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/Abstract: Single-atom catalysts (SACs) are an emerging class of materials, leveraging maximum atom utilization and\
distinctive structural and electronic properties to bridge heterogeneous and homogeneous catalysis. Direct imaging
methods, such as aberration-corrected high-angle annular dark-field scanning transmission electron microscopy, are
commonly applied to confirm the atomic dispersion of active sites. However, interpretations of data from these
techniques can be challenging due to simultaneous contributions to intensity from impurities introduced during synthesis
processes, as well as any variation in position relative to the focal plane of the electron beam. To address this matter, this
paper presents a comprehensive study on two representative SACs containing isolated nickel or copper atoms.
Spectroscopic techniques, including X-ray absorption spectroscopy, were employed to prove the high metal dispersion of
the catalytic atoms. Employing scanning transmission electron microscopy imaging combined with single-atom-sensitive
electron energy loss spectroscopy, we scrutinized thin specimens of the catalysts to provide an unambiguous chemical
identification of the observed single-atom species and thereby distinguish impurities from active sites at the single-atom
level. Overall, the study underscores the complexity of SACs characterization and establishes the importance of the use

\of spectroscopy in tandem with imaging at atomic resolution to fully and reliably characterize single-atom catalysts. )

Introduction

In the fields of catalysis and materials science, single-atom
catalysts (SACs) have emerged as a captivating frontier,
seamlessly bridging the pillars of homogeneous and hetero-
geneous catalysis.”) These materials, composed of isolated
single metal atoms stabilized on carefully-chosen supports,”
exhibit many advantages, including enhanced activity,
stability, selectivity, and recyclability.**! Several studies
have documented the critical role of the support materials
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for this category of catalysts.”® Carbon nitride allotropes,
including  exfoliated nanosheets and mesoporous
architectures,’'"! stand out as exceptionally well-suited
substrates for single-atom catalysis'>¥ due to their unique
set of properties, encompassing non-toxicity, remarkable
photo- and thermostability, versatile physicochemical prop-
erties, tunable surface areas, and economically viable syn-
thesis routes from cheap and readily available precursors
(e.g., melamine, cyanamide, urea).['>”)

Commonly employed strategies for SACs synthesis
include wet impregnation,'® co-polymerization,'” atomic

layer deposition,®! atom trapping,”  pyrolysis,®!
doping,®  ball milling,” adsorption approaches,!
photoreduction,”  galvanic  replacement,®  cyclic

voltammetry,” ion exchange,®!"! co-precipitation,” depo-
sition-precipitation,” and flame spray pyrolysis.’¥ How-
ever, the synthesis of SACs is not without challenges, and
regardless of the chosen strategy, both metallic and non-
metallic impurities of different origins can be found in the
prepared materials. For example, synthesis processes involv-
ing the use of metal salts may lead to the incorporation of
metallic contaminants into the final catalysts.”” Moreover,
the use of templates such as silica, employed to produce and
tune the support material architecture, may result in the
inclusion of non-metallic impurities, such as silicon, into the
chemical composition of SACs.” The role of impurities in
SACs is multifaceted; they may have an impact on the
catalyst’s structure, stability, and performance. Therefore,
detecting and determining the distribution of these contam-
inants is essential to identify their potential sources and to
develop optimization strategies for refining SACs synthesis
methods aimed at producing catalysts with reduced or
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controlled impurity content for consistent batch-to-batch
performance properties.

Critical to the SACs field is the unequivocal confirma-
tion of the individual dispersion of active metal atoms on
support materials. X-ray absorption spectroscopy (XAS), a
technique enabling the measurement of the electronic
properties and local coordination of SACs’ individually
dispersed metal active sites, is often employed to achieve
this aim. While XAS is an element-selective technique, it is
an ensemble measurement, meaning that the experimental
spectra are a weighted average of the spectra for each
constituent atomic environment for a specific chemical
element: if SACs contain a metal element in multiple
configurations, species, or sites, all of them will be averaged
together in the recorded output spectral features.’”! More-
over, XAS can confirm single elemental dispersions, but it
does not verify that all single atoms possibly present in the
sample are of the type probed by XAS (given its element
selectivity). Unless the types of impurities are known, or a
set of candidates is established, it can be difficult to assess
the elemental impurity content and/or the fraction of the
sample that may be impurities from XAS. Hence, relying
solely on such ensemble spectroscopies for discriminating
the presence of single atoms and impurities is challenging.

Complementary to XAS, direct imaging methods are
commonly applied in the form of aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM).*¥! This electron microscopy
technique enables atomically resolved imaging of thin
materials and shows variations in the intensity of the image
(i.e., contrast) that are proportional approximately to the
square of the atomic number (xZ'?).[*! In single-atom
catalysis, HAADF-STEM has become a critical technique
for confirming isolated atom dispersions, but also for
evaluating whether the single atom dispersion is consistent
with a random distribution (e.g., by nearest neighbor
distribution analysis)®*! or exhibits clustering™” or signatures
of polynuclear conformation,*! as well as for evaluating the
areal density of single atoms.*! In atomically-thin two-
dimensional materials™® and in well-ordered crystals,!
HAADF-STEM imaging enables atom counting and infer-
ence of elemental distributions. However, in many practical
catalytic materials with significant variations in thickness,
these analyses prove challenging due to simultaneous
contributions to intensity from thickness, atomic number,
and any variation in position relative to the focal plane of
the electron beam (i.e., defocus) which modifies the
electron-sample interaction and the recorded scattering
intensity. Moreover, in such materials, significant motion of
atoms is observed under electron beam irradiation. While
motion tracking itself can enable the extraction of surface
binding energies and the character of surface binding
sites,["*¥l changes in atom positions in time, and concomitant
variations in defocus, further complicate intensity-based
analyses of single atoms, particularly for first row transition
metal-containing catalysts with a less pronounced difference
in atomic number relative to common carbon- and nitrogen-
based supports. Misidentification of the active single-atom
sites within SACs can result in errors in the confirmation of

Angew. Chem. Int. Ed. 2024, 202404883 (2 of 11)

Research Article

Angewandte

intemationaldition’y) Chemie

their individual dispersion as well as derived quantities such
as coverage and distribution characteristics.

In many crystalline and otherwise beam-stable materials
such as graphene, a solution to the ambiguities in HAADF-
STEM intensities due to thickness or compositional varia-
tions is the application of atomically-resolved spectroscopy
in the form of electron energy loss spectroscopy (EELS)H*!
or X-ray energy-dispersive spectroscopy (EDS)P to deter-
mine elemental composition and even electronic fine
structure. Occasionally, combinations of imaging, revealing
only single atoms, and spectroscopy without atomic resolu-
tion have been deployed to conclude the active species are
present as single atoms.”>® However, the signal generated
per incident electron for these spectroscopy techniques is far
lower than in HAADF-STEM imaging; that is, the scattering
cross-sections are 2—-6 orders of magnitude lower in EELS
and EDS than in HAADF-STEM imaging.”” Consequently,
longer acquisitions are required, which place even greater
constraints on sample stability and atom motion in practical
catalyst characterization.""

In this work, we report the synthesis and character-
ization of two carbon nitride-supported SACs containing
isolated nickel or copper atoms as active metal sites. Our
investigations revealed the presence of impurities in small
amounts in these catalysts, which originated from the syn-
thesis process. Several spectroscopic techniques were em-
ployed to evaluate and confirm the monoatomic dispersion
of the active Ni and Cu catalytic centers within SACs
structure. Leveraging direct electron detection for improved
signal-to-noise STEM-EELS, we further probe atomically
dispersed impurities and identify Ni and Cu single atoms,
underlining the importance of atomically resolved spectros-
copies as well as imaging approaches for SACs character-
ization.

Results and Discussion

Three catalysts—Ni;@mpgCN,, Cu;@mpgCN,, and mpgCN,
—were prepared according to an established procedure,!"
consisting of a hard template-assisted synthesis with the use
of cyanamide as the building block of the carbon nitride
support (for details, see the “Materials and Methods”
section in the Supporting Information). In-depth investiga-
tions on the chemical nature, bond environment, and local
architecture of the catalysts were afforded through a
combination of spectroscopic and diffractive techniques,
including attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy, X-ray diffraction
(XRD), and X-ray absorption spectroscopy (XAS). The C/N
ratios of the catalysts (Table 1) were found to lie in the
range of 0.6-0.7, in line with data already reported in
previous works for similarly synthesized carbon nitride
materials.”** In the literature, a certain variability among
the C/N ratios has been ascribed to defects originating from
the thermal polymerization process, often observable in this
type of materials."* The presence of these structural
imperfections can also be inferred from the detection of a
low-but-not-negligible amount of hydrogen and other chem-
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Table 1: Elemental composition and surface area of the synthesized metal-containing catalysts and reference support materials.

Catalyst chl NE HE C/N

(Wt9%) (Wt9%) (Wt%) )
mpgCN, 31.90 48.75 2.43 0.65
Ni;@mpgCN, 32.59 52.62 232 0.62
Cuy@mpgCN, 32.03 48.01 2.40 0.67

Ni®! Ccul® Silt! SBET[:]
(Wt %) (Wt %) (Wt %) (m*g™)
- - 0.83 157
0.47 - 0.33 172

- 1.57 0.36 241

[a] C, N, and H content from combustion analysis. [b] ICP-OES data. [c] BET method applied on the adsorption branch of the N, isotherm in the

0.05<p/py<0.3 range.

ical species coming from the synthesis. These elements
should in principle not be observed if the carbon nitride
support went through complete polymerization and all the
impurities were removed. Results from inductively-coupled
plasma optical emission spectroscopy (ICP-OES), reported
in Table 1, confirmed the successful incorporation of Ni and
Cu within the porous network of the support, with a Ni
loading of 0.47 wt % over Ni;@mpgCN, and a Cu loading of
1.57 wt% over Cu@mpgCN,. In addition, a follow-up
screening of several elements via ICP-OES analysis allowed
for the detection of a certain amount of Si impurities coming
from the hard template employed in the SACs synthesis. In
principle, Si should be removed by the action of the NH,HF,
etching agent employed at the end of the preparation
procedure. However, some Si consistently remains in the
final catalyst structure. Various durations of the etching
treatment (12, 24, and 48 h) and concentrations of the
NH,HF, solution were tested. Contrary to expectations,
prolonged etching or higher acid concentrations did not
result in lower amounts of silicon impurities. A plateau was
reached with etching steps longer than 24 h or NH,HF,
solutions exceeding 4 M, and, in both cases, impurities
associated with silica persisted. While alternative etching
agents like KOH can be employed for silicon removal, their
use may introduce additional impurities, such as potassium
species. Thus, after careful deliberation, we chose a 24 hour
etching step with a 4.2 M solution of NH,HF,. Similarly, an
increased number of washing cycles using Milli-Q® water
and ethanol failed to provide any noticeable advantage in
completely removing silicon impurities, which instead per-
sisted. The significance of these impurities extends beyond
mere overall quantification, and raises tantalizing questions
about their structural existence, and whether these Si atoms
are also erroneously identified as “single-atom catalyst”
species when imaged by electron microscopy.

The surface areas of Ni;@mpgCN,, Cu,@mpgCN,, and
mpgCN, were assessed via nitrogen physisorption experi-
ments performed at —196°C. These textural measurements
yielded similar values of the BET specific surface area for
all three materials (Table 1) and always larger than those
typically found for bulk graphitic carbon nitride (gCN,) or
exfoliated nanosheets (nCN,).1*”! The increased surface areas
shown by our materials arose from the use of a hard silica
template during the synthesis procedure, which was then
removed through a treatment with the NH,HF, etching
agent giving rise to the mesoporous structure of the
supported catalysts. These results highlighted not only the
porous morphology of mpgCN, with respect to the non-
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porous or slightly-porous network of gCN, and nCN,, but
also how the introduction of active metal centers within the
carbon nitride support did not alter the mesoporous nature
of the prepared materials. These features were consistent
with data previously reported in the literature.”>*¥

The nature of the bonding network in the CN, support
was assessed by ATR-FTIR spectroscopy. Several bands
were found in the 1100-1700 cm™ range of the infrared
spectra (Figure 1a) and were assigned to the typical stretch-
ing modes of aromatic CN heterocycles.”**® The sharp peak
at 805cm™' gave evidence of the characteristic breathing
mode of the aromatic repeating units constituting the
architecture of the CN, support.[”** The broad band arising
in the 3000-3500 cm™! range was ascribed mainly to stretch-
ing vibrations of uncondensed primary (—NH-) and secon-
dary (—NH,) amines present in residual amino groups on the
edges of CN heterocycles.™ No noticeable differences
were found between the infrared spectra of the
Ni,@mpgCN,, Cu,@mpgCN, SACs, and that of the metal-
free support material. These observations once again
demonstrated that the introduction of metal atoms into the
mpgCN, framework did not induce significant chemical
disruption or rearrangement of the carbon nitride bonding
network or otherwise modify its formation.

Phase purity and crystallinity of Ni;@mpgCN,,
Cu,;@mpgCN, and mpgCN, were evaluated by powder XRD
studies. In the diffractograms reported in Figure 1b, two
characteristic and broad diffraction peaks were identified at
20=13° and 27° and were assigned to the (100) and (002)
planes of the carbon nitride system, respectively.”"? The
former denoted the presence of the in-plane structural
packing motif of aromatic units within the carbon nitride
polymer, that is, the hole-to-hole distance of the pores; the
latter was assigned to the interplanar stacking of CN, layers
in graphitic-like materials, i.e., the distance between the
layers in the support architecture.”? No additional peaks
indexed to other phases and/or metallic clusters were
observed (within the detection limit of the XRD diffractom-
eter), suggesting the absence of other major crystalline
phases such as metallic nanoparticles of considerable size.
The introduction of Ni or Cu atoms within the carbon
nitride framework in Ni;@mpgCN, and Cu;@mpgCN,,
respectively, was accompanied by a slight disturbance of the
local CN, network. This local structural modification was
illustrated by the broadening and decrease in intensity of the
stacking signal at 20=27° observed in the diffraction
patterns of the catalysts (Figure 1b), suggesting an increased
distortion of the stacking arrangement of the carbon nitride
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Figure 1. (a) XRD patterns and (b) ATR-FTIR spectra of Ni;@mpgCN,, Cu;@mpgCN,, and mpgCN,. (c) Fourier-transform EXAFS spectra of
Ni;@mpgCN,, Cu;@mpgCN,, and of the corresponding Ni and Cu reference metal foils. (d) Top view and (e) side view of a nickel atom (mineral
green) hosted in the heptazinic pore of the mpgCN, support and coordinated by nitrogen atoms (smoke grey).

layers in the support material as a result of the incorporation
of metal atoms in the support.”

Finally, XAS was applied to determine the local
coordination of the monoatomic sites in the fabricated
catalyst and demonstrate the absence of clusters or nano-
particles resulting from the aggregation of metal atoms.” In
Figure 1c, the Fourier-transform extended X-ray absorption
fine structure (EXAFS) spectra of the Ni,@mpgCN, and
Cu;@mpgCN, catalysts are presented alongside those of
their corresponding metal foil references. For both SACs,
there was an absence of scattering contributions from metal-
metal atomic pairs, which are instead observable in the
corresponding metal foils.”’! These observations were
hallmarks for the presence of Ni and Cu species as dispersed
single atoms within the CN, support. The prominent peaks
located at 1.30-1.50 A in the Fourier-transform EXAFS
spectra may originate from Ni—N and Cu—N first shell
scattering, suggesting the coordination of Ni and Cu with
nitrogen atoms in Ni;@mpgCN, and Cu,@mpgCN,, respec-
tively. EXAFS, however, does not allow unequivocally to
determine the specific chemical elements coordinating the
isolated metal atoms in a catalytic system when the former
have similar atomic numbers, as in the case of carbon,
oxygen, or nitrogen.”” Nonetheless, comparisons with XAS
data reported in the literature for mpgCN,-supported SACs
suggest that the active sites of our SACs primarily include
Ni and Cu species coordinated by nitrogen atoms. Overall,
all these data point consistently to the single-atom nature of
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our two catalysts, and to the absence of any metal clustering
or aggregation in these materials. Figure 1d-e depicts the
top and side view of an active nickel atom hosted in the
heptazine pore of carbon nitride and coordinated by nitro-
gen atoms. This representation aligns with one the most
frequently reported model structures of carbon nitride
cavities and is supported by spectroscopic data and DFT
calculations for the specific catalysts under scrutiny.!'®-I
Therefore, the local coordination environment surrounding
the active metal site in Figure 1 is merely illustrative, and
alternative metal coordination arrangements can be found in
the literature.[’*

In order to further examine the single atom dispersion
by direct imaging methods, we next turned to aberration-
corrected HAADF-STEM imaging. Figure2 presents
HAADF-STEM images of Ni;@mpgCN, and Cu;@mpgCN,
acquired using an electron beam energy of 60keV and a
36 us per-pixel dwell time. While carbon nitrides exhibit
radiolytic damage under electron beam exposure, atom
movements directly arising from collisions with the incident
electron beam are expected to be reduced at lower beam
energies, motivating the use of 60 keV in these experiments.
In this case, numerous single atoms were well-resolved as
bright spots. Some ‘tearing’ of a number of atomic features
was visible, typical of some residual atom motion during
imaging and damage to the carrier support. Under these
imaging conditions, sequential images on the same areas
showed only minor changes to the support, with motion

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Single-frame HAADF-STEM images (a,b) (36 ps pixel dwell time) of (a) Ni;@mpgCN, and (b) Cu,@mpgCN,. Arrows mark atoms that
appear brighter, color-coded red for Ni;@mpgCN, and magenta for Cu;@mpgCN,. Yellow lines highlight chain-like structures. Processed HAADF-
STEM images (c,d) of the respective (c) Ni;@mpgCN, and (d) Cu,@mpgCN, with the single atoms automatically tagged through machine
learning highlighted with yellow “+”. Note that not all the tagged atoms will be correctly indexed as active metal single atom after coupling

microscopy with spectroscopy (see below).

predominantly attributed to single atoms dispersed on the
support (Figure S1). The support itself seemed to have some
slowly varying intensity, likely due to thickness variations,
which appeared to follow the mesoporosity expected from
the templated synthesis.

Three key observations were drawn from these and
numerous similar HAADF-STEM images of Ni,@mpgCN,
and Cu;@mpgCN,: (1) Some atoms appeared brighter than
other atoms distinguishable from the carbon nitride support
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(Figure 2, arrow markers); (2) many of the dimmer atom
features exhibited chain-like ordering or clustering (Fig-
ure 2, yellow lines); (3) the overall areal density of the
resolved single atoms appeared to be high considering the
low metal-loadings as determined from ICP-OES (Table 1).
Together, these observations raised the possibility that the
images contained not only the targeted Ni or Cu single atom
dispersions, but also additional impurity species dispersed as
isolated atoms or clusters. We noted that some intensity
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variations in SACs images were expected due to variations
in thickness of the support, differences in defocus, or partial
intensities due to atom jumps mid-scan. The latter effect can
also produce duplicate images of atoms as the scan proceeds
from the top of the frame to the bottom, so where an atom
moves to a lower section of the frame, it may be imaged
again. However, repeated imaging of the same area (Fig-
ure S1) ruled out many of these explanations as the atoms
with differences in intensity were preserved between frames.

To evaluate unambiguously the elemental composition
of the single atom dispersions, we turned to STEM-EELS.
We established the hypothesis that the brightest atoms were
the most likely species to be the Ni or Cu atoms. To test this
hypothesis, we first examined EELS at isolated bright atom
features by acquiring a single spectrum while continuously
scanning an approximately 1x1 nm area around an isolated
bright atom in the Ni;@mpgCN, sample. This approach
enables high quality spectra from isolated atoms, a techni-
que established for spectroscopy of single atoms on
graphene.**! The continuously scanned area was of nano-
meter dimensions to accommodate jumps in the atom
position under electron beam irradiation without loss of the
atom from the field of view. Figure 3a illustrates a HAADF-
STEM image averaged from a series of frames collected
during the single EELS acquisition, with two energy loss
ranges extracted from the single spectrum in Figure 3b—c. A
single bright atom feature is visible in the HAADF-STEM
image, with some dimmer atoms visible in the vicinity. All
atoms exhibited significant motion, and the continuously
scanning HAADF-STEM window was manually adjusted in
the acquisition software to track the bright atom. As such,
the consistent contribution to the signal in this setup came
from the support and the bright atom feature. Figure 3b
shows the CK and N K ionization edges, confirming the
support’s expected composition. Only a very weak signal at
the O K edge (530 eV) was observed (see also Figure S2),
commensurate with oxygen-containing impurities from the
synthesis and support/sample handling. At higher energy
loss values corresponding to the Ni L,; ionization edge
(Figure 3c), we further identified an abrupt onset. After
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background subtracting by fitting to the pre-edge window,
we recovered the characteristic Ni L,; edge fine structure.
Noise in the single atom spectrum precluded detailed fine
structure analysis, but the shape of the edge showed the
characteristic bright ‘white line’ peak for the Ni L,; edge in
EELS. A further example of a second acquisition on a
different isolated bright atom is shown in Figure S3. These
isolated atom spectra confirmed the presence of Ni single
atoms on the material. However, due to the contributions of
surrounding dimmer atom dispersions, the result remained
not entirely unambiguous in identifying each atom type.

To move from STEM-EELS of isolated atoms to an
approach for identifying atoms within an image, we turned
to spectrum imaging. In STEM-EELS spectrum imaging,
spectra are acquired at every position in a two-dimensional
scan. Figure 4 presents results from STEM-EELS spectrum
imaging of both Ni,@mpgCN, and Cu;@mpgCN,. To obtain
sufficient signal at each probe position in the scan, a much
longer per-pixel dwell time and reduced pixel samples was
required in comparison to HAADF-STEM imaging. Here,
whereas 36 ps per-pixel dwell times were used for HAADF-
STEM imaging (0.0195 nm/pixel), 10 ms per-pixel dwell
times were adopted for STEM-EELS spectrum imaging
(0.05 nm/pixel). Consequently, atom motion introduced
greater distortion of atomic-scale features. These settings
were selected to provide a balance of field of view, image
resolution and limited atom motion, and EELS signal at the
Ni and Cu L,; ionization edges. Figure 4a and Figure 4f
show the HAADF-STEM images acquired simultaneously
with the EELS spectrum image data for Ni;@mpgCN, and
Cu;@mpgCN,, respectively. Although these images display
some streaking in the “fast-scan” direction (left-to-right)
and mis-alignment of intensity in sequential rows in the
“slow-scan” direction (top-to-bottom) as a result of atom
motion, single atoms remain visible.

In order to examine the Ni and Cu L,; ionization edges,
we calculated a jump ratio, that is, a (ratio of signals
integrated in energy loss ranges after and before the edge
onset). These images, filtered to enhance the visibility of
atomic-scale features, are shown in overlay on the HAADF-

o

15000 -

10000 -

5000 -N

CK

Intensity (counts)

1000

(g)

800

600 A

400 1

Intensity (counts)

200 A

\

N K R L 101 )

0 T
250 300

T T T T T T T T
350 400 450 500 550 800 850 900 950 1000
Energy loss (eV) Energy loss (eV)

Figure 3. Spectroscopy acquired at a single Ni atom. (a) Average of 12 consecutive frames from a multi-frame HAADF-STEM series (6 ps per-pixel
dwell time in each 36x33 pixel frame) of a single bright atom in Ni;@mpgCN,. A single EEL spectrum was acquired simultaneously covering
(b) the CK and N K and (c) the Ni L,; core ionization edges. In (c) the blue line shows a power-law fit to the pre-edge background and the red

trace shows the edge after background removal (stripped edge).
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Figure 4. EELS spectrum imaging approach for the identification of Ni; and Cu, species. (a) HAADF-STEM image acquired simultaneously with EEL
spectra at each pixel on Ni;@mpgCN,. (b) Overlaid HAADF-STEM image and a map of Ni distribution, taken as the jump ratio at the Ni L,; edge
and filtered with a two-dimensional Gaussian kernel to improve visibility of atomic features. (c) EELS map at the Si L,; edge, produced by
integrating the edge after background subtraction. (d) An example of the Si L,; edge and background removal from the sum spectrum integrated
across the field of view shown. (e) Ni L,; spectrum from the marked atom (yellow dashed circle in (a—c)). The solid line shows a moving average as
a guide to the eye. (f) HAADF-STEM image acquired with an EELS spectrum image on Cu;@mpgCN,. (g) Overlay of the HAADF-STEM image and
a map of Cu distribution. (h) The corresponding Si EELS map. (i) Cu L,; spectrum from the marked atom (yellow dashed circle in (f-h)). The solid

line shows a moving average as a guide to the eye. Cyan arrows mark atomic features resolved in the Si L,; map, also overlaid on corresponding

HAADEF-STEM images.

STEM images in Figure 4b and Figure 4g for Ni,@mpgCN,
and Cu,@mpgCN,, respectively, and highlight the most
probable locations of Ni and Cu species. A complete set of
HAADF-STEM images, Ni and Cu EELS maps, and EELS
maps overlayed with the HAADF-STEM images can be
found in Figure S4 and S5, respectively. To verify this
speciation, we then extracted EEL spectra from selected
positions identified as Ni and Cu atoms. Figure 4e and
Figure 4i show Ni L,; and Cu L,; edge spectra extracted
from individual atomic positions visible in the HAADF-
STEM and jump ratio maps for Ni@mpgCN, and
Cu,@mpgCN,, respectively. The spectra are noisy, as they
were acquired at or near the limit of detection due to the
compromise in EELS acquisition time and dwell times in
STEM for preserving atomically-resolved imaging condi-
tions. However, pronounced and abrupt onsets were
detected in the spectra before processing for background
removal. The Ni L,; spectrum shows some indications of the
white line structure expected of metallic Ni; notably, the
metallic Cu L,; edge is not expected to show a bright feature
as its full d-orbital bands do not offer discrete transition
energies above the Fermi energy. Additional examples of
extracted EEL spectra related to Ni and Cu atoms are
reported in Figures S6-S7.

We acquired a substantial energy loss range in these
experiments, covering 0 eV to >1000 eV energy loss in the
STEM-EELS spectrum images. This range enabled a broad-
spectrum assessment of impurities. A pronounced feature
was detected at approximately 100eV energy loss, in
addition to the C K and N K edges observed in Figure 3.
This feature corresponds to the Si L,; edge, indicating a
significant contribution from Si impurities within these
catalysts. Given the minimal quantities of oxygen detected
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via EELS, it became evident that, while the formation of
Si—O groups (e.g., silanols) may occur, these silicon
impurities appeared more likely dispersed or adsorbed
within the CN, matrix, rather than forming silicon oxide
particles. We also did not see any evidence of silicon
interactions with nickel or copper centers, as indicated by
the absence of Ni—Si and Cu—Si scattering contributions in
the EXAFS spectra. Therefore, as the samples showed only
single atom dispersions and an unresolved carbon nitride
support in the background of the image, we identified Si as
present as dispersed Si atoms on the carbon nitride support.
By background subtracting and integrating the Si L,; edge in
the STEM-EELS spectrum images, we obtained the Si
elemental distribution maps displayed in Figure 4c and
Figure 4h for Ni,@mpgCN, and Cu,@mpgCN,, respectively.
Figure 4d shows an example of this energy range and the
background removal process for a spectrum integrated
across the entire field of view analyzed for Ni;@mpgCN,
sample. The spatial distribution of the Si intensity aligned
with numerous single atoms visible in the HAADF-STEM
image, and several isolated atomic-scale features were also
observed in the Si maps (cyan arrows, Figure 4), indicating
Si single atom dispersions.

Notably, several of the identified Ni and Cu single atoms
showed no overlap with regions of high intensity in the Si
map (yellow dashed circles, Figure 4), further confirming
separation of the Ni and Cu species from Si impurities. Not
all single atoms visible in the HAADF-STEM were unequiv-
ocally assigned to either Ni, Cu, or Si. This constraint may
point to additional impurities not detected or to some
atomic motion precluding accumulation of sufficient EELS
signal for atom identification at these positions. While
motion may remove signal in EELS, the HAADF-STEM
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image may still record sufficient signal-to-noise from these
positions to capture an atomic feature, given the far lower
dwell time required to form sufficient signal in HAADF-
STEM. This difference arises from the fundamental scatter-
ing physics, with the scattering cross-section for HAADF-
STEM established as 2-3 orders of magnitude greater than
the scattering cross-sections for EELS.’” The greater
apparent blurring in the Si maps was likely due to their
higher areal density, although greater motion for lighter
species was also expected under electron beam irradiation.
Similar blurring appeared in averaging of repeated
HAADF-STEM images (Figure S1), indicating likely blur-
ring of dimmer Si atom features due to motion during image
acquisition.

The positively identified Ni and Cu atoms did appear to
be generally brighter features in HAADF-STEM images
and the major impurities appeared to be Si atoms, further
corroborating the interpretation of EELS of isolated atoms
in Figure 3. Together, these STEM-EELS observations
elucidated the presence and atomically-dispersed character-
istics of Si impurities in Ni;@mpgCN, and Cu,@mpgCN,,
and they further highlighted the risks of misidentification of
dispersed single atom species by HAADF-STEM imaging
alone as well as the importance of complementing any
speciation analysis with single-atom sensitive spectroscopic
information.

Not all single-atom catalyst metals, however, will offer
EELS edges that are amenable to the STEM-EELS
spectrum imaging approach. Since heavier atoms may be
more readily distinguished by their atomic number contrast,
we have further considered whether intensity analysis in
HAADF-STEM could extend the STEM-EELS measure-
ment. STEM-EDS of single atoms™ may offer an alter-
native to EELS for some elements, though recorded EDS
signals are generally weaker (lower experimental scattering
cross-sections)”! and do not generally offer any degree of
fine structure analysis. Returning to our original HAADF-
STEM imaging conditions, we carried out peak finding to
identify atom positions followed by fitting of peaks to two-
dimensional Gaussians with an offset intensity to account
for differences in local background. Figure 5 presents an
intensity-based analysis for Ni,@mpgCN,. The correspond-
ing intensity-based analysis for Cu;@mpgCN, is shown in
Figure S8. Figure 5 depicts the as-acquired HAADF-STEM
image as well as the results of Gaussian fitting and final
atom segmentation into two categories, accounting for
bright and dimmer features. By examining the histogram of
intensities (Figure 5d), the major peak in the distribution for
the atoms found in the image (from a total of 2,160 atoms) is
located at approximately 0.003. There is, however, a second
peak at approximately 0.095, also visible in the sigmoid
curve of percentiles as a flattening in the curve shape,
suggesting a possible second sigmoid contribution. By
separating these two intensity distributions, Figure Sb marks
the bright atoms presumed to be the most likely candidates
for Ni species.

The intensities appear broadly consistent with atomic
number contrast, as the ratio is approximately 3.2, within
the range of 3-4 for the expected dependence of the
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HAADEF intensity to Z"%2 These distributions are relatively
broad and likely overlap due to atom motion and differences
in defocus between different atoms in the field of view.
Ultimately, this intensity analysis is consistent with our
STEM-EELS observations and offers the possible advantage
of a wider field-of-view. Nevertheless, the combination of
techniques deployed on the Ni and Cu SACs demonstrates
that spectroscopic characterization remains imperative for
unambiguous species identification. The presented micro-
scopy and spectroscopy approaches extend beyond single
atom spectroscopy in atomically-thin graphene and other
two-dimensional materials or in crystals and atoms that are
stable under electron beam irradiation. Indeed, acceptable
trade-offs in the spatial resolution, stability of the sample,
and STEM-EELS signal are possible for single-atom catalyst
materials. Furthermore, the detection and evaluation of
impurities in catalysts with high loadings of active metal
species may seem more challenging and time consuming, but
the comprehensive imaging and spectroscopic approach
outlined in the present study is likely to remain applicable in
such scenarios. Screening an adequate number of fields of
view via STEM-EELS imaging, STEM-EELS at single-atom
level, and intensity analysis on HAADF-STEM images will
prove beneficial for assessing the actual presence and the
potential monoatomic nature of impurities. At the metal
loadings reported in this work, the active metals appeared at
relatively low areal density (many pixels between Ni or Cu
atoms), suggesting higher metal loadings and areal densities
could be readily accommodated for the detection of single-
atom species. EELS is highly selective toward specific
elements and is capable of discerning signals at distinct
element edges at characteristic energy losses. Hence, its
application in identifying impurities and distinguishing them
from active species, even in the presence of high concen-
trations of the latter, is expected to pose no significant
challenge. Finally, this work may provide new directions in
the field of SACs: several research groups have begun using
artificial intelligence and machine learning tools to automate
the detection of single atoms in TEM.* However, as
shown, the use of these tools may lead to incorrect
attribution of features visible in HAADF-STEM images to
the presence of single atoms, or even misidentification of
impurities as monoatomic active species.

Conclusion

The assessment of the individual dispersion of active metal
centers in single-atom catalysts and the discrimination of
catalytic species from atomically-dispersed impurities re-
main a challenge in the field. To address such issues, this
study integrates EELS with STEM to successfully identify
individually-dispersed impurities and discriminate catalyti-
cally active Ni and Cu single atoms from them. The work
demonstrates the necessity of employing a multifaceted
approach for assessing the individual dispersion of active
species within single-atom catalyst structures. Such integra-
tive methodologies represent a crucial step forward in
advancing the characterization tools available for analyzing
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Figure 5. (a) HAADF-STEM image of Ni;@mpgCN,. (b) HAADF-STEM image annotated with automatically identified bright atoms marked.
(c) Image of fitted two-dimensional Gaussian functions at all identified atom positions. (d) Intensity distribution analysis by percentile and
logarithmic histogram, showing all 2,160 identified atoms in the image. The vertical dashed line in the inset (matched horizontal axes) shows the

threshold used for atom segmentation in (b).

single-atom catalysts and addressing the complexities inher-
ent in their characterization.
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catalytically active single-metal atom
The research addresses a critical issue

in the characterization of single-atom
catalysts, namely the challenge of cor- scale.
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rectly identifying and distinguishing im-
purities and active sites at the atomic
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