View Article Online

View Journal

M) Cneck tor updates

Nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: P. Lazar and M.
Otyepka, Nanoscale, 2026, DOI: 10.1039/D6NRO0665E.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale
OF CHEMISTRY

(3


http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6nr00665e
https://pubs.rsc.org/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D6NR00665E&domain=pdf&date_stamp=2026-04-20

Page 1 of 22

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 1:09:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

View Article Online
DOI: 10.1039/D6NR0O0665E

Decoding the Electronic and Structural
Fingerprints of Single-Atom Catalysts via DFT-

Assisted XANES Analysis

Petr Lazar,* and Michal Otyepka®®”

aRegional Centre of Advanced Technologies and Materials, Czech Advanced Technology and
Research Institute (CATRIN), Palacky University Olomouc, Slechtiteld 27, 783 71 Olomouc, Czech

Republic

®IT4Innovations, VSB — Technical University of Ostrava, 17. listopadu 2172/15, Ostrava-Poruba 708

00, Czech Republic
* Corresponding author: Michal.Otyepka@upol.cz

KEYWORDS: Copper; XANES; single atom catalysis; structure; characterization; graphene

ABSTRACT: Single-atom catalysts (SACs), composed of isolated metal atoms dispersed on solid

supports, represent the ultimate expression of atomic efficiency in catalysis. Their remarkable activity


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00665e

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 1:09:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Page 2 of 22

and selectivity arise from local coordination environments and adjustable oxidation states, yet preejdess e

determination of these features remains an enduring challenge. Among modern characterization
techniques, X-ray absorption near-edge structure (XANES) spectroscopy stands out for its sensitivity
to both electronic and geometric structure, though its interpretation is often constrained by empirical
comparison with bulk references. Here we introduce a density functional theory—based computational
spectroscopy framework for the quantitative interpretation of Cu K-edge XANES spectra. The approach
accurately reproduces experimental edge positions and fine-structure features across benchmark copper
systems, including metallic Cu, Cu,O, CuO, and CuSO,-5H,0. We then employ this framework to
reveal the oxidation state, coordination geometry, and hydration environment of Cu single atoms
supported on cyanographene and N-doped graphene, demonstrating direct correspondence between
spectral signatures and atomic-scale structure. This methodology establishes a robust and transferable
route for connecting XANES features with the underlying electronic and structural characteristics of

SACs, thereby advancing the rational design of atomically precise catalysts.

INTRODUCTION

Single-atom catalysts (SACs) represent a cutting-edge class of heterogeneous catalysts, defined by
isolated metal atoms dispersed and stabilized on a solid support.>3 These atomically dispersed catalytic
centers often outperform their bulk or nanoparticulate counterparts due to their maximized atomic
efficiency and unique electronic properties.* In SACs, every metal atom acts as an active site,
embodying the principle of single-atom economy. The nature of the support material plays a crucial
role in stabilizing these atoms in specific oxidation and coordination states, which in turn significantly
influence catalytic performance. However, not all these states are catalytically active, making it
essential to accurately characterize the structural and electronic environment of the active sites for

rational catalyst design.>$

Experimental identification of atomically dispersed species, their oxidation states and chemical
environment has remained a major challenge in SAC characterization.” Advanced techniques,

particularly spectroscopic and microscopic methods, are required to probe SACs at the atomic level.
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Among them, X-ray absorption near-edge structure (XANES), also referred to as nearedge, X7ds et
absorption fine structure (NEXAFS), has become a cornerstone for confirming the single-atom nature
of catalysts and differentiating them from bulk or nanoparticulate forms.>!' When complemented by
X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and scanning
transmission electron microscopy (STEM), XANES provides critical insights into oxidation states,
coordination environments, and morphological features of catalytic sites. Typically, XANES spectra
are interpreted through comparison with known reference compounds. However, transferring this
knowledge to novel systems is not straightforward as this approach is challenging when the composition

and structure of the material cannot be readily identified. The relationship between structural and

chemical features and their spectroscopic signatures remains poorly and empirically understood.

Copper containing SACs have been used for catalysis of CO, to multi-carbon hydrocarbons
with relatively high Faradaic efficiency,'> '* for hydrogen evolution with high rate and quantum
efficiency,'* and for the oxidative coupling of amines and the oxidation of benzylic C-H bonds toward
pharmaceutical applications.!> Very recently, copper based SACs have provided efficient, selective, and
recyclable catalysis of C—S cross-coupling reactions which is essential for producing thioethers used

in pharmaceuticals, and agrochemicals.!® Thus, copper based SACs are emerging in ever growing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

number of reactions and applications, making it essential to clearly understand the role of Cu single
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atoms in these processes. Copper can exist in three major oxidation states (Cu(II), Cu(I), or Cu(0)), each
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potentially contributing differently to catalytic activity. Moreover, the oxidation state, reactivity, and
selectivity of Cu-based catalysts can be tuned by the distribution of binding sites for copper. These
considerations highlight the importance of developing a deeper understanding of copper K-edge
XANES spectra in SACs, particularly signatures associated with different Cu oxidation states and effect

of various binding environments.

Ab initio computational spectroscopy offers powerful support for interpreting experimental
data. Density functional theory (DFT) allows calculation of various spectroscopic properties from first
principles. DFT simulations have already proven invaluable for interpreting XPS and vibrational spectra

in two-dimensional materials, such as in identifying nitrogen bonding environments in N-doped
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graphenes,'” C-F bonding in fluorinated graphenes,'® or oxygen- and hydrogen-based fungtionalities ifi
graphene.'® Also for single-atom systems, DFT-assisted IR spectroscopy has become an effective tool
to identify active sites, positions of single atoms on metal oxide surfaces, and their structural evolution
in experimental conditions.!% 2-23 First principles calculations have been also used to identify XANES
spectral features of bulk phases, however, analogical studies focused on features of SACs are very
sparse.?* 23 Therefore, reliable indicators that can be used to distinguish properties such oxidation state
and coordination shells of single atoms of SACs are missing. Owing to that, the structural and electronic
features of single atoms are deduced empirically from fitting measured spectra of SACs to ad hoc

chosen reference systems naturally having vastly different chemistry.

To fill the gap and establish basic workflow of XANES computational spectroscopy of SACs,
we employ quantum mechanical DFT calculations to identify spectroscopic signatures of copper single
atoms in graphene-supported SACs. We develop and validate a theoretical framework based on DFT
calculations to establish relationships between the structural features of Cu-based single-atom systems
and their manifestations in XANES spectra. As a first step, we test the reliability of this framework by
simulating XANES spectra for a set of standard Cu reference compounds, including Cu foil (Cu(0)),
Cu,0 (Cu(I)), CuO (Cu(Ill)), and solid-state CuSO, 5H,O. The copper sulphate serves as a
representative model for single-atomically dispersed Cu?* ions, which reside in hexa-aqua coordination
sphere and lack close Cu-Cu contacts as those existing in bulk Cu and both Cu oxides. We evaluate also
influence of additional Hubbard U term which is considered for improved description of strong
correlations among Cu d electrons in CuO. Our results demonstrate that properly set-up calculations
reproduce excellently available experimental spectra, including absolute position of K-edge on the
energy axis and various spectral features up to 40 eV from the edge. We then apply the protocol to
investigate Cu species anchored on cyanographene and nitrogen-doped graphene supports.'
Specifically, we evaluate whether XANES can resolve (i) the oxidation state of Cu, (ii) coordination
geometry of Cu bound to the cyanographene surface, (iii) and coordination sphere of Cu, particularly
formation of aqua complexes. On N-doped graphene, our results reveal distinct spectra of Cu-N,

(double vacancy) and Cu-Nj (single vacancy) motifs. Our results provide a comprehensive assessment
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of the capabilities and limitations of XANES in characterizing single-atom catalysts based on, cOfpetss i
supported by graphene derivative. We offer computational protocol, which can be used to relate
XANES spectral features with structural and electronic properties of Cu-based SACs. The developed
workflow can also be translated to other SACs and enables a new method for interpretation of XANES

spectra of SACs making important step toward robust characterization of SACs and, hence,

understanding of SACs properties, which is required for future rational design of this class of catalysts.
METHODS

All calculations were performed using the projector-augmented wave method as implemented
in the Vienna ab-initio simulation package (VASP).2%27 The potentials used in the present work
are the latest norm-conserving GW potentials including semi-core states (ver. 57). The energy
cutoff for the plane-wave expansion was set to 500 eV. We used dense k-point grids
corresponding to an equivalent of at least 12x12x12 mesh for the primitive cell. The exchange-
correlation functional was approximated by the optimized van der Waals DFT functional
(optB86b-vdW) which seamlessly includes non-local correlation effects.?® Additionally, we

included a Hubbard term U (U= 4 eV) to the optB86b-vdW functional to improve description

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of strongly correlated systems such as CuO (see Results and discussion for more details).

XANES spectra were calculated using the supercell core-hole method: the Cu 1s core electron

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 1:09:26 AM.

was promoted into the conduction bands and matrix elements between core and conduction
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states were calculated to obtain the absorption spectrum of the core electron. The periodic
supercells were used to minimize the spurious interaction between core-holes in neighboring
cells. In addition, the number of unoccupied states was increased significantly to obtain the full
spectrum within the energy range of up to 40 eV from the absorption edge. This number
depended on the supercell size and volume of vacuum, in general around 4000 empty states
(bands) above the Fermi level were needed for the supercells used. Notice that the computation
time increases drastically with the number of bands, so the computational costs are much higher
than those of standard ground-state DFT. It should be mentioned that other approaches to

XANES theoretical calculation exist such as real-space multiple-scattering codes FDMNES and
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FEFF. FEFF uses a real-space Green’s function formalism within multiple-scattering theory,

is efficient for disordered or cluster systems due to lack of periodic boundary conditions.?’
FDMNES can operate either within multiple-scattering theory or using a finite-difference
method to solve the Schrodinger equation, and it allows flexible treatment of core-hole effects
and non-spherical potentials.3® In comparison, the supercell approach within VASP can be
computationally more demanding for large cells but provides a fully self-consistent DFT
description of XANES within the periodic boundary conditions, allowing consistent treatment
of extended systems alongside local cluster model. Recently, these codes have been
benchmarked on Ni K-edge XANES of NiO and LiNiO,, and VASP together with FEFF had
the highest similarity with the experimental spectra.3! Given that VASP can be used also for

structural relaxations, we adopted it for all subsequent XANES computations.

The XANES spectrum was extracted from the imaginary part of the frequency-dependent
dielectric function. The presented spectra were computed as the sum of all components of the
dielectric matrix. In core-hole calculation of the dielectric function, a low value of Lorentzian
broadening (CH_SIGMA in VASP) 0of 0.001 eV was used. Then, the obtained XAS spectra were
convoluted with a Gaussian function with a full width at half maximum of 1.0 eV to simulate
instrument broadening and with a Lorentzian function with a width linearly increasing from 1.0
to 4.0 eV to account for the core-hole lifetime broadening. It should be stated that the observed
broadening is driven by many factors and depends on the particular experimental setup, so it is
not possible to reproduce the broadening exactly. Calculated discrete spectra were broadened
by a Lorentzian function having the width of 1.5 eV to approximate spectral broadening in
experiment. Post-processing and broadening of the spectra we done using python xas-tools

package.?

The absolute values of the experimental peak positions are not captured due to
limitations of PAW potentials to describe the core level energies. Common practice is either to
plot the spectrum on the relative scale starting from zero energy or to align theoretical spectrum

to match the onset of experimental Cu K-edge spectrum. However, pre-edge peaks and
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shoulders may be falsely interpreted when their exact position is not known, hampsfifg:s i
meaningful comparison between chemically or structurally different systems such as single
copper atoms and copper oxides. Therefore, we adopted an elaborate protocol suggested by

England and coworkers®? in which the absolute position at the energy axis is set through

alignment for reference spectrum once and then consistently transferred to other systems.
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Figure 1: Simulated XANES of solid-state CuSO,4-5H,0 (left panel) compared to the experimental
XANES spectrum of solid state CuSO,4-5H,0 adopted from Ref.3* (right panel). The inset shows relaxed

structure of crystalline CuSO,-5H,0 used to calculate XANES spectrum.

Since the protocol by England and coworkers®® was established to analyze XANES of CO, molecule,
we modified it slightly to fit periodic models of solids. For a given system (Cu SAC, Cu oxide or any

other compound), we shift the energy scale as follows:
E-FE — EIG‘H + AEatomic + Aexpta

where EYH is the Fermi energy of the system with core-hole, corresponding to the Kohn— Sham
eigenvalue of the first available state that the excited electron can occupy, AE,tomic 1S the relative
excitation energy of given material with respect to that of an isolated Cu atom (we only consider copper

Is core-level excitations in this paper) which is calculated as
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where in parentheses there are differences in the total energy between the system and the isolated Cu
atom in ground and excited states. The alignment with experiment is performed once and only once for
a reference calculation through the constant A, and all other simulated spectra are aligned using the
same value of this constant. In our case, we use the XANES of solid-state CuSO,-5H,0 as the reference
calculation, because its calculated spectrum has almost one-to-one correspondence with experimental
spectrum reported in the literature’* (Figure 1), which makes the alignment free from any ambiguities.
The spectrum dominated by a single peak having maximum at 8996.5 eV, accompanied by low-energy
shoulder on the dominant peak and a weaker structure at ~9010 eV. All spectral features are clearly
reproduced in simulated spectrum, thus the constant Ay, is obtained by shifting calculated spectrum so
that the maxima of the dominant peak coincide (are at 8996.5 eV). The obtained value of A is then

applied to shift all other Cu K-edge XANES throughout the manuscript.

RESULTS AND DISCUSSION

Simulated XANES Spectra of Reference Systems

For the Cu(0) oxidation state, Cu foil is the standard and widely applied reference system. Raw
experimental data for XANES spectrum of Cu metal foil at 10K are publicly available at X-ray
Absorption Data Library, so it represents perfect test system for gauging accuracy of our computational
approach. Figure 2a demonstrates that the spectral features and shapes calculated by both optB86b-vdW
and optB86b-vdW+U functional are in excellent agreement with experimental data (in this case only,
we aligned the calculated spectra to the experimental absorption onset to facilitate the comparison). The

simulated XANES spectra reproduce all characteristic features in the copper K-edge spectrum. The near
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Figure 2: XANES spectra of standard Cu references, a XANES spectrum calculated w/o the Hubbard
U term compared to experimental raw XANES data for Cu metal foil at 10K (taken from X-ray
Absorption Data Library), b XANES of monoclinic CuO showing raw calculated data (blue) and
simulated signal after broadening (black curve), ¢ theoretical spectra for bcc Cu, monoclinic CuO, and

cubic cuprite Cu,O compared to, d) the experimental spectra reproduced from Ref.!

edge part of the absorption spectrum of the bulk Cu exhibits four main features (Figure 2c); A, the
transition from 1s to 4p in the 3d'° configuration, two characteristic peaks of similar intensity, B and C.
The fourth peak D at ~ 9026 eV is composed of two peaks in proximity, which are smeared into single
broad peak due to the scattering effects. All of these features arise from 1s-4p dipole-allowed transitions.
The addition of the Hubbard term U to the functional is not detrimental to the spectrum of metallic

copper, on contrary, the term even slightly improves the shape of the spectrum when comparing to the
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experimental reference (Figure 2a). We therefore applied the optB86b-vdW+U functiona], througholit
all following calculations to keep them on the equal footing and correctly capture the magnetism and

electronic structure of CuO (see below).

CuO represents one of prototypical solid-state reference models, where Cu atoms are supposed
to hold an oxidation state II. CuO crystallizes in a monoclinic face-centered structure (space group:
C2/c) with four atoms per unit cell, and the closest Cu-Cu distance is 2.90 A. CuO is a semiconducting
material with an indirect band gap of about 1.2 eV.*5 Below Ty = 213 K, CuO is an antiferromagnet
with magnetic moments of ~0.65 g at the Cu atoms.3% 37 The correlated nature of CuO presents a great
challenge for electronic structure calculations, and standard DFT calculations incorrectly yield CuO as
a nonmagnetic metal.>® The opening of a band gap and the correct anti-ferromagnetic ground state is
obtained in LDA+U3® and with hybrid functionals,*® but there are many aspects of electronic features
of CuO that have not yet been fully settled.*! These findings and the need to calculate XANES for the
physically correct phase of CuO (antiferromagnetic Mott/charge transfer semiconductor) were
motivation for an inclusion of the Hubbard term U to the optB86b-vdW functional. By setting U=4 eV,
the resulting functional performs very well delivering calculated lattice parameters of CuO a=4.65 A,
b=3.38 A, and ¢=5.11 A matching with experiment*? (a=4.65 A, b=3.38 A, and ¢=5.11 A). It reproduces
also the antiferromagnetic ordering with local magnetic moments of 0.61 ug at copper atoms and yields

CuO as semiconductor with the band gap of 1.34 eV.

The XANES spectrum calculated for antiferromagnetic CuO shows three clear features; A:
weak low-energy peak at 8985.5 eV appearing as a shoulder in experimental spectra (Figure 2d), B:
strong peak at 8996.5 eV, and c: high energy peak at 9011.3 eV (Figure 2¢). The origin of the A peak
(shoulder) is quite controversial,* because some authors claim that it originates from multiple scattering
effects,* other ascribe it many-body shake-down processes.* In addition to these obvious features, a
broad low energy tail below 8985 eV hides a weak pre-edge peak which can be, however, seen in the
raw calculated data (Figure 2b). This peak arises from dipole-forbidden but quadrupole-allowed
transitions from Cu 1s to empty part of 3d states.*> This transition occurs only when copper is in the

Cu(Il) oxidation state, so this weak pre-edge feature can serve as significant fingerprint.

10
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Cu,0 as a prototypical Cu(I) compound exhibits A: distinct low energy peak at 8983 5 eV Bi<- e
prominent peak at around 8995 eV and C: double maximum at high energy. Although the overall shape
of the spectrum is similar to that of CuO, there appear several notable differences: the edge onset is at
lower energy (8983.5 eV vs. 8985.5 eV for CuO), the first peak/shoulder is more pronounced, and the
maximum C at ~9013 eV has clear double maximum character, which is resolved also in the
experimental spectrum (Figure 2d). It remains to be found to which extent are these differences

transferable to single-atom Cu and whether they can be used to deduce the oxidation state of Cu in SAC

form. We elaborate this topic further in the following section.
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Figure 3: Simulated XANES spectra of GCN-Cu SAC. a: XANES spectra of GCN-Cu for various
charge states (neutral, +e, +2¢) imposed on the system, inset: the charge density difference between
[GCN-Cu]?* and neutral [GCN-Cu]*, b: projected density of states for [GCN-Cu]*, ¢: XANES spectra
of GCN supported Cu surrounded by water molecules in various coordinations, d: structures used for

XANES simulation of hydrated GCN-Cu.

Cu single atoms on cyanographene

In the paper reporting synthesis of GCN-Cu, GCN was mixed with CuCl, to immobilize single copper
ions via coordination to nitrile groups grafted on graphene surface.!> Although Cu?" ions were

immobilized, XPS analysis revealed that roughly half of them were reduced to Cu(I) oxidation state due

12
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to charge-transfer from GCN support. This partial reduction was further confirmed, by, XANES<< v
measurements. These findings provide strong motivation for theoretical calculations to better

understand the observed reduction processes through simulated XANES spectroscopy.

As a model system of GCN-Cu, we consider a single Cu atom coordinated to one of the nitrile groups
on the GCN surface. The calculated XANES spectrum of GCN-Cu is characterized by a dominant peak
at ~8986 eV and weak features at higher energies (Figure 3a). The projected density of states (PDOS)
reveals that this dominant peak arises from the transition to Cu p, states, which are however hybridized
with the Cu 4s state and partly also with the p, orbital of anchoring nitrogen (Figure 3b). The calculated
spectra indicate that both [GCN-Cu]" and [GCN-Cu]** exhibit nearly identical XANES features (Figure
3a). We use square brackets to emphasize that the charge state of an individual anchored ion cannot be
controlled directly - only the total charge of the entire system can be adjusted, in accordance with
principles of quantum mechanics. The charge density difference between [GCN-Cu]** and [GCN-Cu]*
shows that the additional charge is delocalized from the Cu atom over neighboring nitrile groups on
GCN (inset of Figure 3a). As a result, the formal oxidation state of Cu remains close to Cu(Il), regardless
of whether the total charge of the system is 1+ or 2+; the Hirshfeld charges on Cu are 0.32 ¢, 0.57 e,

and 0.67 e for the neutral GCN-Cu, [GCN-Cu]*, and [GCN-Cu]?*', respectively. For comparison, Cu(II)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in solid-state CuSO,-5H,0 has a Hirshfeld charge of 0.59 e. Notice that even for the neutral system, the
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anchored Cu atom is close to the oxidation state I rather than being zerovalent. This interpretation is
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corroborated by the PDOS analysis, which reveals that most of the Cu 4s electron density lies above

the Fermi level — that is, within the unoccupied states.

It is important to note that the spectra shown in Figure 3a were calculated for gas-phase GCN-
Cu and neglecting coordination of other ligands, e.g., water. Previous studies reported a significant
influence of solvation effects on the characteristics of GCN-metal ion systems. Zaoralova et al.0
demonstrated that an aqueous environment substantially decreased the binding affinities of metal atoms
and cations anchored on GCN. Pricha and coworkers*’ showed that variations in the coordination
number and spatial arrangement of ligands can alter the oxidation state of a metal atom. To explore

these effects, we investigate role of water coordination on the oxidation state and corresponding
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XANES response of the anchored Cu atom. Three representative configurations are considersd, BaSeds s ceer
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on the most stable geometries reported by Priicha and coworkers*’; tetragonal (Tg) and tetrahedral (Th)
coordination by three water molecules, identified as the most favorable for Cu?’, and a linear
[Cu.H,0)]" complex (Lin), preferred for the Cu* configuration (Figure 3d). The calculated spectra
reveal that water coordination has a profound effect on the XANES features (Figure 3c). The Th
complex exhibits a low energy pre-edge peak at 8983.5 eV followed by dominant absorption composed
of several peaks centralized around 8991 eV (Figure 3c). The spectrum of Tg complex differs both in
the peak shape and position — the onset is shifted to 8986 eV and dominant absorption comes in the
form of narrow double peak at 8994.7 and 8996.5 eV. The spectrum of the Lin complex exhibits low-
energy peak at 8986.9 eV with the shoulder at 8983.5 eV and single dominant peak at 8996.2 eV. It
should be noted that the calculated spectrum of the Tg complex shows the best agreement with the
experimental XANES data reported by Bakandritsos and coworkers.!> The corresponding Hirshfeld
charge on the Cu atom in [GCN-Cu.3H,0]*" (Tg) is 0.43 e, indicating reduction compared to the
uncoordinated Cu in [GCN-Cu]** (0.67 e), which seems to offer plausible explanation for reduction of
Cu*?ions on GCN observed experimentally.'> It should be noted that, since aqueous solvents are liquids,
phenomena such as thermal fluctuations in coordination geometry, structural disorder, and interactions
with the extended (band) states of the solvent can influence the spectra measured for real experimental
systems.*® In this context, La Penna and coworkers demonstrated using the archetypal case of Cu?* in
water that these effects can be incorporated by evaluating the theoretical spectrum as an average over
the computed spectra from a statistically representative ensemble of simulated metal-site

configurations.*’
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Although Cu ions anchored to GCN through nitrile groups represent the most plausible model of GEN < Orire
Cu, it cannot be excluded that a fraction of Cu ions may bind to alternative sites, thereby contributing
additional features to the overall XANES signal. To account for this possibility, we explore additional
configurations: (i) Cu?* ion and Cu® atom adsorbed on the graphitic carbon backbone of GCN, (ii) Cu

atom adsorbed on graphitic part of GCN and coordinated by three water molecules in tetragonal

symmetry, (iii) a Cu atom sandwiched between two GCN layers, and (iv) a Cu atom adsorbed at a

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 1:09:26 AM.
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Figure 4: Simulated XANES spectra of a: a Cu atom and Cu?" ion adsorbed on graphitic part of
GCN, b: hydrated Cu atom adsorbed on graphitic part of GCN, ¢: Cu sandwiched between two GCN
layers, d: Cu embedded in a nitrogen-doped defect within GCN, e: Cu-N, motif in N-doped graphene,
and f: Cu-N; motif in N-doped graphene. Insets show respective structural models (C atoms in grey,

N in blue, Cu in yellow).

nitrogen-doped defect in GCN. For the case (i), we use the notation Cu@GCN and Cu>*@GCN for
zerovalent Cu atom and Cu?* ion adsorbed on graphitic sheet to distinguish them from Cu species

anchored through nitrile groups. For Cu@GCN, zerovalent Cu atoms are relatively weakly bonded
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above one of carbon atoms (interaction energy: -0.596 eV, Cu-C bond length: 2.02 A), With boridigg s uie

RO0665E

characterized by a combination of dispersive interaction and dative bonding, similar to other noble
metal atoms.>® As discussed in previous section, only the total charge of the system can be controlled
once Cu species are adsorbed. That can be illustrated by the calculated Hirshfeld charges on Cu, which
are 0.59 e and 0.37 e for Cu>*@GCN and Cu’@GCN, respectively. Nevertheless, the resulting spectra
differ; XANES spectrum of Cu**@GCN is dominated by strong peak at 8984.1 eV followed by weaker
feature at 8992.5 eV, while the spectrum of Cu’?@GCN exhibits weaker features at 8983.4 and 8989.0
eV with similar intensity (Figure 4a). Experimental spectrum of GCN-Cu reported by Bakandritsos and
coworkers!> shows no evidence of signals corresponding to Cu?*@GCN and Cu’@GCN, allowing us to
rule out surface adsorption as the origin of the Cu(I) oxidation state. Upon coordination with three water
molecules in Th symmetry, the spectrum of the Cu atom changes markedly: a new shoulder appears at
8980.8 eV, followed by set of three peaks stacked between 8985 and 8991 eV, and another new peak at
9002.6 eV (Figure 4b). This again highlights the strong influence of the aqueous environment on the
electronic structure of Cu species. Indeed, DFT-calculated XANES spectrum has been instrumental in

resolving the true structure of Cu?* ions in aqueous systems.*%- 31> 52

Another possible scenario is that Cu reduction occurs because Cu atom is sandwiched between two
GCN layers (Cu?" coordinated by two nitrile group) in multilayer samples. XANES signal of such
system is markedly different from that of Cu atom anchored to single nitrile group: its absorption onset
shifts to lower energy (8982 eV), followed by peak at 8986.2 eV, and dominant feature at 8995.8 eV.
Overall, this spectrum closely resembles that of the linear GCN-Cu.H,O Lin complex, indicating that
the local symmetry of the ligand field around Cu has large effect on the XANES spectrum. We examine
the spectrum of Cu single atom adsorbed at a nitrogen-doped defect within the GCN lattice. This defect
consists of either a single or double carbon vacancy in the graphitic plane, where the carbon atoms
surrounding the vacancy are substituted by nitrogen atoms. Such sites represent a novel and increasingly
popular class of supports for SACs.>3 This structural motif could plausibly form during the synthesis of
GCN-Cu, and higher Cu-N coordination may stabilize a distinct oxidation state. The computed XANES

spectrum reveals a characteristic low-energy feature at 8979.2 eV (Figure 4d), which is unique to this
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configuration and can thus serve as a clear spectral fingerprint. This observation highlights*thg:s e
importance of evaluating absolute energy positions in theoretical XANES simulations, as such
diagnostic features would be lost if spectra were arbitrarily shifted to match the experimental K-edge

onset. Moreover, shifts in the onset energy can be linked to changes in the oxidation state, enabling

more robust interpretation of oxidation state evolution.3

Finally, we also calculated XANES spectra of Cu atoms anchored in nitrogen-doped graphene
itself. Two principal structural motifs were considered: Cu-N,, in which Cu is coordinated to four
nitrogen atoms inside the double-vacancy in the graphene lattice (inset of Figure 4¢), and Cu-Ns, where
Cu occupies a single vacancy site coordinated by three nitrogen atoms (inset of Figure 4f). The
simulated spectra show that these two motifs can be clearly distinguished by XANES. The Cu-N,
configuration exhibits a single white-line peak at 8998.2 eV, accompanied by a complex but weak pre-
edge structure. In contrast, Cu-N;3 configuration shows a split white-line peak composed of three
features along with a significantly more intense pre-edge peak at 8980.8 eV (Figure 4e-f). It should be
however emphasized that multiple Cu-N motifs may coexist within the same material and even
nominally identical Cu—N sites can exhibit dynamic structural changes under reaction conditions,?’

making structural assignment in experimental samples much less straightforward. In such situation, a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

combination of XANES, EXAFS, and DFT might provide a clear identification of atomic configuration.

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 1:09:26 AM.

(cc)

CONCLUSIONS

In summary, the results presented here provide a robust framework for identifying the structural features
of Cu-based SACs through theoretical XANES calculations. We established a consistent protocol for
simulating XANES spectra that provides the absolute positions of XANES signal along the energy
scale. The energy scale was aligned by comparing the excitation energy and Fermi level of each
investigated system to those of an isolated Cu atom and by calibrating the calculated spectrum against
experiment for a single reference system. Solid-state CuSO,4-SH,0 was chosen as this reference system

because its calculated spectrum shows excellent agreement with experimental data,** which makes the
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alignment free from any ambiguities. The protocol was validated on a set of standard refergnee systets, 5 e

bulk Cu, Cu,O, and CuO, representing Cu(0), Cu(I), and Cu(Il) oxidation states, respectively. The
calculated spectra reproduced corresponding experimental XANES features with high accuracy,

confirming the reliability of the approach.

We then applied this method to investigate XANES characteristics of copper single atoms anchored on
cyanographene. The results revealed that assigning an integer oxidation state to the Cu center based
solely on the comparison to standard reference systems is problematic, as the electronic structure of the
supported Cu atom is significantly influenced by its local coordination and charge delocalization within
the GCN support. Moreover, we demonstrated that solvation plays a decisive role: the coordination of
Cu by water molecules leads to pronounced changes in the XANES spectra, indicating that the

experimental signal must differ substantially between aqueous and vacuum environments.

Finally, our simulations enabled the establishment of clear structure — spectra relationships for various
plausible structural motifs in GCN-Cu, providing insight into how coordination geometry and oxidation
state may shape the observed spectral features. Overall, this work delivers a comprehensive assessment
of both the capabilities and limitations of XANES spectroscopy for characterizing single-atom copper

catalysts, offering valuable guidance for distinguishing atomically dispersed Cu species.
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