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ABSTRACT: Atomically dispersed metal—nitrogen—carbon (M—
N—C) materials are a class of electrocatalysts for fuel cell and
electrochemical CO, reduction (CO,R) applications. However, it
is challenging to characterize the identity and concentration of
catalytically active species owing to the structural heterogeneity of
M—N-C materials. We utilize scanning transmission X-ray
microscopy (STXM) as a correlative spectromicroscopy approach
for spatially resolved imaging, identification, and quantification of
structures and chemical species in mesoscale regions of nickel—
nitrogen—carbon (Ni—N—C) catalysts, thereby elucidating the
relationship between Ni content/speciation and CO,R activity/
selectivity. STXM results are correlated with conventional
characterization approaches relying on either bulk average (X-ray
absorption spectroscopy) or spatially localized (scanning transmission electron microscopy with electron energy loss spectroscopy)
measurements. This comparison illustrates the advantages of soft X-ray STXM to provide spatially resolved identification and
quantification of active structures in Ni—N—C catalysts. The active site structures in these catalysts are identified to be atomically
dispersed NiN,/C sites distributed throughout entire catalyst particles. The NiN,/C sites were notably demonstrated by
spectroscopy to possess a variety of chemical structures with a spectroscopic signature that most closely resembles nickel(II)
tetraphenylporphyrin molecules. The quantification and spatial distribution mapping of atomically dispersed Ni active sites achieved
by STXM address a target that was elusive to the scientific community despite its importance in guiding advanced material designs.

KEYWORDS: nickel—nitrogen—carbon catalysts, CO, electroreduction, X-ray absorption spectroscopy, soft X-ray STXM, STEM-EELS

1. INTRODUCTION side, M—N—C catalysts in principle can have 100% metal
utilization and well-defined active site structures to provide
good catalytic activity and selectivity.

M—N-C electrocatalysts first came into prominence with
Fe—N—C materials demonstrated as oxygen reduction
catalysts in polymer electrolyte membrane fuel cells.'®'” To

Nanostructured carbon materials consisting of metal—nitro-
gen—carbon (M—N-—C) species are a promising class of
materials for electrocatalytic applications.'™ M—N—C materi-
als have attracted great attention as they can be synthesized by
straightforward methods that include pyrolyzing a mixture of . . .
. i . date, Fe—~N—C materials are the most active nonplatinum
nitrogen, carbon, and transmon-metal-contalnmg precursors, ] ] e
along with their ability to elegantly combine the benefits of group metal catalysts for oxygen reduction in acidic electro-
heterogeneous and homogeneous catalysts.'”'! On the lytes due to the presence of an atomically dispersed FeN,/C
heterogeneous side, the catalytically active sites (presumed to active structure that has been identified by a variety of

. . 18—22
be atomically dispersed metal ions coordinated by nitrogen spectroscopy and microscopy techniques. More recently,

dopants in a MN,/C configuration'>"? M—-N-C research has expanded to other areas, including

structure to many homogeneous catalysts'*'®) are embedded
in a solid carbon-based framework, so downstream separation Received: March 12, 2022
of the catalyst from the products is not necessary. Furthermore, Revised:  June 25, 2022
the carbon support is highly conductive and no catalyst

regeneration is needed, as required for metal-centered

homogeneous molecular catalysts that need oxidation or

reduction back to their “active” state. On the homogeneous

that is similar in
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Scheme 1. Structures of Reference Species and Ni—N—C Samples”
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“(a) Nickel(II) tetraphenylporphyrin (NiTPP), (b) octabutoxy nickel(II) phthalocyanine (O-NiPc), and (c) schematic diagram of the Ni—-N—C

structure.

catalysis for electrochemical CO, reduction (CO,R).** In
particular, Ni—N—C electrocatalysts have shown promise for
electrochemical CO, reduction to CO.>** Scientists have
postulated that these catalysts are composed of atomically
dispersed NiN,/C active sites, with a local structure similar to
those of Ni(II) porphyrin (such as Ni tetraphenylporphyrin,
NiTPP) or nickel(II) phthalocyanine (such as octabutoxy Ni
phthalocyanine, O-NiPc), as depicted in Scheme 1ab.'”** The
postulated NiN,/C sites can offer a unique structure for CO,
adsorption and activation, which reduces the energy barrier for
electrochemical CO, reduction and exhibits high intrinsic CO,
reduction activity and selectivity for CO generation.”**’
Although atomically dispersed MN,/C moieties have been
deemed important for electrocatalytic applications, the
identification and characterization of active site structures in
M—-N-C catalysts prepared by pyrolysis techniques are
challenging due to the highly heterogeneous nature of these
materials in terms of compositions, phases, and structures that
are present.

Many techniques have been used to characterize M—N—C
electrocatalysts with the objective of elucidating the structures
and properties of catalytically active sites to provide
mechanistic insight and inform advanced catalyst designs.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was the first characterization technique to directly identify
species consisting of coordinated Fe, N, and C in oxygen
reduction catalysts.”**” X-ray absorption spectroscopy (XAS)
has also been used widely to characterize the local structure of
transition metals and nitrogen atoms in M—N-—C catalysts,
leading to the elucidation of MN,/C coordination environ-
ments.*" "> Scanning transmission electron microscopy
(STEM) has been used to image single metal atoms in M—
N—C catalyst samples. State-of-the-art atomic resolution
transmission electron microscopy (TEM) and electron energy
loss spectroscopy (TEM-EELS) have provided analytical
confirmation of the identity of the single metal atom and
provi%idsésome insights into the local chemical environ-

Prior to this work, characterization using either bulk-
averaged or very spatially localized measurements has (i)
verified the presence of atomically dispersed MN,/C sites and
(ii) measured the average properties of M—N—C samples and
correlated them with the activity/ selectivity/performance of
the overall catalyst. Opportunity exists to leverage mesoscale
spatial resolution spectroscopy techniques, such as soft X-ray
scanning transmission X-ray microscopy (STXM), that will
enable a comprehensive understanding of (i) the distribution,
content, and properties of different species present in M—N—C
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catalysts; (ii) how these factors differ with different synthetic
strategies; and (iii) the impact of these physicochemical
properties on electrocatalytic performance. This comprehen-
sive insight into the heterogeneous compositions and
structures of M—N—C materials would help guide the design
and optimization of improved performance catalysts for carbon
dioxide reduction (CO,R) and other important electrocatalytic
reactions.”” STXM is a synchrotron-based technique that
provides precise chemical speciation through near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy38 and
quantitative, chemically selective imaging with sub-40 nm
spatial resolution. Here, we use STXM,*”~*" along with XAS
and TEM-EELS, to provide a spatially resolved, holistic
understanding of the chemical species and structures present
in M—N—C materials. Section S1 and Table S1 present a
comparison of the advantages and limitations of ToF-SIMS,
STEM/EELS, STXM, and XAS.

The samples studied were a series of pyrolyzed, polymer-
derived Ni—N—C catalysts that were investigated previously
for their oxygen reduction reaction performance and chemical
composition.”> STXM image sequences (stacks) were used to
collect spatially resolved NEXAFS spectra at the C 1s, N 1s, O
1s, Ni 2p, and S 2p edges of Ni—N—C materials prepared with
different synthetic parameters. These stacks were compared
and fit using NEXAFS spectra collected from suitable reference
compounds. The Ni 2p results showed the presence of metallic
Ni (shown as Ni(0)), as well as trinickel disulfide (Ni,S,) and
NiN,/C species. The N 1s and C 1s spectra provided evidence
that the local structure of NiN,/C is closer to that of NiTPP
than nickel(II) phthalocyanine, which was the coordination
speculated in previous reports.'”** Detailed analysis of STXM
data on the Ni—-N—C catalysts provided quantitative maps of
the amount and spatial distributions of the NiN,/C sites,
Ni(0), and NiyS, on an oxidized carbonaceous matrix, as
shown in Scheme lc. The NiN,/C structures, which are the
active CO,R catalytic sites, are widely distributed throughout
the catalyst structure. The amount of the catalytic NiN,/C
sites in the various Ni—N—C samples was determined from
quantitative analysis of the STXM data and used to explain the
relative activity and selectivity for CO, reduction to CO for
different Ni—N—C materials. These insights can be used to
inform the design of next-generation M—N—C catalysts. In
addition, our work shows that STXM is an excellent tool for
electrocatalyst studies since it overcomes the limitations of
bulk/average or overly localized techniques. This advantage is
particularly important in studies such as M—N—C catalyst
development, where the materials are intrinsically highly
heterogeneous. This ex situ study thereby validates STXM as
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a powerful tool for characterization of electrocatalyst materials
and is an essential step toward in situ electrochemical STXM
measurements ™ that our team is currently performing,

2. EXPERIMENTAL METHODS

2.1. Material Synthesis. The synthesis of the Ni—-N—C
catalysts has been reported previously.*” Briefly, the Ni—N—C
catalysts were prepared by mixing aniline (1 mL, Sigma-
Aldrich), cyanamide (2 g, Sigma-Aldrich), and nickel chloride
hexahydrate (NiCl,-6H,0, Sigma-Aldrich) in a 1.5 M HCI
solution (200 mL, ACS reagent). This solution was mixed by
magnetic stirring, followed by the addition of ammonium
persulfate (1.5 g Sigma-Aldrich) as an oxidant for the
polymerization of aniline to polyaniline. The water was
evaporated by heating the solution to 80 °C and leaving it
stirring overnight. The resulting product was pyrolyzed at 900
°C in Ar for 1 h, acid-washed to remove labile Ni compounds,
and then pyrolyzed a second time at 900 °C in Ar for 3 h. The
acid washing procedure was to remove any surface exposed Ni
particles that would be active for the hydrogen evolution
reaction under CO,R conditions.”> The second pyrolysis was
to remove any labile residues that remain after the acid wash
procedure. In the synthesis, the amount of NiCl,-6H,O was
varied to prepare two different Ni—N—C catalyst materials:
sample A, Ni—-N—C-high (1.2 g of NiCl,-6H,0), and sample
B, Ni-N—C-low (0.08 g of NiCl,-6H,0). A comparison
sample N—C (Ni-free) was prepared without the addition of
any nickel precursor. Ni;S,/C samples were prepared by
mixing 20 wt % commercial Ni;S, (Sigma-Aldrich) particles
and 80 wt % high-surface-area Vulcan XC-72 (VC,
FuelCellStore) powders in a ratio of 20—80 wt %, respectively.

2.2. Catalyst Testing. The performance of the Ni-N—C-
low, Ni—N-C-high, N—C, and Ni;S,/C materials for
electrochemical CO,R was tested to gain insight into how
the structures and chemical components of the Ni—N-C
catalysts impacted the catalytic activity and selectivity. Ten
milligrams of material was suspended in an ink including 1.5
mL of isopropyl alcohol and 0.5 mL of H,O with 110 uL of
Nafion (Sigma-Aldrich, S wt % Nafion in ethanol) and
sonicated for 30 min. The suspended ink was drop-cast onto
graphite foil (Fisher Scientific) and dried at 70 °C for 2 h,
leading to an electrode loading of 1 mg/ cm?. The catalyst-
coated electrodes were used as the working electrode for
electrochemical CO, reduction and tested in a custom-built
two-compartment cell that has been reported previously.*"*
The geometric area of the working electrode was 5.7 cm® The
electrolyte compartments of the working and counter electrode
were filled with 0.1 M KHCO; (10 mL), and CO, was flown
continuously through the catholyte and anolyte chambers at 20
sccm throughout the course of the experiment. A Pt foil was
used as the counter electrode and an Ag/AgCl electrode was
used as the reference electrode. The Ag/AgCl reference
electrode was calibrated vs a home-made reversible hydrogen
electrode (RHE). All potentials reported in this manuscript are
in terms of vs RHE. The catholyte and anolyte chambers were
separated by an ion exchange membrane (Selemion AMYV,
AGC Inc.). Catalysts were tested by chronoamperometric
measurements at various electrochemical potentials in the
CO,-saturated 0.1 M KHCOj;. Ni—N—C catalyst materials are
known to selectively produce only gas-phase products (CO
and H,),”*** so gas chromatography (GC) was used for
product detection and quantification; liquid product quantifi-
cation was not performed. A 1 mL sample of the effluent gas
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from the cathode compartment of the electrochemical cell was
fed to a gas chromatography (GC) unit (supplier, SRI; model,
8610C in the multigas configuration #5, equipped with flame
ionization and thermal conductivity detectors) for product
identification and quantitation to determine faradic efficiencies
(FEs). While our setup can also collect liquid products for
subsequent analysis by either nuclear magnetic resonance
spectroscopy or high-performance liquid chromatography, this
was not done in this study as M—N—C catalysts produce
almost exclusively gas-phase product, and the faradic efficiency
(FE) values were close to 100%.

2.3. STXM Measurements. STXM imaging and spectros-
copy were performed using the spectromicroscopy beamline
(SM) 10ID1 at the Canadian Light Source (CLS, Saskatoon,
Canada). Details of the beamline®® and STXM,* along with
operating procedures*’ have been presented elsewhere. Briefly,
the monochromatic X-ray beam was focused to a ~40 nm spot
by a Fresnel zone (ZP) plate (Applied Nanotools Ltd.). The
sample was positioned at the focal point of the X-ray beam,
and STXM images were measured by (x,y) raster-scanning the
sample while recording the transmitted X-ray intensity pixel by
pixel in a single-photon counting mode using a phosphor/
photomultiplier.*” Spectroscopic information was obtained by
recording image sequences (also known as stacks’"). The
energy scale was calibrated by recording spectra of standard
gases Ne,”” N,,>* SF,,°*** and C0O,.*>* All STXM data was
analyzed using aXis2000 software.”> Detailed information
about sample preparation for STXM, a summary of samples
investigated, energy-scale calibration, and STXM data analysis
can be found in Sections S2—SS, Supporting Information.

2.4. STEM/EELS and XAS Measurements. The catalyst
materials were characterized by field-emission transmission
electron microscopy (TEM), high-resolution aberration-
corrected transmission electron microscopy (HRTEM), and
high-angle, annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging along with EELS using
an FEI Titan 80-300 HB microscope at the Canadian Centre
of Electron Microscopy (CCEM, McMaster University). The
FEI Titan 80-300 HB microscope with an XFEG Source was
operated at 200 kV with two hexapole Cs correctors (CEOS)
using a 19.1 mrad convergence angle STEM probe and a
Fischione HAADF detector. When doing the EELS, the Gatan
Quantum GIF with a Gatan K2 Summit direct electron
detection camera was used with 55.0 mrad collection
semiangle, 0.4 nm/pixel, 0.25 eV/channel dispersion, and 10
ms exposure.

Ensemble-averaged (limited spatial resolution) X-ray
absorption spectroscopy (XAS) at the Ni 2p and N 1s edges
was performed using the spherical grating monochromator
(SGM) beamline 11ID1 at the CLS. To minimize radiation
damage, a quick scan protocol was used, with multiple
measurements (30 for Ni 2p and 10 for the N 1s) from
adjacent 250 ym X 250 pum areas of each sample. The total
electron yield (TEY), total fluorescence yield (TFY), and
partial fluorescence yield (PFY) signals were measured
simultaneously. In all cases, the fluorescence yield spectra
were highly distorted by absorption saturation of both incident
and fluorescence intensities. Partial ion yields (PFYs) and
inverse PFY spectra were also explored, without significant
improvement. The reason is that either the Ni—N—C particles
were too thick (see the comparison of Al and A2) or particles
overlap in the samples used for the XAS study, where multiple
layers of the powder were pressed into the In foil. This
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Figure 1. Evaluation of activity and selectivity for electrochemical CO, reduction by Ni—N—C-low, Ni—N—C-high, Ni,S,/C, and N—C (a catalyst
synthesized without Ni). (a) Overall geometric current density. (b) Faradic efficiency toward CO production. (c) Faradic efficiency toward H,
production. (d) Comparison of CO and H, production at —0.67 V vs RHE. Note that in some instances significantly less than 100% faradic
efficiencies were reported owing to low current densities that resulted in H, concentrations in the effluent from the reactor below the detection

limit of the thermal conductivity detector.

demonstrates another major advantage of STXM—the ability
to select and measure particles that are sufficiently thin to
avoid spectral distortion from absorption saturation. Such
particles are also thinner and thus the catalytically active
surface sites contribute more than in larger particles. The XAS-
TEY results are compared with STXM-derived NEXAFS
spectra of the same material to provide an ensemble-averaged
confirmation of the STXM results.

3. RESULTS

3.1. Electrochemical CO, Reduction Properties. The
results of evaluation of the catalytic performance of our Ni—
N—C catalysts for electrochemical CO, reduction in CO,-
saturated 0.1 M KHCO; are displayed in Figure 1. At an
electrode potential of —0.67 V vs RHE, the Ni—N—C-low
sample showed a current density of —3.9 mA/cm? (Figure la)
and a CO faradic efficiency of 88% (Figure 1b). At all
potentials investigated between —0.67 and —0.94 V vs RHE,
the faradic efficiency of Ni—N—C-low toward CO was >60%
and toward H, was <25% (Figure 1lc), with a decrease in
selectivity to CO and an increase in selectivity to H, observed
at more negative electrode potentials. The Ni—N-—C-high
sample showed the similar catalytic performance to the Ni—
N—C-low sample but with relatively lower activity and lower
faradic efficiency (Figure 1d). These trends, including high CO
selectivity that diminishes at more negative potentials, are
consistent with previous reports on Ni—N—C catalysts and
have been attributed to the presence of atomically dispersed
NiN,/C active sites.”>”” This notion is supported by the
electrochemical performance of the N—C (Ni-free) sample,
which was found to produce negligible amounts of CO under
electrochemical CO,R conditions (Figure 1b). We also
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measured the electrochemical CO,R performance of Ni;S,/C
as a reference compound, as we had previously identified that
the synthesized Ni—N—C materials contain Ni;S, and metallic
Ni particles.*” While metallic Ni would be expected to
exclusively produce H, under CO, reduction conditions, >’
it was prudent to determine what impact, if any, the Ni,S,
species have on CO, reduction activity and selectivity. We
tested commercial Ni;S, particles supported on Vulcan XC-72
carbon black (Ni;S,/C). This sample demonstrated signifi-
cantly increased current densities in comparison to Ni—N—C-
low at all electrode potentials evaluated (Figure 1a). However,
near-negligible amounts of CO were detected (Figure 1b),
indicating that Ni;S,/C was selective toward the hydrogen
evolution reaction (Figure 1c) and not CO,R. This is
consistent with a previous report on transition-metal sulfide
catalysts, which were found to be selective only for hydrogen
evolution owing to the steep kinetic barrier for a proton—
electron transfer to CO,4, intermediate species.60 It should be
noted that less than 100% of total faradic efliciencies were
measured for N—C and Ni;S,/C samples. This is attributed to
the low current densities that result in H, concentrations in the
reactor effluent of <50 ppm, which is lower than the reliable
concentration for detection by the thermal conductivity
detector in the gas chromatograph used to measure H,.
Taken together, the electrochemical CO,R testing results
indicate that Ni is essential for producing catalysts that are
selective for CO production, but the resulting active site
species are not Ni;S, or metallic Ni particles.

3.2. STEM/EELS. Results from a HAADF-STEM and
STEM-EELS study of the Ni—N—C-low sample are shown
in Figure 2. At low magnifications (Figure 2a), the material was
found to consist of a carbonaceous matrix decorated with
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a

Figure 2. Analysis of the Ni—N—C-low sample by transmission
electron microscopy and electron energy loss spectroscopy mapping.
(a) Lower-resolution high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) image. (b)
Higher-resolution HAADF-STEM image showing graphitic planes,
with individual bright (high Z-number) atoms indicated by green
arrows. (c) STEM image of a particle showing a core—shell structure.
STEM electron energy loss spectroscopy (EELS) mapping of (d)
sulfur and (e) nickel in this particle.

bright particles. At high magnifications (Figures 2b and S3a),
single-atom bright spots (indicating a Z-number higher than
carbon) were observed throughout the graphitic carbonaceous

matrix. These bright spots are interpreted as Ni atoms
coordinated to nitrogen atoms within the carbonaceous matrix
(in the form of NiN,/C), as reported previously, > although
without atomic-scale EELS imaging this cannot be stated
conclusively. Higher-magnification STEM imaging of a particle
shows a core—shell structure (Figure 2c). EELS mapping of
sulfur (Figure 2d) and nickel (Figure 2e) indicates that the
center of the particle is Ni and the outer shell is nickel-sulfide-
based species (Figure 2c). EELS mapping of carbon, nitrogen,
and oxygen (Figure S3b) indicates there is a small amount of
oxygen in both the particles and the nitrogen-doped carbona-
ceous matrix. To further understand the chemical environment
of Ni, EELS spectra of both the carbonaceous matrix and
particle regions are shown in Figure S3c. However, due to the
limited energy resolution of the EELS spectra, which is
typically ~1 eV, the chemical species cannot be identified.
Therefore, in this work, STXM-derived XAS spectra (energy
resolution ~0.1 eV) are used to clarify the chemical
composition of Ni—N—C electrocatalysts and probe the
single-atom catalyst hypothesis.

3.3. STXM. 3.3.1. Ni 2p STXM of Ni—N—C-High on SiN,
Windows (A1 and Ala Regions). Our previous research
showed that the Ni—N—C samples (Ni—N—C-high, Ni—-N—
C-low) used in this study consist of Ni-containing particles
distributed throughout a nitrogen-doped carbonaceous matrix,
with an increasing quantity of particles observed when higher
amounts of nickel chloride were used in the synthesis. The
presence of Ni-based particles following acid leaching is likely
due to two reasons. First, Ni-based particles can catalyze the
formation of a graphitic shell during pyrolysis, which protects
them from being exposed to acid.”> Second, we have found the
Ni;S, to be stable through an acid wash, so the Ni;S, shell on
the Ni-based particles could prevent their removal during acid
washing,**

a b
848 eV

852.7 eV

0D >0.9

—  particles region
0.1 < OD <0.9
matrix region

1.8

Figure 3. STXM analysis of a Ni—N—C-high structure (A1 region). (a) Transmission image at 848 eV (Ni 2p pre-edge). (b) Transmission image
at 852.7 eV (Ni 2p5, peak). (c) Difference in the optical density, AOD = ODgs;; — ODgys. (d) Average of 143 OD images (Ni 2p stack) recorded
in the Ala region (yellow rectangle in (c)). (e) Masks used to select spectra of the particles (light red) and matrix (light green).
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Figure 4. Analysis of the Ni 2p stack of region Ala of the Ni—N—C-high sample. (a) Ni 2p X-ray absorption spectra (XAS) of the particles and the
carbonaceous matrix of region Ala of the Ni—N—C-high sample. (b) XAS spectra of Ni(0) NiTPP, O-NiPc, and Ni;S, on absolute optical density
(OD1) scales. Note the scaling used to optimize the visibility of the spectral features. Quantitative component maps of (c) Ni(0), (d) NiTPP, and
(e) Ni;S, derived from an SVD fit. The grayscale indicates the thickness based on the use of absolute OD1 reference spectra. (f) Rescaled color-
coded composite of the Ni(0) (dark red), NiTPP (dark green), and Ni;S, (dark blue) component maps.

STXM was used to study a Ni—N—C-high particle on a SiN,,
window, denoted region Al (see Figure Sla—c). STXM
transmission images at photon energies of 848 eV (pre-Ni 2p
absorption edge) and 852.7 eV (peak of the Ni 2ps,,
absorption of Ni metal) are shown in Figure 3a,b, respectively.
The Ni—N-—C-high materials consist of particles ranging in
size from tens of nanometers to ~0.5 um, distributed across
the carbonaceous matrix. The heterogeneous morphology
observed in the Ni—N—C-high sample is similar to previous
TEM observations of the same* and similar Ni—N-C
materials.'**® However, as shown in the previous section,
TEM is limited in its ability to provide speciation. Therefore,
we have probed these catalysts by STXM spectromicroscopy to
perform chemical speciation and investigate the spatial
distributions of the species present.

Both the particles and carbonaceous matrix in the Ni-N—C-
high show lower contrast at 848 eV, below the onset of the Ni
2p absorption edge (Figure 3a), than at 852.7 eV, the peak of
Ni 2ps, absorption (Figure 3b). The change in contrast with
photon energy for both morphologies indicates that Ni atoms
are present throughout the entire structure. At a photon energy
of 848 eV, only large particles are observed throughout the
carbonaceous matrix. This is because at 848 eV (Figure 3a) the
energy is not high enough to excite the Ni 2p electrons, and
therefore, the contrast arises from thickness and composition.
At 852.7 eV (Figure 3b), the large particles are much darker
and numerous smaller particles appear with high contrast,
indicating that the Ni in these particles is in the form of Ni
metal.

The STXM transmission images were converted to an OD
scale, as shown in Figure S4 and Section S7. Figure 3c displays
the difference between the OD images at 852.7 eV (Figure
S4d) and 848 eV (Figure S4b), which is referred to as a stack
map (AOD). Such stack maps identify regions of the sample
containing Ni, with the net absorption by Ni directly indicated
by the AOD value (Figure 3c). Although the highest AOD
values (ODy;,, — ODygyq) are observed at the particles, there is
an increase in Ni 2p;,, absorption throughout the entire Ni—
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N-—C-high structure, including the carbonaceous matrix.
However, on a per-area basis, the Ni 2p;,, signal is
considerably lower in the carbonaceous matrix than that in
the discrete particles.

To investigate the chemical identity and composition of the
particles and species in the carbonaceous matrix of the Ni—N—
C-high catalyst, a complete Ni 2p stack (143 images from 836
to 929 eV) was recorded. Details of the experimental
parameters for each measurement contributing to the figures
shown in the paper or the Supporting Information are listed in
Table S2. The stack was measured from a thin region of the
catalyst particle indicated by the yellow rectangle in Figure 3¢
(region Ala). Figure 3d displays the average X-ray absorption
image—i.e., the average of all images in the Ni 2p stack, after
alignment and conversion to OD. The grayscale of Figure 3d is
the average OD

143

Y oD(x, y)J/ 143

i=1

@(x, y) =

From Figure 3d, this Ala region can be divided into two
morphologies: particles (OD > 0.9, showing high Ni 2p
absorption) and the carbonaceous matrix (0.1 < OD < 0.9,
showing a relative low Ni 2p absorption). These regions are
indicated in Figure 3e. The Ni 2p spectra of the Ni—N—C-high
catalyst averaged over the particles (light red) and carbona-
ceous matrix (light green) are shown in Figure 4a. The spectra
for both the particles and carbonaceous matrix are dominated
by the Ni 2p,;,, — 3d (852—855 eV) and Ni 2p,,, — 3d
(868—872 eV) resonance regions. Compared with the Ni 2p
spectrum of the particles, the carbonaceous matrix has a
weaker Ni signal but a higher pre-edge signal relative to the Ni
resonance peak intensities. The Ni 2p;/,, — 3d signal of the
carbonaceous matrix consists of two peaks of similar intensities
at 853.1 and 854.2 eV, respectively. In contrast, the Ni 2p;/,,—
3d signal of the particles is shifted to lower energy and consists
of the main peak at 852.7 eV, with a shoulder at 854.2 eV.
Since Ni 2p — 3d resonances shift to higher energy as the
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oxidation state of Ni increases, these observations suggest

that the Ni in the carbonaceous matrix has a higher oxidation
state than that of the Ni in the particles.

To interpret the Ni 2p spectra of the Ni—N—C-high catalyst,
the spectra of several reference materials were measured by
STXM, including metallic Ni, NiTPP, Ni;S,, NiO, NiCO;,
NiSO4(NH,),SO,, and O-NiPc (Figure S5). A comparison of
the Ni 2p spectra of the Ni—N—C-high catalyst to those of the
reference spectra indicates that the main peak at 852.7 eV in
the spectra of the particles is due to metallic Ni, which is
identified as Ni(0) in the following. The position of the peak at
853.1 eV observed in the particles matches that of the main
peak in the spectra of Ni;S,, NiO, NiCOj;, and
NiSO,(NH,),SO,. Previous X-ray diffraction (XRD) and
TEM™ results showed that there is Ni,S, in the Ni—N—C
samples due to the reaction of Ni compounds with the
polymerization oxidant, (NH,),S,0. Therefore, the peak at
853.1 eV is assigned to Ni;S, particles. The peak at 854.2 eV
aligns with the main peak in the Ni 2p spectra of both NiTPP
and O-NiPc. NiTPP and O-NiPc are transition-metal-centered
macrocyclic molecules in which Ni(II) ions are coordinated by
four nitrogen ligands, with a structure similar to those
proposed for atomically dispersed NiN,/C catalysts.">*°
However, the peaks at 854.2 eV in the spectra of the particle
and matrix regions are much broader than the main peak in
NiTPP and O-NiPc (Figure SS). This strongly suggests that
there is a range of chemical environments of the NiN,/C
single-atom catalyst sites in the Ni—N—C sample, not only the
well-defined NiN,/C structure in NiTPP and O-NiPc (Scheme
Iab). On the one hand, NiN,/C sites could exist in various
forms. NiN/C, NiN,/C, NiN;/C, and NiN,/C have been
proposed for the Ni—N—C materials.'”> On the other hand,
although the first coordination shell is similar in NiTPP and O-
NiPc, there is ~0.1 eV difference in the positions of their main
2ps/, peak (Table S4). This energy variation has also been
observed between Ni(II) phthalocyanine and other Ni(II)
porphyrins.””®® This indicates that the second coordination
shell (eight carbon atoms and four nitrogen atoms around the
NiN, center in O-NiPc vs 12 carbon atoms around the NiN,
center in NiTPP and other Ni(II) porphyrins, Scheme 1a,b)
affects the chemical and thus catalytic properties of the Ni
atoms in NiN,/C sites. Therefore, in the highly heterogeneous
Ni—N—C materials, variation in the surrounding chemical
environment of different NiN,/C sites likely leads to the broad
peak at 854.2 eV.

The reference spectra of Ni(0), NiTPP, O-NiPc, and Ni,S,
used for analyzing the Ni 2p spectra of the catalysts via STXM
measurements are displayed on the ODI intensity scale in
Figure 4b. OD1 scales, which indicate the optical density that 1
nm thickness of a material at a specified density has at specific
photon energy, provide quantitative analysis. A comparison of
these reference spectra to the spectra of the particles and
carbonaceous matrix (Figure 4a) indicates that the particle
regions in the Ni—N—C-high sample are primarily comprised
of Ni(0) along with Ni;S, and NiN,/C-type sites, whereas the
carbonaceous matrix region is primarily comprised of NiN,/C-
type sites, along with lesser amounts of Ni(0) and Ni,S,. To
verify the composition of the particle and carbonaceous matrix
regions, as well as their distribution throughout the Ni—N—C-
high sample, a Ni 2p stack of region Ala was analyzed using
several different sets of reference spectra. Initially, the internal
spectra of the particles and matrix (Figure 4a) were used. The
particle and carbonaceous matrix component maps derived
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from that analysis (Figure S6) identified the particle and matrix
regions more precisely than using thresholding of the average
Ni 2p OD (Figure 3e). While the threshold approach does
group spectrally similar regions and provides a statistically
meaningful analysis, there is considerable subjectivity with
respect to identifying the correct threshold to use for the
analysis. To make connections to the spectroscopy of materials
with known composition, we have used the high-quality OD1
spectra of the Ni-containing reference species shown in Figure
4b. Due to the similar structure and almost identical energy
position, the Ni 2p spectrum of either NiTPP or O-NiPc can
be used as the external reference spectrum in the analysis
process. Eventually, we selected the NiTPP for analysis
because subsequent STXM studies showed that the N 1s
and C 1s spectra of NiTPP are closer than O-NiPc to that of
the NiN,/C sites in the Ni—N—C materials (see the
Discussion Section). In the fitting procedure, the NiTPP
reference spectrum was modified by adding a constant, which
accounts for X-ray absorption in the Ni 2p region by carbon-
and nitrogen-containing species not directly bonded to Ni.

Figure 4c—e shows the quantitative thickness maps of the
Ni(0), NiTPP, and Ni;S, components derived by fitting the Ni
2p stack. Because OD1 reference spectra were used (Section
SS), the intensity grayscale indicted on each component map is
an estimate of the thickness in nanometer of the indicated
species at each pixel. This does not mean that the NiTPP
material in the matrix of the Ni—N—C-high sample is a block
of that thickness. Rather, it means that the Ni 2p X-ray
absorption by NiN,/C sites in the Ni—N—C-high sample is
equivalent to the Ni 2p X-ray absorption of a certain thickness
of NiTPP at its standard, bulk density. Figure 4f shows a
rescaled color-coded composite of the Ni(0), NiTPP, and
Ni;S, component maps, which shows the spatial distribution of
the three species relative to each other. In agreement with the
qualitative conclusion derived from the fit to the internal
spectra of particles and matrix (Figure S6), the analysis
presented in Figure 4 shows that the Ni metal is mainly in the
particles, but it is also present at a lower level throughout the
matrix. Ni;S, is mainly in the shell of the particles and the
matrix adjacent to the particles. The NiTPP structure, which is
interpreted as NiN,/C sites, is mainly dispersed throughout
the carbonaceous matrix but is also present at enhanced levels
adjacent to some of the particles.

The dominant areas of each of the Ni(0), NiTPP, and Ni,S,
components were identified by threshold-masking the
component maps (Figure 4c—e), as shown in Figure S7a.
The component-specific masks were used to extract the
average spectrum of the Ni(0), NiTPP, and Ni;S, regions.
These spectra were then curve-fit to the external reference
spectra to explore the quality of this spectroscopic analysis.
Figure S7b compares the internal spectra of each of the masked
components to the reference spectra of Ni(0), NiTPP, and
Ni;S,. The quality of the curve fit analysis (Figure S7c—e and
Table SS) supports the validity of the analysis, as shown in
Figure 4. Since the external reference spectra are on
quantitative OD1 intensity scales, the curve fit results produce
a quantitative estimate of the amount of each reference species
(Ni(0), NiTPP, and Ni,S,) in each of the masked regions. In
each case, while the component specified is the largest
contributor, the other two components also contribute to
varying degrees. This reflects the fact that this is a very
heterogeneous material and that each of the Ni species is
present in all areas, without a fixed ratio or concentration. This
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quantitative analysis confirms that the particle regions contain
a large amount of Ni(0) (average thickness of 30 + 3 nm),
while the matrix contains a very large amount of NiTPP-like
species (average thickness of 160 + 10% nm), which are the
NiN,/C single-atom catalyst sites.

STXM spectromicroscopy of region Ala was also performed
at the N 1s, C 1s, and O 1s edges. However, most of this
region was too thick for X-ray transmission at these lower
energies, leading to spectral distortion from absorption
saturation. Thus, thinner regions were selected for further
measurements to avoid spectral distortions arising from
absorption saturation. It is also noted that there was significant
spectral distortion from absorption saturation at the N 1s edge
for samples supported on SiN, windows, even when measuring
very thin areas with low OD. This was likely due to the N
present in the SiN, membrane. To overcome this problem,
subsequent analysis was performed on Ni—N—-C catalyst
particles deposited on formvar-coated 3 mm TEM Cu grids.

3.3.2. Ni 2p STXM of Ni—N—C-High on TEM Grids (A2
Region). Figure 5a shows an STXM image collected at 852.7
eV from region A2, a thin area of the Ni—N—C-high catalyst
on a formvar-coated Cu TEM grid (Figure S1d—f). STXM
stacks were measured at the Ni 2p, S 2p, C 1s, N 1s, and O 1s
edges in this area. Details of the acquisition parameters of each
of these stacks are listed in Table S2. The Ni(0), Ni;S,, and
NiTPP reference spectra (Figure 4b) were used to fit the Ni 2p
stack of region A2. The component maps for Ni(0), NiTPP,
and Ni;S, from that analysis are displayed in Figure S8. Figure
Sb presents the rescaled color-coded composite of the Ni(0),
NiTPP, and Ni;S, component maps. The spatial distribution of
these components in region A2 is similar to that found in
region Ala, with the carbonaceous matrix dominated by
NiTPP, the dense regions of the particles dominated by Ni
metal, and Ni;S, adjacent to or colocated with the Ni metal.
The Ni(0), NiTPP, and Ni;S, component maps were
threshold-masked (see the insets of Figures Sc and S9a) and
Ni 2p spectra of the Ni(0), NiTPP, and Ni,S, regions were
generated (see Figures Sc and S9b).

The averaged spectra for these areas and their fits to the
external reference spectra are shown in Figure S9c—e with the
results summarized in Table S6. The Ni 2p stack analysis
indicates that the composition and distribution of Ni species in
region A2 are similar to those in region Ala (Figure 4f), which
supports the coexistence of Ni(0), NiTPP, and Ni,S,
throughout the different morphologies of the Ni—N—C-high
sample.

333.N1s, C1ls, 0O 1s,and S 2p STXM of Ni—N—C-High
on TEM Grids (A2 Region). In addition to the Ni 2p spectra,
Figure Sc plots the S 2p, C 1s, N 1s, and O 1s spectra of the
Ni(0), NiTPP, and Ni;S, regions. The stacks at each
absorption edge were combined and coaligned to extract
spectra of each edge from exactly the same areas. An expanded
presentation of the N 1s spectra of the masked areas is given in
Figure 5d, along with the reference spectra for O-NiPc, NiTPP,
and N—C, which is the nickel-free material synthesized using
the same method as for the Ni—N—C catalysts but without the
addition of NiCl,-6H,0. The bonding configurations of the
nitrogen atoms can be distinguished by the energy position of
the absorption peaks observed in the N 1s spectra. The three
distinct peaks, N, at 398.0 eV, N; at 399.4 eV, and N, at 401.0
eV in the N—C sample, are assigned to N 1s — 7* transitions
of pyridinic, pyrrolic, and graphitic N, respectively.és’67 There
is a fifth, broad peak, labeled N, in the range of 406—409 eV,
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Figure S. Ni 2p, N 1s, and C Is results for region A2 of the Ni-N—C-
high sample. (a) STXM transmission image at 852.7 eV. (b) Rescaled
color-coded composite of the Ni(0) (dark red), NiTPP (dark green),
and Ni;S, (dark blue) component maps derived by a fit of the spectra
displayed in Figure 4b to a Ni 2p stack. (c) S 2p, C 1s, N 1s, O 1s, and
Ni 2p spectra of Ni(0), NiTPP, and Ni;S, regions. The areas from
Ni(0) (red), NiTPP (green), and Ni;S, (blue) regions were generated
are indicated in the inset. (d) N 1s spectra of the Ni(0), NiTPP, and
Ni;S, regions compared to the N 1s spectra of O-NiPc, NiTPP, and
N—C (Ni-free catalyst). (e) C s spectra of the Ni(0), NiTPP, and
Ni;S, regions compared to the C 1Is spectra of O-NiPc, NiTPP, and
N-C (Ni-free).

which is attributed to N 1s — o*_y transitions. In the N 1s
spectra of the three areas of the Ni—N—C-high sample, two
broad peaks are observed at 398.5 eV (N,) and 401.5 eV (N,),
indicating that higher amounts of Ni lead to different
structures of the N-doped carbon materials. According to
other spectral studies,”® the single broad N, peak, which is
located between the pyridinic (N;) and pyrrolic (N;) peaks,
exists because the abundant pyrrolic N functionalities
coordinating with Ni atoms cause unsaturated pyrrolic
nitrogen sites, thus forming a broad convoluted pyridinic/
pyrrolic peak, N,.

The N, feature is also observed in the N 1s spectra of
NiTPP and O-NiPc. From comparisons with the spectra of
reference compounds, the N 1s spectra of the three areas of the
Ni—N—C-high sample are close to that of NiTPP, indicating
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the NiN,/C species has a structure similar to NiTPP.
Especially for the Ni(0) and Ni;S, regions, the N 1s spectra
exhibit sharper N 1s — 7* features (N, and N,) and relatively
lower N 1s — ¢* transitions (Ns). The spectra of NiTPP and
O-NiPc showed similar trends with a higher intensity of the N
1s — 7* than N 1s — o transitions, as well as the same peaks
(N, and N,) at a similar energy position as in the N 1s spectra
of the Ni—N—C-high samples. The N 1s spectrum of the
NiTPP region in Ni—N—C-high is similar to that of both
NiTPP and N—C. We interpret these observations as follows:

(1) Some N species in the Ni—N—C-high samples are N
atoms doped into the carbonaceous matrix created by
the pyrolysis of the N-containing polymers. This is
confirmed by similar N 1s spectra observed for N—C
and the NiTPP region, which is the matrix region in Ni—
N—C-high, and strong graphitic N peak (N,).°*®” The
signal of atomically dispersed NiN,/C species in the
Ni—N—C-high samples is convoluted to a degree with
the signal from N doped within the carbon materials,
causing the broad N, peak to be less obvious in the
NiTPP region.

The observation of the N 1s — 7* peaks (N, and N,)
and lower intensity of the N 1s— ¢ transitions (Ns) in
the spectrum of the Ni(0) area, along with a comparison
to the O-NiPc and NiTPP reference spectra, suggests
that the NiN, /C sites likely aggregate to an extent in the
particle regions, which is consistent with the NiN,/C
distribution from the Ni 2p component maps—see
Figures 4 and S8 and the quantitative component
amounts derived from the Ni 2p spectra (Figures S7, S9
and Tables S5, S6).

The N 1s spectra of the NiN,/C sites, NiTPP, and O-
NiPc are different from each other, indicating the
existence of a variety of NiN,/C structures. The N
atoms in the NiN,/C sites of Ni—N—C-high are closer
to those in NiTPP than O-NiPc.

()

(3)

Figure Se presents the C Is spectra of the three regions of
the Ni—N—C-high sample, in comparison to the C 1s spectra
of NiTPP, O-NiP¢, and N—C. The C, (285 eV) and C, (292
€V) spectral features observed in Ni—N—C-high are attributed
to C s excitations to 7% and o* graphitic states,
respectively.”*®” The strong graphitic-like signal indicates
that all areas of the catalyst are highly graphitized. The C;
features in the 287—290 eV region are at positions consistent
with C 1s — n¥._y transitions in porphyrins and other
compounds with C=N bonds.”*® These features are
particularly clear in the NiTPP and O-NiPc reference spectra,
on account of their well-defined structure. Corresponding
transitions are observed in the spectra of all regions in Ni—N—
C-high but not in the N—C (Ni-free) sample. This indicates
that the nitrogen—carbon chemical environment in Ni—N—C-
high, NiTPP, and O-NiPc are similar, which is consistent with
an involvement of single Ni atom sites, as postulated for the
NiN,/C structure. The C, feature at 286.5 eV, attributed to C
1s — 7*-_¢ transitions, is observed in the spectra of the Ni—
N—C-high and N—C samples, indicating the existence of
oxygen-containing species in the carbonaceous matrix.

The O 1s spectra for Ni—N—C-high are shown in Figure
S10a along with the O 1s reference spectra of N—C and NiO.
The O 1Is spectra of both Ni—N—C-high and N—C are
generally similar, with a sharp O 1s — 7%*c_ transition (O,)
at 532 eV and a broad band at around 540 eV, which is likely
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the overlap of 6*¢_o and o6%c_g peaks (O;). The spectral
features of NiO are significantly different, with a sharp peak
observed at 534.0 eV (0O,) and a broad peak observed at
around 540.0 eV. These distinct spectral differences indicate
that there is little or no NiO in the Ni—N—C-high catalysts,
and the O 1s signal observes likely arises from oxygen-
containing unsaturated functional species in the carbonaceous
matrix.

The S 2p spectra of Ni—N—C-high are shown in Figure
S10b along with the S 2p spectra from the Ni;S, reference
sample. The features at 167.0 eV (S;) and 181.0 eV (S,) in the
S 2p spectra show there is S in the Ni—N—C-high sample, with
spectral similarity to Ni;S,, an observation consistent with the
presence of Ni;S, in the catalyst as identified previously by
XRD.* The S 2p features are the strongest in the Ni metal and
Ni;S, dominant areas, consistent with our analysis of the Ni 2p
stacks.

In summary, for the Ni—N—C-high catalyst sample, the
spectral information presented is consistent with a structure
consisting of (1) a carbonaceous matrix containing NiN,/C
sites distributed throughout a nitrogen-doped and oxygen
functionalized graphitic carbonaceous matrix and (2) dense
Ni-metal rich particles surrounded by Ni;S,. A representation
of the structure for the Ni—N—C-high samples is shown in
Scheme Ic.

3.3.4. STXM of Ni—N—C-Low on TEM Grids (B1 and B2
Regions). To investigate how the morphology and species
present in the catalyst depend on the amount of Ni used
during synthesis, STXM imaging and spectroscopy at the C Is,
N 1s, O 1s, and Ni 2p edges were performed on the Ni-N—C-
low sample (details in Table S2). STXM transmission images
at a photon energy of 852.7 eV (above the Ni 2p absorption
edge) of two different Ni—N—C-low catalyst particles (regions
B1 and B2) are shown in Figure 6a,c, respectively. Ni—N—C-

b Ni(0) NiTPP NiS,

a

Figure 6. Results for Ni 2p analysis of regions B1 and B2 of the Ni—
N—C-low sample. (a) STXM transmission image at 852.7 eV of
region B1. (b) Rescaled color-coded composite of the Ni(0) (dark
red), NiTPP (dark green), and Ni;S, (dark blue) component maps
for region B1. (c) STXM transmission image at 852.7 eV of region
B2. (d) Rescaled color-coded composite for B2.

low was found to have very few (in many cases, no) particles
throughout the carbonaceous matrix. This is consistent with
previous reports, whereby when lower Ni content is used
during catalyst synthesis, fewer Ni-rich particles are
formed.”* Figure S11 presents the Ni(0), NiTPP, and
Ni;S, component maps derived from fitting the Ni 2p stack of
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region B1 to the spectra of the reference compounds (Figure
4b). The rescaled, color-coded composites of the Ni(0),
NiTPP. and Ni;S, component maps are shown in Figure 6b,d.
Masks for the regions of the catalyst dominated by Ni(0),
NiTPP, and Ni;S, signals were derived by threshold-masking
the component maps for each species in region B1 (Figure
S12a). These masks were then used to extract the Ni 2p, N 1s,
O 1s, and C 1s spectra of the Ni(0), NiTPP, and Ni;S, regions
of B1 (Figure S13), which were fit to the reference spectra
(Figure S12b—e). Based on the Ni 2p, N 1s, O 1s, and C 1s
spectra of the Ni metal, NiTPP, and Ni;S, dominant areas in
Ni—N—-C-low, the chemical composition of each area in the
Ni—N—C-low sample was found to be similar to that in the
Ni—N-—C-high sample, showing that Ni—N—C electrocatalysts
with different Ni contents have a related structure (Scheme 1c)
but with fewer Ni-containing particles in the Ni—N—C-low
sample. Although the particles consisted of Ni metal and Ni;S,,
the structure is different from the core—shell structure shown
in Figure 2. We speculated that this is because the low spatial
resolution of STXM (~40 nm) and low X-ray signal for Ni
metal/Ni;S, in a small region made it difficult to completely
separate the Ni metal and Ni;S, regions to show the core—shell
structure of the particles. The amount of each chemical species
present in the matrix and particle areas of both materials was
determined quantitatively and directly compared in the next
section.

3.4. Quantitative Results from Ni 2p and C 1s Stack
Analyses. An advantage of STXM is that the amount of
various chemical species present in any region of a sample can
be estimated when quantitative OD1 reference spectra are used
in the analysis. The average thicknesses of Ni(0), NiTPP, and
Ni,S, for nine different regions of the catalyst (five from Ni—
N—C-high—Ala and A2—AS—and four from Ni—N-C-
low—B1—B4) were determined by curve-fitting the average
spectra to the quantitative OD1 reference spectra shown in
Figure 4b. These results are summarized in Figures S14 and
S1S, while the stack details for each region of the catalysts that
were characterized are listed in Table S2. The volumes of each
Ni species were calculated from the average thickness and the
geometric cross-sectional area of the catalyst regions.
Subsequently, the volumes were converted to mass using the
density of the corresponding Ni species. Since Ni(0) and Ni,S,
are well-defined species, it is straightforward to determine the
molar amounts for these two species. However, it was more of
a challenge to estimate the amount of NiN,/C, the NiTPP-like
Ni sites, since NiTPP itself is not present in the pyrolyzed Ni—
N—C materials. Therefore, the calculated volume and mass of
the NiTPP refers to the amount of NiTPP that would have the
same X-ray absorption as the NiN,/C species. The molar
amount of Ni in NiN,/C sites was taken to be that of NiTPP,
derived from the mass and volume of NiTPP determined from
the curve fit and the area in the NiTPP component maps. To
quantitatively compare the amounts of NiN,/C, Ni(0), and
Ni;S, in the Ni—=N—C samples, the mole fraction of the Ni
atoms present in each of these species was calculated.
Furthermore, to understand the absolute content of NiN,/C
sites, the atomic ratio of the Ni atoms in NiN,/C to the total
number of C atoms in the Ni—N—C samples was estimated
using the same methods. In this way, although the Ni loading
(the amount of all Ni atoms) is different in the different Ni—
N—C materials, the concentration of NiN,/C species in
different areas and different samples was determined by
comparing the absolute content of NiN,/C sites to the total
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number of C atoms. The calculated results for the nine areas
are summarized in Table S7. More details of the calculations
are presented in Sections S11 and S12.

The atomic fractions of Ni(0), NiN,/C, and Ni;S,
determined from the Ni 2p data and the ratio of the number
of Ni atoms in NiN,/C sites to the total number of C atoms in
the Ni—N—C-high samples in regions Ala—AS of the Ni—N—
C-high sample are displayed in Figure S14. The corresponding
fractions and ratios for regions B1—B4 of the Ni—-N—C-low
samples are displayed in Figure S15. The proportions of Ni
atoms in Ni—N—C-high and Ni-N—C-low samples that are
present in the Ni(0), NiN,/C, and Ni;S, domains, averaged
over all regions, are presented as bar graphs in Figure 7a. For

mmmm Ni-N-C-high (average of A1-A5 regions)
mmm Ni-N-C-low (average of B1-B4 regions)
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Figure 7. Group bar chart representing the quantitative distribution of
different Ni-sites averaged over the five regions of the Ni—N—C-high
and four regions of the Ni—N—C-low sample. (a) Total proportion of
Ni atoms (out of all the Ni atoms in the sample) present in the
domains shown on the x-axis, for both catalysts investigated. (b) Ratio
of the total number of NiN,/C sites present in the catalyst divided by
the total number of carbon atoms present in the catalyst, providing a
quantitative gauge of NiN,/C species concentration. Values are
averaged over the five regions of the Ni—N—C-high and four regions
of the Ni—N—C-low sample. The error bars take into account
statistical and estimated systematic uncertainties.

Ni—N—C-high, 16 + 5, 69 + 7, and 15 + S mol % of the total
number of Ni atoms in the catalyst are present in the Ni(0),
NiN,/C, and Ni;S, domains, respectively, In the Ni—N—C-low
sample, the average content of Ni(0) and Ni;S, is reduced
from 16 to 12 + 4 mol % and from 1S5 to 8 + 3%, respectively,
while the mole fraction of NiN,/C is increased from 69 to 80
+ 8%. The estimated uncertainties include contributions from
statistical variation and systematic errors, the largest of which is
likely the degree to which the reference materials actually
correspond to the species present in the catalysts.

Despite differences in the relative mole fraction of Ni atoms
present in NiN,/C between Ni—N—C-high and Ni—N—C-low,
it is advantageous to be able to gauge the quantitative content
of NiN,/C in the catalyst materials. To accomplish this, the
atomic ratio of the number of Ni atoms present in NiN,/C to
the total number of C atoms in the Ni—N—C-high and Ni—
N—C-low was determined. We define this as the “absolute
ratio (%) of NiN,/C sites”. As presented in Figure 7b, relative
to the Ni—N—C-high sample, the Ni—N—C-low sample has a
slightly higher amount of NiN,/C sites, with an average value
of 0.91 + 0.09% for the absolute ratio (%) of NiN,/C sites,
compared with an average of 0.79 + 0.08% for the Ni-N—C-
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high sample. Therefore, the absolute number of NiN,/C sites
increased when using a lower Ni loading during catalyst
synthesis, while the absolute amounts of Ni metal and Ni;S,
greatly decreased. In addition, the high heterogeneity of Ni—
N—C catalysts can be confirmed by the different quantitative
results in each region, as shown in Figures S14 and S15. This
heterogeneity has often been overlooked by other bulk average
and spatially localized measurements. This is especially
prominent for Ni—N—C-high, which demonstrates a relatively
large fluctuation in the Ni atomic fractions of Ni(0), NiN,/C,
and Ni;S, and the absolute ratio (%) of NiN,/C sites in the
different regions of the catalyst in comparison to Ni-N—C-
low. This observation indicates that the presence of dense
Ni(0)/Ni,S, particles contributes to increasing the hetero-
geneity of Ni—N—C materials. The resulting high degree of
heterogeneity therefore introduces challenges for quantitative
estimation of the chemical species present in Ni—N—C-high
materials because the calculated results are dependent on the
region of the catalyst that is characterized. Although averaging
results from multiple regions improves the statistical precision,
the preference to select relatively thin catalyst particles to avoid
absorption saturation (such as the selection of the Ala region
in Al) could result in the calculated amounts of Ni(0) and
Ni;S, being lower than what is actually present in Ni—N—C-
high. Thus, the calculated proportions of different species,
more specifically the Ni atomic fraction of the NiN,/C species
and the absolute ratio (%) of NiN,/C Sites, are likely
overestimated in Ni—N—C-high, and therefore, the differences
between Ni—N-—C-high and Ni—N-C-low are likely more
pronounced than what is shown in Figure 7a,b.

To make sure our quantitative analysis is reliable, we have
compared the spectroscopic results of STXM to ensemble-
averaged XAS-TEY spectra—see Section S14, Supporting
Information. The similarity of the TEY-XAS and STXM results
confirms that, despite measuring an extremely small volume,
STXM can measure the average properties of heterogeneous
materials. However, a key advantage of STXM is that it probes
the chemistry of individual catalyst particles with sub-50 nm
spatial resolution, even when the species of interest (i.e., NiN,/
C) contribute only a portion of the overall spectral features.
For example, consider the Ni—N—C-high data shown in Figure
S17a. When interpreting the TEY-XAS data, the Ni;S,
contribution at 853.1 eV could be easily overlooked in an
ensemble-averaged XAS study as it is largely overshadowed by
the neighboring Ni(0) peak at 852.7 eV. On the contrary, with
the spatial resolution of STXM it is possible to identify and
differentiate these individual chemical species, which allows for
mapping of their chemical signals and distributions throughout
the catalyst structure. After using Ni 2p STXM stacks to
characterize the spatial distribution of specific species, stacks at
other edges can be measured over the same area, thereby
gaining a more complete understanding of the chemical
properties and how they vary throughout the catalyst (e.g.,
Figures S and S13). More importantly, based on this
comprehensive understanding, enabled by location-dependent
spectral interpretation, the amount of various chemical species
present in the catalysts can be quantified (e.g., Figures 7, S14,
and S15). Achieving this level of insight is not possible using
ensemble-averaged measurements such as X-ray absorption
spectroscopy with limited or no spatial resolution. This
comparison demonstrates the significant advantage of STXM
for generating fundamental insight into catalyst structures and
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properties that are essential for guiding advanced material
designs.

4. DISCUSSION

These STXM results provide spatially resolved spectral insight
into the various chemical species present in these two
heterogeneous Ni—N—C catalysts. Metallic Ni(0), Ni;S,, and
atomically dispersed NiN,/C species, structurally similar to
NiTPP (and O-NiPc), were identified, spatially mapped, and
quantified. The atomically dispersed NiN,/C species were
found to be present throughout the entire carbonaceous matrix
of the catalyst structure. The observation of these NiN,/C sites
is consistent with previous investigations of Ni—N—C catalysts
using various techniques including XAS without spatial
resolution’™** and STEM-EELS."””"7 STXM provides an
opportunity to image and quantify the distribution of the
various Ni-containing species over mesoscale regions of the
catalyst structure. The electrochemical CO, reduction testing
of the Ni—N—C-low catalyst demonstrated a high selectivity
toward CO. Based on the fact that Ni;S, and Ni(0) selectively
produce hydrogen under CO, reduction conditions, the
electrochemical results, combined with the STXM analysis,
indicate that the activity of the Ni—N—C electrocatalyst for
CO, reduction to CO arises from the NiN,/C sites present
throughout the entire carbonaceous matrix. The calculated
fraction of NiN,/C sites in the two Ni—N—C catalysts with
different Ni contents showed that, as the Ni content in the
Ni—N—C electrocatalyst decreased, the amount of NiN,/C
sites increased. This is desirable from an electrocatalytic CO,R
standpoint, as an increased concentration of NiN,/C provides
increased activity and selectivity toward CO production.

A comparison of the Ni 2p, N 1s, and C 1s spectra of the
Ni—N—C materials to those of O-NiPc and NiTPP reference
compounds showed that a variety of NiN,/C structures exist in
the Ni—-N—C catalysts. In the Ni 2p spectra of O-NiPc and
NiTPP, the main peaks observed at 854.1 and 854.2 eV,
respectively, are quite sharp (Figure SS) due to the well-
defined local coordination of Ni in these pure reference
compounds. For Ni—N—C (Figure 4), the peak at 854.2 eV is
quite broad, likely indicating the existence of NiN,/C sites
with different chemical environments. The high energy of the
Ni 2p — 3d transition for NiN,/C sites is because of a
decrease in the effective number of Ni 3d electrons due to the
strong Ni 3d—N 2p covalent bonding.®* With different
numbers of N atoms bonding to Ni (NiN/C, NiN,/C,
NiN,;/C, and NiN,/C have all been proposed for the Ni—-N—
C materials'®), the electronic structure of the Ni atom would
also vary, causing a shift in the peak location around a mean
NiN,/C peak energy position (~854.2 eV), thereby forming a
broad peak.(’9 Similarly, different numbers of C atoms in the
second shell around the Ni atom in NiN,/C will affect the Ni
3d electron distributions. For example, the 8 C and 4 N
second-shell atoms in O-NiPc will shift the Ni 2p —3d
transition to a higher energy than the 12 second-shell C atoms
in NiTPP, as is evidenced by a 0.1 eV higher energy in O-NiPc
than NiTPP. A comparison of the Ni 2p, N 1s, and C 1s
spectra of the NiN,/C sites to those of O-NiPc and NiTPP
indicates that the local coordination of Ni in the NiN,/C sites
is closer to NiTPP than O-NiPc (Scheme lc). An important
and challenging question then arises: what is the impact of
different possible Ni—N,/C sites on catalytic activity?. While it
is out of the scope of this work, the scientific community could
potentially work toward elucidating this information by
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methods, such as (1) systematic investigations of well-defined
model systems such as synthesized Ni-based macrocycles,
although structural and electronic differences between such
model compounds and catalytic structures in Ni—N—-C
materials must be taken into account; (2) preparation of
structurally homogeneous Ni—N—C catalyst consisting of a
single identity of active site structures, that comes with a wide
array of synthetic challenges; and (3) computational
simulations, such as by density functional theory calculations
to understand how the active site structure and surrounding
environment of Ni—N,/C sites impact catalytic activity by
tuning adsorption energies with reactive intermediates (ie.,
adsorbed *CO)

These results clearly show the power of STXM to perform
spatially resolved, mesoscale studies of the morphology and
chemical structures using precise spectroscopic character-
ization at various edges, thereby identifying the chemical
species, mapping their spatial distribution, and quantitatively
estimating their content. One of the drawbacks of STXM is
that measurements are conducted on individual micron or sub-
micron catalyst particles, which, although larger than the sub-
nm regions probed by STEM, still may not capture all of the
heterogeneity of the global catalyst structure such as that
provided by ensemble-averaged XAS measurements that can
measure thousands of particles at a time. This limitation can be
mitigated by conducting measurements on multiple regions of
the catalyst and performing statistical analyses. However, this
may not always be necessary as we showed that the Ni 2p
spectra collected by STXM on a single catalyst particle had
only very subtle differences from bulk-averaged spectra
collected by TEY-XAS. Therefore, STXM measurements can
largely overcome the issues associated with very spatially
localized measurements, such as the nanometer-scale measure-
ments conducted by STEM and related analytical techniques
(i.e, BELS). Another limitation of STXM is the spatial
resolution, which is much lower than that provided by TEM.
To bridge the gap, soft X-ray ptychography70_74 can be used to
significantly improve the spatial resolution of STXM.
Ptychography measurements at metal 2p edges in the 600—
1100 eV energy range are able to achieve sub-10 nm spatial
resolution,”*™"* with a record spatial resolution of 3 nm.”°
Based on very recent work at Soleil,” ptychography at energies
below 500 eV is now also possible, enabling ptychographic
measurements of Ni—N—C catalysts at the N 1s and C 1s
edges. Our initial exploration of applying ptychography to
catalysts has shown that a spatial resolution of ~10 nm can be
achieved with a similar measurement time to conventional
STXM. As an indication of the resolution gains that
ptychography can provide, Figure S19 presents a ptycho-
graphic amplitude image at 852.7 eV of the A2 region of the
Ni—N—C-high sample, along with an evaluation of its spatial
resolution. In addition to ptychography, we are performing in
situ STXM characterization of these electrocatalyst materials
using a microfluidic flow-electrochemical system developed by
our team.”*”® This will allow determination of the chemical
species present and their spatial distribution in catalyst
materials under relevant operating conditions, thereby
providing better mechanistic understanding and guiding new
catalyst designs.”’

Overall, this work demonstrates that STXM is a very
effective tool for studying catalysts such as Ni—N—C, where
their highly heterogeneous nature leads to difficulty in
characterization by nonspatially resolved methods. The
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combination of approaches used in this work has led to an
improved fundamental understanding of the CO,—reduction
active species in this Ni—-N—C CO,R electrocatalyst.

5. CONCLUSIONS

Gas product analysis measurements showed that lower
concentrations of Ni used in the synthesis of Ni—N-C
catalysts provide a higher activity for CO, reduction and higher
selectivity for CO production. To understand this seemingly
contradictory observation, we have carried out a comprehen-
sive correlative multi-characterization study. The electro-
catalytic properties suggested the existence of atomic NiN,/
C sites. STEM-HAADF imaging showed the presence of
atomically dispersed high Z elements (likely Ni) in the
carbonaceous matrix of Ni—N—C samples. STXM was applied
to further investigate the identity and concentrations of
chemical species (especially NiN,/C sites) present. These
materials were found to be highly heterogeneous, consisting of
Ni(0) and Ni;S, particles embedded in a carbonaceous matrix
with NiN,/C sites dispersed throughout. The chemical
environments, amounts, and spatial distributions of Ni species
present in samples prepared with two different Ni loadings
were evaluated quantitatively by analyzing sequences of X-ray
absorption images at the Ni 2p, N 1s, C 1s, O 1s, and S 2p
edges using reference X-ray absorption spectra of Ni(0),
NiTPP, O-NiPc, and Ni;S,. The results show that, as the Ni
loading increases, the amount of Ni(0) and Ni;S, species
increases but the amount of NiN,/C sites decreases. This
explains why the Ni—N—C sample prepared with low Ni
loading has better electrocatalytic CO,R performance. In
addition, the spectra of the Ni—N—C catalysts showed the
existence of a variety of NiN,/C structures, with the measured
spectra being more similar to the spectra of NiTPP than O-
NiPc reference compounds. The results provide insight into
how the structures, compositions, and spatial distributions of
chemical species present in these Ni—N—C electrocatalysts
might be modified to achieve higher activity and improved
selectivity for CO production via electrochemical CO,R. This
is the first report of using STXM for characterizing atomically
dispersed M—N-—C catalysts. It has demonstrated the
capabilities and advantages of soft X-ray STXM for character-
izing atomically dispersed single-atom catalytic sites. In
combination with other methods, STXM can generate
fundamental insights to guide the design of improved
performance Ni—N—C CO,R catalysts.
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