsorbed
water accounted for 0.5 mass% of the sample. These experiments were performed using
zirconia rotors, Vespel caps, and under 10 kHz MAS on a 500 MHz Bruker AVANCE NMR
spectrometer with a 11.7 T superconducting magnet operating at 500.24 and 50.69 MHz
for 'H and N nuclei, respectively, and equipped with a 4 mm HXY MAS probehead. The

spectrum was acquired at room temperature, with a contact time of 3000 us, and 4000 scans.

Results and Discussion

DFT calculations are first performed on non-doped graphene systems to investigate 3C
chemical shifts and validate the computational parameters. The structures of the three
basic models without N doping are shown in Fig. 1, and some characteristic structures with

N doping are shown in Fig. 2. The numbers on the C atoms correspond to those of Table 1.
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Figure 1: Atomic structures of the three basic unit cell models used in this study. The
terrace model is 2D, while the armchair and the zigzag ribbons are 1D. One or two long
repeat vectors are added to generate a 3D structure for the plane wave calculation. Atom

numbers correspond to the values shown in Table 1, with atoms depicted as follows: grey:
C, white: H. Dotted lines indicate the armchair and zigzag edges.

The graphene terrace atom is calculated to have a '3C isotropic chemical shift of 119.2
ppm, which matches the experimental range between 117 and 123 ppm in the literature. 4346
Also, compared with other computational results, our result generally matches the 118.0
ppm value reported by Thonhauser et al.,?° but is roughly 7 ppm lower than the values
reported by Skachkov et al.,? 127.1 ppm, and de Souza et al.,?* 127.6 ppm. Thonhauser
used Quantum Espresso with benzene as the reference molecule and Skachkov used ADF-
BAND with TMS as the reference molecule. The reference difference may lead to this 7
ppm difference. However, the difference between Thonhauser and de Souza is unexplained
as they both use Quantum Espresso with benzene as the reference molecule. The center C
atoms in our zigzag and armchair models are calculated to have a *C chemical shift value of

108.6 ppm and 111.3 ppm, which is slightly smaller than the 3C chemical shift in the terrace

model by 10 and 8 ppm, respectively. Further increasing the thickness of the both models



cannot improve the match, as shown in SI table S4, and the thicknesses of both models are
used through this work: 9 for armchair model and 5 for zigzag model. We have checked the
influence of multilayer stacking by comparing graphene and graphite: *C isotropic chemical
shift values change from 119.2 ppm to 120.3 ppm and 123.7 ppm for inequivalent sites in

4748 around 119 ppm and the

graphite. The values match well with experimental results
trend matches the results of de Souza.?* We focus on single layer models in this study since

the effects will be smaller than 5 ppm.

Table 1: 3C isotropic chemical shifts of different C atoms in terrace, zigzag and armchair
models. Labelled atoms are shown in Fig 1.

Model ~ Atom 'C Chemical Shift (ppm)
Terrace 1 119.2
Zigzag 117.0
124.4
111.6
110.8
108.6
110.0
116.6
112.5
110.2
111.3

1
2
3
4
5
Armchair 1
2
3
4
5

Agreement of theoretically predicted chemical shifts with experimental data for the non-
doped systems validates the general modeling approach. Thus, N-doped systems are cal-
culated with the abovementioned settings. We first investigate different structure models
with one N atom: a graphitic N atom in a graphene terrace model (Fig. 2 structure 1), a
pyrrolic N atom at an armchair edge (Fig. 2 structure 4) and a pyridinic N atom at a zigzag
edge (Fig. 2 structure 2) and other inner defect edges (Fig. 3 structure 1, 2, 3, and 4).
Subsequently, the influence of introducing a second N atom is taken into account by con-
sidering various models with graphitic-graphitic, pyridinic-graphitic, pyrrolic-graphitic, and
pyridinic-pyridinic N pairs. Pyrrolic-pyrrolic and pyrrolic-pyridinic N pairs are not taken

into account since these pairs are separated by larger distances than the 2-3 bond distances
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that are possible to probe via HMQC solid-state NMR.#! The simulated 2D 3C-'°N results
are shown in Fig. 2. For each inequivalent C atom as a first neighbor of N atoms, a C-N data
point is added using the simulated *C and N chemical shift. Because both the number of
equivalent C atoms, and the ratio of different modeling structures are not taken into account,
the point density in a certain region cannot be quantitatively linked with the experimen-
tal signal intensity. The symbol type indicates the presence and distance (in the term of
bonds) of other nearby N atoms. Circles stand for N atoms without other N atoms within
three bond distances. Triangles represent N atoms with a nearby N as second neighbor and
squares represent N atoms with a third neighbor N. The color indicates the type of the local
N structure: blue represents graphitic N atoms, which are bonded to three C atoms. Orange
represents pyridinic N atoms, which are bonded to 2 C atoms. White represents pyrrolic
N atoms, which are bonded to 2 C atoms and 1 H atom. For triangles and squares, the
left half indicates the type of the probed N atom and the right half indicates the type of
neighbor N atom. The match between the calculated and experimental chemical shifts will
be investigated in the next step.

In general, the calculated *C and '°N isotropic chemical shifts match well with the
experimental data (as shown in Fig. 2) and explain the observed signal broadening. A
perfect match is not necessary, since some local structures probed in the calculations might
not be present in large enough quantities in the experimental sample to provide a detectable
signal. The spectrum can be separated into two general regions. The upper region containing
both pyrrolic N and graphitic N shows °N and '*C chemical shifts in the ranges of 120-
200 ppm and 110-160 ppm, respectively. The lower region containing various pyridinic
structures shows intensity spanning the ranges of 220-280 ppm and 120-160 ppm for °N
and 13C isotropic chemical shifts, respectively. Comparison with previous *C and *N NMR
chemical shift assignments of the various N-moieties in carbonaceous materials and graphitic
carbon nitrides shows agreement with our assignments.*? 3 1N chemical shifts exhibit clear

trends with respect to local N environments: pyrrolic N atoms have the lowest 1°N isotropic
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Figure 2: Simulated 3C-'°N correlation NMR chemical shifts, together with the experimental
2D 13C-1°N intensity. Experimentally, a mesoporous N-carbon material containing 16 atom%
N was synthesized from a 1:3 molar ratio of cyclohexanehexone octahydrate and uniformly
13C, 1 N-enriched urea, as described by Fechler et al.?” Scatter points are simulated results
and contour lines indicates experimental signal. The scatter styles indicate other nearby N
atoms. Filled circles: atoms without other N atoms nearby, triangles:atoms with another N
atom as second neighbor, squares: atoms with another N atom as third neighbor. The color
indicates the type of the local N structure: blue for graphitic N atoms, orange for pyridinic
N atoms and white for pyrrolic N atoms (with black outline when necessary). For triangles
and squares, the left half indicates the type for the probed N atom and right half indicates
the type for the neighbor N atom.

chemical shifts, followed by graphitic, and pyridinic N with the highest 1°N isotropic chemical
shifts. This trend also holds for *C isotropic chemical shifts, although there are overlaps
between different types of N environments. This can be understood by incorporating the the
influence of the bonding environment: the pyrrolic and graphitic N atoms have 3 neighbors
whereas pyridinic N has 2 neighbors, which leads to a decrease in the electron density on
pyridinic N atoms and the adjacent C atoms. The relatively smaller difference between
pyrrolic and graphitic N atoms stems from the electronegativity difference between C (2.55)

and H (2.20): pyrrolic N and C atoms have a slightly larger electron density and hence
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smaller chemical shift.

A more detailed understanding can be achieved by decomposing the structure-related
broadening into two aspects: the geometric effect for the N atom itself, and the neighbor
effect influenced by the proximity of other N atoms. The neighboring effect follows a gen-
eral trend: a graphitic N neighbor decreases the N isotropic chemical shifts of pyridinic
N environments, and a pyridinic N neighbor increases the °N isotropic chemical shifts of
graphitic and pyridinic N environments. This is consistent with the fact that the electron-rich
graphitic N atom transfers some electronic density to its less rich pyridinic neighbor. Al-
though graphitic N has a larger >N chemical shift than pyrrolic N (118.4 ppm >115.3 ppm),
a graphitic N neighbor decreases the °N isotropic chemical shift of a pyrrolic N nuclei, and
a pyrrolic N neighbor increases the N isotropic chemical shift of a graphitic N nuclei. The
influence of a graphitic N neighbor on an adjacent graphitic moiety is small: with a second
or third graphitic N neighbor, the »N chemical shift changes from 118.4 ppm to 125.6 or
117.2 ppm, respectively. The influence of a pyridinic N neighbor on a pyridinic N center is
complicated and no simple trend is found. The effect of pyridinic or pyrrolic N neighbors
on a pyrrolic moiety are not investigated since they cannot act as close neighbors within a
distance of three bonds. All the possible combinations of N moieties are explored and the
calculated ®N and ¥C chemical shifts explain a large part of the observed broadening of the

spectrum in both dimensions.
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Figure 3: (a) Relationship between curvature and N isotropic chemical shift. The dotted
line indicates the "N isotropic chemical shift at the limit of zero curvature, i.e., simple
edge pyridinic N at zigzag edge, structure 5 in (b). This is also structure 2 in Fig. 2. (b)
Underlying structures of the data points appearing in (a). The models are listed in an order
of decreasing curvature with atoms depicted as follows: grey: C, white: H, blue: N. Dotted
lines indicate the N atom and the two most adjacent edge C atoms used to calculate the
Menger curvature.

The influence of the morphology on the *C and !N isotropic chemical shifts of the
graphene edges, straight or curved at vacancy islands can be quantified by the the Menger
curvature c, which is the reciprocal of the radius of the circle that passes through three
points.® This descriptor captures the local curvatures of the signaling C/N atoms. The

center N atom and two most adjacent edge C atoms give 3 2D positions, X1, Xo, and x3. The
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Menger curvature is defined by:

(3)

( ) 4A
C\T1,X2,T3) =
Y 21 — 2o|||2 — 23| ||3 — 24|

where A denotes the area of the triangle spanned by x;, x, and x3. The symbol ||| denotes
the L2 norm in the 2D space.

Thus, the N isotropic chemical shifts can be correlated with the curvatures, which are
a descriptor of the local geometry. This relationship in different N-doped graphene systems
is shown in Fig. 3. The idea of local curvature is validated via the data point of N-doped 6C
defected terrace model: Fig. 3 (b), structure 2, and the data point of N-doped 10C defected
terrace model: Fig. 3 (b), structure 3. Although globally these two structures are very
different, the local curvatures of these two N atoms are rather similar and the N chemical
shifts are very close. The 6C and 10C defected terrace model are created by removing 6
and 10 C atoms from the pristine terrace model, saturating dangling bonds with H atoms
and substituting one edge C-H pair with a N atom. The local geometry effect correlates the
extent of defect curvature with 1°N chemical shifts. Specifically, environments with increased
local curvature are found to have increasing chemical shifts (Fig. 3). This is similar to the
relationship between surface curvature and '3C chemical shifts in carbon nanotube systems.?

NMR detects differences in electronic shielding which is manifested as differences in
isotropic chemical shifts and which can intuitively be connected to atomic charge.®® In Fig.
4, the relationship between the DDEC6 charge of the signal atom and the curvatures is
shown. The data points generally follow a trend: the smaller the charge, i.e., the higher
the electron density, the more shielded the nucleus and hence the smaller the chemical shift.
For N-doped systems, the larger the curvature, the more positive the charge, meaning the

curvature hinders N atoms taking electrons from neighbor C atoms.
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Figure 4: The relationship between (a) atomic charge and chemical shift and (b) charge and
curvature of the models shown in Fig. 3 (b). Negative values denote an accumulation of elec-
tron density (negative charge), positive values indicate electron density depletion (positive
charge).

Now that the atomic charge descriptor has been established, both the N and ¥C chem-
ical shifts of the 2D NMR spectrum (Fig. 2) can be analyzed and correlated using this
descriptor. Fig. 5 shows the relationship between atomic charges and chemical shifts for
N and C atoms, in panels (a) and (b), respectively. Once again, both ¥*C and '®N chem-
ical shifts follow a general trend: within each type, more negative charge (higher electron

density) corresponds to more shielding (thus, smaller chemical shifts).
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as first and second neighbor of N atoms from the models utilized in this study. Negative
values denote an accumulation of electron density (negative charge), positive values indicate
electron density depletion (positive charge).

Interestingly, unlike the '3C chemical shifts in Fig. 5(b) following a single scaling relation,
different N species give different offsets. Differences in first neighbors of the center N atoms
explain the differences in offsets: 2 C atoms for pyridinic N centers, 3 C atoms for graphitic
N centers, and 2 C atoms with 1 H atom for pyrrolic N centers. It is also worth mentioning
that the second C neighbors, although not shown in Fig. 2, show generally negative charge,
whereas first neighbor C atoms show generally positive charge. As N has a greater elec-
tronegativity (3.04) than C (2.55), electron density is transferred from the first neighbor to
N, creating a depletion zone around the N atom. The second neighbor C atom experiences

increased electron density, forming a charge ripple. This also contributes to the broadening
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of 13C chemical shifts.

Experimentally, water is used to probe the presence of N species on the material surface.
Thus, modeling this effect is crucial for understanding experimental results under such oper-
ating conditions. The interaction between surface adsorbed water and surface N atoms varies
strongly with respect to the type of N atom, see SI Fig. S4 for structures. For a pyrrolic
N atom, the O atom from water forms a hydrogen bond with the H atom from the pyrrolic
NH group. Since O has a greater electronegativity (3.44) than N (3.04) and H (2.20), the
electron density is transferred from NH to O. Thus, the N and H nuclei are both effectively
deshielded and accordingly exhibit larger 1°N and 'H isotropic chemical shifts, as shown in
Fig. 6. To test the convergence of this effect with the number of water molecules, up to four
water molecules are added to the pyrrolic N model, and the influence after three molecules

added is small, see Fig. 6.

o N o
=} o =}

N
3
WHAN-
X
L)

10.0 1

12.51

H Chemical shift (ppm)

1

15.0 1

17.54 e no residual water
e with residual water

20.0

300 200 100 0
'°N Chemical shift (ppm)

Figure 6: Simulated and experimental 2D »N-'H NMR correlation for a 16 atom% N
graphitic N-carbon material. Scatter points are simulated results and contour lines indi-
cate experimental signal intensity. The data points shown are from pyrrolic N model with
0, 1, 2, 3, and 4 water molecules. Numbers next to scatters indicate the numbers of water
molecules in the models.

Residual water has an effect on the other two types of N atoms, but this is not directly
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reflected in the 2D spectrum of Fig. 6 since there’s no first neighbor H of pyridinic N and
graphitic N. For pyridinic N, interactions with adsorbed water results in greater shielding of
the pyridinic '°N nucleus and corresponding deshielding of the 'H nucleus in water. It is also
found that the O atom, instead of the H atom, will interact with the graphitic N atom. As a
result, graphitic N is deshielded, but this is not reflected on the 2D N-'H spectrum since the
distance from the water H atom to graphitic N atom is large. For the 2D 3C-'°N spectra, the
overall result of water coordination is that the >N chemical shift of pyrrolic N will be shifted
towards larger values with a magnitude of 15-20 ppm, graphitic N will be shifted towards
larger values with a magnitude of about 6 ppm and pyridinic N will be shifted towards
smaller values with a magnitude of about 25 ppm. Detailed values are listed in SI table Sb.
If we consider the Gibbs free energy change of water on graphitic/pyrrolic/pyridinic moieties,
as shown in SI table S6, we find that water adsorption is favorable on pyrrolic and pyridinic
N sites. This explains why in Fig. 2, where water adsorption is not included, the pyrrolic
structure (4) appears with an underestimated chemical shift compared to the experimental
data, and why some pyridinic group chemical shifts are overestimated. Correction for the
influence of water significantly improves the agreement. The influence of residual water on
the 1N and 'H isotropic chemical shifts can also be reflected on the atomic charge, see SI
Fig. S5. This influence is relevant for applications since it indicates that the electronic

properties will be altered when the materials are in electrocatalytic conditions.

Conclusion

DFT calculations are used in this work to predict and explain the chemical shifts of N,
C, H atoms in N-doped graphene systems. A number of different models are investi-
gated: non-doped models (terrace, zigzag edge, and armchair edge), single N-doped models
(graphitic, pyridinic, and pyrrolic N), and N pair models (graphitic-graphitic, pyridinic-

pyridinic, pyrrolic-graphitic, and pyridinic-pyridinic). Comparisons of predicted chemical
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shifts with experimental 2D 3C-!°N spectra show good agreement, especially when the in-
fluence of water adsorption is included. The major difference between the chemical shifts of
graphitic/pyridinic/pyrrolic N-moieties is understood by comparing the electronegativities
of the various environments.

Furthermore, for each type of environment, the general concept of signal broadening is
decomposed into four different factors, the influences of which are discussed in detail. The
first factor is the standalone N/C geometry, where a larger curvature of the graphene edge
is found to give a more positive chemical shift. The second factor is the effect of a second
N atom nearby: a graphitic N atom close to a pyridinic N decreases the chemical shift,
while a pyridinic N close to a graphitic N increases the chemical shift. The trends of other
types of moiety mixing are more complicated, but the overall signal broadening matches the
experimental spectrum well. The third factor is that for each specific structure, the second
neighbor C atom experiences a lower chemical shift. The fourth factor is the influence
of residual water, which is important to understand the aqueous environment in oxygen
reduction reaction or hydrogen evolution reaction. Introduction of this factor matches with
the experimental 2D N-'H spectrum and provides better agreement with the experimental
13C.15N spectrum. With the free energy taken into account, water adsorption on pyrrolic
and pyridinic N sites is found to be more stable and to induce a positive or negative deviation
in the chemical shift, respectively.

An intuitive correlation between the charge of the probed atom and the chemical shift is
confirmed: the smaller the charge, i.e., the higher the electron density, the more shielded the
nucleus is, and hence the smaller the chemical shift. The relationship between charge and
chemical shifts is discussed, enabling a more detailed understanding of the electronic influence
of N doping. These results can be used for the rational design of N-containing carbon
materials with desirable electronic properties to improve electrochemical performance. They
can also lead to a determination of the nature of active sites in these electrocatalysts by

comparison of several N-doped carbon materials.
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