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Single-atom catalysts (SACs) enable atomic-level control over active sites, but
orbital-level manipulation to steer catalytic behavior remains challenging.
Here, we address this issue through d-orbital engineering of Cu SACs,
achieving simultaneous control over coordination geometry (Cu-Ns) and high
metal loading (33.2 wt%) for direct benzene-to-phenol oxidation with H,0,.
The tri-coordinated Cu SAC (Cu-N3-33.2) exhibits the highest performance
with 85.8% benzene conversion and a turnover frequency of 680.3 h™ at 60 °C,
ranking it among the best metal-based catalysts. In-situ ATR-IR spectroscopy
and DFT calculations reveal that dynamically formed Cu-O intermediates,
driven by p-d orbital hybridization between Cu (d orbitals) and O (p orbitals),
lower the H,0, activation barrier by 0.98 eV compared to Cu-N, sites. High-
density atomic Cu sites prevent over-oxidation by consuming singlet oxygen
(*O,). This work establishes a dual-parameter optimization paradigm, includ-

ing orbital configuration and site density, redefining design principles for
selective oxidation SACs.

The benzene oxidation reaction (BOR) holds a pivotal position in
organic synthetic chemistry, given that phenol serves as a crucial raw
material and chemical intermediate for numerous industrial
applications'™. Currently, the traditional three-step cumene process
dominates global phenol production due to its established scalability.
However, this process suffers from significant drawbacks, including
complex production workflows, low phenol selectivity, high energy
demand, and considerable environmental impact*’. Consequently,
direct oxidation of benzene to phenol using hydrogen peroxide (H,0,)
has emerged as a promising yet challenging topic in the pursuit of
green and sustainable chemistry, with profound industrial and societal
implications®’. The development of innovative and efficient catalysts
for BOR is therefore of paramount importance.

Single-atom catalysts (SACs) have garnered substantial attention
as an emerging class of materials due to their unique electronic

structure and maximum atom utilization, which enable exceptional
catalytic performance across a diverse range of reactions® ™. Further-
more, the atomic dispersion of active sites in SACs facilitates
mechanistic investigations, enabling atomic-level insights into
structure-activity relationships'. Nevertheless, the inherent variability
in the electronic structures of SACs presents challenges in elucidating
the reaction mechanism, thereby hindering the systematic study of
structure-activity relationships”™"°. Among the many factors governing
the catalytic performance, the d-orbital of the metal center plays a
decisive role. Adjustments to the coordination structure can alter the
electronic state and spatial configuration of the exposed d-orbitals,
which in turn modulate the adsorption energies, activation barriers,
and reaction pathways. Such precise tuning allows for the stabilization
of key intermediates and the suppression of undesired side reactions,
offering a pathway to enhanced activity and selectivity***.
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To further optimize SACs, the interplay between metal loading
and coordination structure must be systematically explored. Mod-
ulating metal loading significantly impacts the intrinsic activity of
active sites by altering the local geometry and d-orbital of the metal
centers through mechanisms such as spin coupling, electron transfer,
and charge redistribution”?. SACs with distinct coordination struc-
tures can be synthesized through controlled pyrolysis, yet this
approach introduces complexities such as the formation of structu-
rally diverse active sites and modifications to the carbon substrate,
including defect formation. These challenges complicate the identifi-
cation of original active sites and the mechanistic understanding of
catalytic processes. Consequently, the development of high-loading
SACs and the systematic investigation of orbital catalysis are essential
for guiding the rational design of more effective catalysts and dee-
pening our understanding of atomic-level catalytic mechanisms”*,

Herein, we resolve these challenges through a self-assembly
strategy that decouples coordination engineering from metal loading
optimization, enabling the systematic exploration of the
structure-activity relationship at the orbital level. The optimized Cu-
N3-33.2 catalyst exhibits highly efficient catalytic performance in the
selective oxidation of benzene, achieving a high benzene conversion
(85.8%) and turnover frequency (680.3h™) at 60°C within 1h. In
addition, the utilization of water as a bi-phase solvent effectively
inhibits excessive oxidation of phenol, thereby enhancing selectivity.
Mechanistic investigations using quenching experiments and electron
paramagnetic resonance (EPR) spectroscopy reveal, that singlet oxy-
gen ('0,) plays a key role in phenol over-oxidation to p-benzoquinone,
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Fig. 1| Synthesis and characterizations of Cu-N,-y catalysts. a Schematic illus-
tration for the synthesis of Cu-N,-y catalysts. b TEM image of Cu-N3-33.2. HAADF-
STEM images of (c) Cu-N4-3.3 and (d) Cu-N5-33.2. e EDX elemental mapping images

providing critical insights into the reaction pathway. Furthermore,
density functional theory (DFT) calculations and in-situ attenuated
total reflection-infrared (ATR-IR) spectroscopy elucidates the
mechanism of H,0, activation and benzene oxidation, highlighting the
role of the unique d-orbital environment of Cu-N3 in promoting H,0,
adsorption and activation. This study offers a simple and efficient
strategy for the synthesis of high-loading SACs with well-defined
coordination structures, advancing both the understanding of reac-
tion mechanisms and the rational design of selective BOR catalysts.

Results

Structural and morphology characterizations of catalysts

Due to the presence of multiple hydrogen bonds, guanine molecules
can act as both hydrogen bond donors and acceptors. This property
facilitates the formation of precursors with layered structures through
supramolecular self-assembly and m-1t interactions (Supplementary
Fig. 1)*°. Moreover, the abundance of N sites in guanine enables the
binding of a large number of metal ions, making it possible to prepare
SACs with high metal loading. Inspired by this, a series of Cu SACs (Cu-
N,-y, where x represents the coordination number and y denotes the
Cu content) were prepared via a two-step process involving the self-
assembly of guanine molecules and a subsequent high-temperature
carbonization process (Fig. 1a), where the contents of Cu SACs and
their coordination numbers can be easily tuned by adjusting the
amounts of added Cu** ions. Meanwhile, the neat N-doped carbon (NC)
was also prepared using a similar process without the addition of Cu?*
ions. As shown in Supplementary Fig. 2a, b, the powder X-ray
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of Cu-N5-33.2. All images in Fig. 1a are original drawings by the authors, created
using Autodesk 3ds Max 2025 software. No Autodesk or third-party images were
used; permissions not required.
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Fig. 2 | Structure characterizations. a Normalized Cu K-edge XANES and (b) FT-
EXAFS spectra of different Cu-N,-y catalysts. ¢ FT-EXAFS spectra and correspond-
ing fitting EXAFS spectra of Cu foil and different Cu-N,-y catalysts. d Wavelet

k (A1)

R (A)

transform EXAFS plots of different Cu-N,-y catalysts. All the FT-EXAFS data are
presented without phase correction. The grayish-white, light blue and dark blue
refer to C, N, and Cu atoms, respectively.

diffraction (PXRD) patterns and Fourier Transform Infrared (FT-IR)
spectra of guanine self-assembly precursors (Cu-N,-y-p) with different
Cu*" contents closely resemble those of pristine guanine, indicating
that the presence of Cu*" does not affect the structural integrity of
guanine. Subsequently, Cu-N,-y was prepared through a high-
temperature pyrolysis process under N, environment. Based on
inductively coupled plasma optical emission spectrometry (ICP-OES)
analysis

(Supplementary Table 1), the Cu content in the as-prepared Cu-N,-
y ranges from 3.3 wt% (Cu-N4-3.3), 9.7 wt% (Cu-N4-9.7), 15.8 wt% (Cu-N3-
15.8) to 33.2 wt% (Cu-N5-33.2), indicating the successful preparation of
Cu SACs with controlled metal loading. Notably, only a broad peak
centered at 20 = 26° is observed in the PXRD patterns of both NC and
all Cu-N,-y samples, which corresponds to the (002) plane of graphi-
tized carbon (Supplementary Fig. 2¢), indicating that Cu might be
atomically dispersed over the support. Similarly, during pyrolysis, the
active groups of the precursors decompose while retaining certain
stable functional groups like C=0 and C-N (Supplementary Fig. 2d),
which confirms the viability of the in-situ N-doping strategy. Moreover,
scanning electron microscopy (SEM, Supplementary Fig. 3) and
transmission electron microscopy (TEM, Fig. 1b and Supplementary
Fig. 4) images demonstrate that the as-prepared NC and all Cu-N,-y
have a layered nanosheet morphology with

wrinkles and lateral size in microscale. Notably, as shown in
Fig. 1c, d and Supplementary Fig. 5, plenty of atomically-scale bright
spots, rather than Cu nanoparticles or clusters, were observed in the
aberration-corrected high-angle annular dark-field scanning TEM (AC
HAADF-STEM) images, which intuitively reflects the atomic dispersion
of Cu atoms in Cu-N4-3.3, Cu-N4-9.7, Cu-N3-15.8, and even Cu-N5-33.2.
Meanwhile, energy-dispersive X-ray (EDX) elemental mappings show
that C, N, and Cu elements are uniformly distributed throughout the

Cu-N,-y samples (Fig. le and Supplementary Fig. 6). Furthermore,
Raman spectra of NC and all Cu-N,-y show the similar D- and G-band
intensity ratios (/p/lg), suggesting that the introduction of Cu has no
effect on the degree of disorder of the samples (Supplementary Fig. 7).
Additionally, N, adsorption-desorption isotherms (Supplementary
Fig. 8) reveal that all Cu-N,-y samples possess similar BET-specific
surface areas, further indicating that the introduction of Cu has no
obvious influence on the structure of NC support, which is beneficial
for exploring the underlying structure-activity relationship.

The surface chemical compositions and electronic states of NC
and Cu-N,-y were investigated by X-ray photoelectron spectroscopy
(XPS). Survey spectra show that C, O and N are present in all samples,
while Cu is only present in Cu-N,-y (Supplementary Fig. 9). In the high-
resolution N 1s spectra of all samples (Supplementary Fig. 10), the
peaks at around 398.5, 399.9, 401.0, and 402.5eV are ascribed to
pyridinic-N, pyrrolic-N, graphitic-N, and N-oxides, respectively®*~2
Regarding Cu 2p spectra (Supplementary Fig. 11), the peaks at around
932.6 and 934.5eV are attributed to the Cu 2p3/, electronic config-
urations with oxidation states of +2 and +1/0, respectively. This result
indicates the oxidation state of Cu atoms in Cu-N,-y, which is further
corroborated by the analysis of the corresponding Cu LMM Auger
spectra (Supplementary Fig. 12)****, Moreover, it is noteworthy that the
proportion of Cu* species in Cu-N,-y increases with higher Cu loading,
suggesting a gradual reduction in oxidation state. In other words,
varying Cu contents in Cu-N,-y can significantly affect the electronic
structure of the atomic Cu centers, which is expected to influence
catalytic performance.

To further reveal the local electronic and geometric structures of
the Cu centers in Cu-N,-y, X-ray absorption spectroscopy (XAS) ana-
lysis was performed. As shown in the Cu K-edge X-ray absorption near-
edge structure (XANES) spectra (Fig. 2a), the absorption energy edges
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Fig. 3 | BOR performance of the Cu-N,-y catalysts. a, ¢ Catalytic performance of
the Cu-N,-y catalysts for the selective oxidation of benzene to phenol. b Recycling
performance of Cu-N3-33.2. d Temperature-dependent BOR performance of Cu-N3-
33.2 using different solvents. Catalytic performance of Cu-N3-33.2 for (e) benzene

L-histidine amount (mmol)

3
TBA amount (mL) L-histidine amount (mmol)

oxidation and (f) phenol oxidation in the presence of different quenchers. Reaction
conditions: 5 mg catalyst, 0.3 mL benzene, 6 mL solvent (MeCN in (a), H,O in (c)),
5mL H,0,, 60°C, 1h. *Extend the reaction time to 5 h. MeCN: Acetonitrile. TBA:
Tert-butanol.

of all Cu-N,-y samples fall between those of Cu foil and CuO, implying
that the oxidation state of the atomic Cu centers should be between O
and +2°*°°, Meanwhile, it can also be observed that the pre-edge
absorption energy of Cu-N,-y shifts towards lower energies with
increasing Cu content, suggesting a decrease in the average valence
state of Cu centers, which is consistent with the XPS results. Moreover,
the k2-weighted Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) spectra show that all Cu-N,-y samples display one
primary peak at ~1.47 A, which is attributed to the Cu-N scattering in
the first coordination shell (Fig. 2b and Supplementary Fig. 13a). As
compared to CuO and Cu foil, the absence of Cu-O-Cu (2.5 A) and Cu-
Cu (2.2 A) coordination confirms the atomic dispersion of Cu atoms in
all Cu-N,-y samples.

Therefore, it can be concluded that Cu centers in all Cu-N,-y
samples are coordinated with N atoms. Quantitative fitting of the
EXAFS spectra (Fig. 2c and Supplementary Table 2) shows that the Cu
centers in Cu-N4-3.3 and Cu-N,4-9.7 are tetra-coordinated with Cu-N,
configuration, while those in Cu-N3-15.8 and Cu-N5-33.2 are tri-
coordinated with Cu-N; configuration, revealing that changing the
metal loading in Cu SACs leads to different coordination structures of
the Cu centers, thereby affecting the valence state and electronic
structure of the Cu atoms. Furthermore, the wavelet transform (WT)
EXAFS contour plot of Cu foil shows an intensity maximum at about
7.8 A (Supplementary Fig. 13b), which is attributed to the Cu-Cu
coordination. In contrast, all Cu-N,-y samples only present an intensity
maximum at around 4.8 A (Fig. 2d and Supplementary Fig. 13c, d),
which can be attributed to the Cu-N path, further endorsing the atomic
dispersion of Cu atoms.

Benzene oxidation performances of catalysts

The benzene oxidation reaction (BOR) using H,0, as the oxidant was
conducted at 60 °C with Cu-N,-y catalysts. Before evaluating the cat-
alytic performance of these catalysts in BOR, several control experi-
ments were performed, and the results were displayed in

Supplementary Table 3. The conversion of benzene hardly occurred in
the absence of H,0,, indicating that H,0, is essential for the selective
oxidation of benzene to phenol. Moreover, the conversion of benzene
was almost O in the absence of Cu SACs or when using NC as the
catalyst, demonstrating that the Cu sites are the authentic active sites
for BOR. Therefore, it can be concluded that BOR is a Cu-catalyzed
process, with H,0, as an essential reactant. Considering the high Cu
loadings (up to 33.2 wt%) of the as-prepared Cu-N,-y, these catalysts
are expected to provide a substantial number of active sites for the
efficient oxidation of benzene to phenol. Figure 3a displays the cata-
lytic activity of various Cu SACs at 60°C for 1h using acetonitrile
(MeCN) as the solvent. As expected, the benzene conversion gradually
increased from 19.6% to 78.7% with the increase of Cu loading from 3.3
to 33.2wt%. To explore the relationship between BOR performance
and H,0, concentration, the BOR performance of Cu-N3-33.2 was
evaluated using different amount of H,0,. The results show that
increasing the H,O, concentration will increase the benzene conver-
sion but will also slightly sacrifice the selectivity (Supplementary
Fig. 14a). Moreover, the utilization of H,0, of different catalysts was
calculated under the same reaction conditions (i.e., adding 5 mL H,0,).
The results show that Cu-N3-33.2 with best catalytic activity also exhi-
bits the highest H,0, utilization, reaching 32.6% (Supplementary
Fig. 14b), indicating that catalysts with higher BOR activity have higher
H,0, activation efficiency. To further reveal whether the improvement
in catalytic performance is solely due to the increase in Cu loading, we
kept the Cu content in the catalysts consistent and further evaluated
their BOR performance. Surprisingly, as shown in Supplementary
Table 4, the Cu SACs with Cu-N3 centers exhibited much higher activity
compared to those with Cu-N4 centers. Correspondingly, the calcu-
lated turnover frequency (TOF) and mass activity of the Cu-N,-y cata-
lysts also increased with higher Cu loading. Particularly, Cu-N3-33.2,
with a Cu loading of 33.2wt%, exhibited impressive TOF and mass
activity values of 680.3 h™ and 1927.6 mmol-g-h’, respectively, dis-
tinguishing it among previously reported Cu SACs for the selective
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oxidation of benzene with H,O, (Supplementary Fig. 15 and Supple-
mentary Table 5)"** Meanwhile, under the same coordination
structure, Cu-N,-y catalysts with higher Cu loading also showed higher
activity, indicating that the exceptional catalytic activity of Cu-N5-33.2
is attributed to its unique low-coordination structure and higher
number of active sites. Besides its highly efficient catalytic activity, Cu-
N3-33.2 also exhibited remarkable stability under the test conditions.
As shown in Fig. 3b, both benzene conversion and phenol selectivity
have no significant changes after six cycles. More importantly, TEM
image, PXRD patterns, as well as normalized Cu K-edge XANES and FT-
EXAFS spectra reveal that after the reaction, the Cu atoms in Cu-N3-
33.2 remain atomically dispersed without aggregation, and both the
morphology and coordination structure are preserved compared to
their original states (Supplementary Fig. 16), exclude the formation of
CuOy, cluster after reaction. In addition, ICP-OES analysis result shows
that the Cu content (29.5 wt%) in Cu-N3-33.2 after the stability test is
comparable to that before the reaction, further demonstrating its
satisfactory stability.

Although the Cu-N,-y catalysts exhibit excellent catalytic activity
and stability in BOR, their selectivity for phenol is poor and decrease
significantly with the increase of Cu loading (Fig. 3a). Specifically, the
phenol selectivity of Cu-N3-33.2 is only 52.9%. Since MeCN and H,0,
are miscible, the catalyst and oxidant in the reaction system are in full
contact with benzene, thereby efficiently converting it to phenol.
However, the instability of phenol and its high solubility in MeCN make
it easy to be further oxidized to p-benzoquinone. Therefore, timely
separation of the generated phenol is expected to significantly
improve its selectivity. Considering the poor solubility of benzene in
water, BOR will proceed at the benzene-water interface when water is
used as the solvent*®, Although this may affect catalytic activity, this
unique interfacial reaction is advantageous for product separation,
thereby improving phenol selectivity. As predicted, the benzene con-
version of all Cu-N,-y catalysts decreased significantly when using
water as the solvent. In contrast, the phenol selectivity of all Cu-N,-y
catalysts dramatically increased (Fig. 3¢). Especially for Cu-N3-33.2, the
phenol selectivity increased from 52.9% to 91.6%. More notably, when
the reaction time was extended to 5h, the conversion of benzene
reached 85.9%, which is comparable to the activity observed when
MeCN was used as the solvent. Meanwhile, the phenol selectivity
remains as high as 96%, which is significantly better than the latter,
revealing that the interfacial effect is conducive to the separation of
products, thereby improving the selectivity of products. Since the
generated phenol is slightly soluble in water, a small amount of p-
benzoquinone byproduct can also be detected when water is used as
the solvent. To gain a deeper understanding of the relationship
between the interfacial effect and phenol selectivity, temperature-
dependent catalytic activity tests were conducted. As shown in Fig. 3d,
the activity of Cu-N3-33.2 in both MeCN and water solvents gradually
decreased as the reaction temperature decreased. It is noteworthy that
the phenol selectivity hardly changes with temperature when MeCN is
used as the solvent. In contrast, when water is used as the solvent, the
phenol selectivity gradually increase with decreasing reaction tem-
perature, and impressively, the phenol selectivity can reach 100% at
40 °C, which is attributed to the decrease in the solubility of phenol in
water as the temperature decreases. Notably, as shown in Supple-
mentary Fig. 17a, both benzene conversion and phenol selectivity of
Cu-N3-33.2 have no significant changes after five cycles using H,O as
solvent. Moreover, the PXRD pattern and HRTEM image after stability
testing showed that no Cu-based metal clusters or nanoparticles were
formed in Cu-N3-33.2 (Supplementary Fig. 17b, ¢), demonstrating its
excellent structural and activity stability in water. This study highlights
the selective oxidation of benzene to phenol in a thermocatalytic
system using water as solvent, offering cost-effective and envir-
onmentally sustainable pathways for advancing industrial phenol
synthesis.

BOR mechanism study

Previous studies have shown that Cu SACs are able to activate H,0,
and generate reactive oxygen species (ROSs) including -OH and O,
radicals, thus initiating the efficient oxidation of benzene to
phenol***’, Unfortunately, the resulting phenol is also susceptible to
further oxidation by these ROSs. To further reveal the underlying
reaction mechanism, quenching experiments and electron para-
magnetic resonance (EPR) spectra were employed to detect the ROSs
during the reaction. As a kind of quencher for -OH radicals, the addi-
tion of tert-butanol (TBA) influences the benzene conversion but has
no significant effect on phenol selectivity (Fig. 3e), suggesting that -OH
radicals are absent in the reaction system or is hardly responsible for
the over-oxidation of phenol. Furthermore, it is well known that EPR
spectroscopy are usually employed to detect the -OH and O, radicals
using 5, 5-dimethyl-1-pyrroline-noxide (DMPO) as the scavenger*.
However, as shown in Supplementary Fig. 18a, no obvious signals
belonging to DMPO-OH- or DMPO-O,- species are observed, which
means that almost no -OH and O, radicals are generated in the reac-
tion system. Moreover, L-histidine is usually used to trap holes singlet
oxygen ('0,) species. It is noteworthy that although the addition of
L-histidine reduces the conversion of benzene, it significantly
improves the phenol selectivity. Impressively, after adding 2 mmol of
L-histidine into the reaction system, the phenol selectivity can even
reach 100%, indicating that 'O, species are primarily responsible for
the over-oxidation of phenol to p-benzoquinone. Furthermore, EPR
spectroscopy solidly confirms the presence of 'O, species in the
reaction system (Supplementary Fig. 18b). To further reveal the roles
of 10, species in the BOR process, the catalytic performance of Cu-N5-
33.2 toward phenol oxidation reaction was evaluated under similar
reaction conditions. As displayed in Fig. 3f, the phenol conversion is
43.5% in the absence of L-histidine. However, with the addition of L-
histidine, the phenol conversion dropped sharply, further confirming
that the '0, species is the authentic ROS caused further oxidation of
phenol.

To elucidate the reaction mechanism of the selective oxidation of
benzene to phenol over Cu single-atom catalysts (SACs), a detailed
pathway is proposed based on experimental observations and pre-
vious reports**’. As illustrated in Fig. 4a, the reaction starts with the
adsorption and activation of H,0, on the Cu-N, active sites to form O-
Cu-N, intermediates (step I). Subsequently, the C¢Hes molecules
adsorbed on the Cu-O sites (step II) and forms the Cu-N,-C¢HsOH
intermediates via a hydrogen transfer process (step Ill). Finally, the
catalytic cycle is completed after the desorption of C¢HsOH molecules
and the regeneration of the Cu-Ny sites (step IV). Besides, to gain a
deeper understanding of the effect of coordination structures of Cu
SACs on the catalytic performance, the catalytic activities of all Cu-N,-y
samples were evaluated by adjusting the catalyst amount to maintain a
consistent Cu content. As clearly shown in Supplementary Fig. 19, the
samples with Cu-N; coordination configuration exhibit much higher
activity compared to those with Cu-N, coordination configuration
under identical reaction conditions. According to the XPS and XANES
results, both Cu?* and Cu* species exist in all Cu-N,-y samples, and the
proportion of Cu® species increases with the increase of Cu loading.
Further in-depth XPS analysis showed that the Cu’/Cu® ratio was
positively correlated with the BOR activity (Supplementary Fig. 20).
Moreover, we therefore investigated the genuine active species indir-
ectly by studying the BOR activity of Cu SACs with pure Cu (II)-N4
structure. Results show that 2.4-Cuy/NOC (a previous reported Cu
SACs with pure Cu (I1)-N, structure)™ and commercial copper phtha-
locyanine (CuPc, with pure Cu (II)-N4 structure) cannot effectively
activate benzene under the same reaction conditions of the Cu-N,-y
catalysts (Supplementary Table 6), confirming that low-coordinated
Cu (I)-N; structures should be the genuine active species in our reac-
tion system despite the minor presence of Cu (II)-N, species. To further
reveal the effect of the coordination configuration of atomic Cu
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centers on the catalytic performance, in-situ /R spectroscopy analysis
was first performed. As shown in Fig. 4b and Supplementary Fig. 21,
characteristic peaks corresponding to Cu-O species (1045, 1380 and
1480 cm™) were detected during the reaction, indicating the formation
of Cu-O species in presence of H,0,**~. According to previous reports,
the in-situ formed Cu-O species should be the authentic active species
for selective oxidation of selective oxidation of benzene to phenol**’.
It is noteworthy that the in-situ /IR signals of Cu-O species from Cu-N3-
33.2 are stronger than those of Cu-N4-3.3, indicating that the Cu-N;
coordination configuration is prone to produce more Cu-O active
species, which is beneficial to promote the reaction. In addition, con-
trol experiments showed that CuO or metallic Cu loaded on NC sup-
port (CuO/NC and Cu NPs/NC) exhibit much inferior BOR performance
compared to Cu-N3-33.2 (Supplementary Fig. 22 and Table 6), con-
firming that the in-situ generated O-Cu-N, species should be the real
active site for the efficient conversion of benzene to phenol.

To further corroborate these experimental findings and elucidate
the underlying mechanisms, density functional theory (DFT) calcula-
tions were performed. Analysis of the electronic structure of Cu atoms
in the Cu-N4 and Cu-N; centers (Fig. 4c, d and Supplementary Fig. 23),
suggests that the electronic interactions between the O atom in H,0,
and Cu atom in these two centers are different. Specifically, For the
CuN, configuration, the relaxed structure reveals a Cu atom embed-
ded within four N atoms, exhibiting D;h symmetry and strong crystal
field effects. Notably, the four coordinated N atoms interact with the
d,y orbitals of the Cu atom in a “head-to-head” manner, resulting in d-
orbital energy splitting, where the d,, orbitals is located at a higher
energy level than the remaining four orbitals. Moreover, the calcula-
tion results further show that the d,,, orbitals located at the Fermi level
determine the physicochemical properties of the Cu site. However,
despite the energy level alignment, the steric mismatch between the
dy, orbitals of the Cu atom and the p orbitals O atoms prevents
effective bonding, while other d orbitals suitable for bonding are
located at significantly deeper energy levels. Therefore, as shown in
Fig. 4c, the energy levels and density of states (DOS) of the d,, orbitals
of Cu atom show almost no changes even after H,O, adsorption,
indicating weak electron exchange due to orbital incompatibility. In
contrast, for the CuN; coordination configuration, the theoretically
optimized structure shows that the Cu atom is embedded in a trigonal
planar configuration (Cs, symmetry) formed by three N atoms, with an
average Cu-N bond length of 1.90 A, which is highly consistent with
the experimental EXAFS results (1.89-1.91 A, Supplementary Table 2)
(deviation < 0.01 A), verifying the reliability of the calculation model.
Compared with the planar D4;h symmetry of CuNy, the reduction in the
N coordination number in CuN; causes the Cu atom to protrude
slightly from the carbon substrate plane, forming a more open coor-
dination environment. This geometric distortion not only shortens the
distance between Cu and adsorbates (such as H,0,), but also promotes
the more efficient hybridization of the d orbitals of Cu atom and the p
orbitals of O atom. As shown in Fig. 4d, part of the d orbitals of Cu atom
in the Cu-N; coordination configuration are pushed above the Fermi
level after H,0, adsorption, which indicates that these d orbitals match
the p orbitals of O atom in H,0,, resulting in a strong electronic
interaction. Through the pDOS analysis, it was found that the p orbitals
of the O atom in the H,0, molecule and the d orbitals of the Cu atom
(especially the dz2 orbitals) show obvious overlap in energy distribu-
tion, indicating that there is a strong electronic coupling between O
atom and the Cu atom. Furthermore, through the two-dimensional
(2D) charge density difference analysis (Supplementary Fig. 24), it can
be intuitively observed that H,0, molecule gains electrons from the Cu
atom during the adsorption process, which directly confirms the
orbital matching mechanism and the redistribution of interface char-
ges. Meanwhile, it seems like the Cu dZ* orbitals signatures shifted
below the Fermi energy upon the adsorption of the H,O, molecule. We
believe that this phenomenon may originate from the strong

hybridization between the p orbital of the O atom in the H,0, molecule
and the dZ’ orbital of Cu, which causes the energy of some electronic
states to shift downward. This interaction not only changes the d
orbitals distribution of Cu atoms but also reflects the dynamic
adjustment of the electronic structure during the adsorption process.
Ultimately, the strong electronic interaction between the d orbitals of
Cu atom in the Cu-N3 coordination configuration and the p orbitals of
O atom in H,0, endow it with stronger adsorption of H,0, compared
with that in the Cu-N,4 coordination configuration, which is confirmed
with the much lower adsorption energy of H,O, on the CuNs-slab
(Supplementary Fig. 25). The mechanism of the difference in adsorp-
tion strength was further revealed by calculating the d-band center of
the Cu atom. The results show that the d-band centers of the Cu-Nz and
Cu-N,4 coordination structures are located at —-1.5673 and -2.7682 eV,
respectively. Since the d-band center of Cu-Nj; is closer to the Fermi
level, it exhibits a significantly enhanced H,0, adsorption ability,
which is highly consistent with experimental observations and theo-
retical predictions. This finding clearly reveals the crucial role of the
coordination structure on the electronic structure and catalytic
activity of Cu atoms in Cu-N-C catalysts. The adsorption energy of
H,0, on CuN; (-117.87 kJ/mol) is significantly lower than on CuN,
(-24.27 kJ/mol) (Supplementary Fig. 25), directly linked to the electro-
nic structure differences. The higher d-band center of CuN3 (-1.5673 eV
vs. -2.77 eV for CuN,4) enhances H,0, adsorption by strengthening the
p-d hybridization between O (p orbitals) and Cu (d orbitals), as evi-
denced by the overlapping pDOS (Fig. 4d and Supplementary Fig. 23).
This electronic synergy lowers the H,O, activation efficiency, rationa-
lizing the superior activity of CuNs. Furthermore, the Bader charge
analysis and calculated adsorption energies of these systems were
further performed. For the interaction with C¢H¢O molecules, the
charge transfer amounts is 0.09 e” in Cu-Ns, while that in Cu-N, is 0.04
e”. For the case of H,0,, Cu-N; exhibits a charge transfer of 1.86 e-,
which is significantly higher than the 0.17 e~ observed in Cu-N,. These
quantitative results confirm that the Cu-N; configuration has superior
charge transfer activity compared to the Cu-N, configuration, which is
consistent with its higher adsorption energy for H,0,, indicating an
optimized electronic interaction with the reactants. This difference
may originate from the lower coordination number of the Cu-N;
configuration, where the unsaturated coordination structure enhances
the tunability of the reactants to the electronic structure of Cu atoms,
thereby improving the catalytic activity.

Moreover, As shown in Supplementary Table 7, Bader charge
analysis reveals that the oxidation states of Cu in CuN3;, CuN4 and CuO
are +0.52 (11-10.4775=0.5225), +0.82 (11-10.1828=0.8172) and
+1.00 (11-9.996 =1.004), respectively. Bader charge analysis, while
not equivalent to formal oxidation states, reveals the relative electron
density distribution around Cu centers, corroborating the XANES-
derived oxidation state trends. Moreover, the projected density of
states (pDOS) analysis shows that the d orbitals of Cu atom in CuO
display broader and flatter features, which is attributed to the sig-
nificantly enhanced ligand field strength at high oxidation states,
thereby strengthening the hybridization between d orbitals of Cu atom
and ligands (e.g., O atoms). In contrast, the sharper pDOS peak of Cuin
CuN; suggest stronger electron localization, which may be due to its
lower oxidation state and weaker ligand field effects, thereby retaining
d electrons closer to the Cu atoms(Supplementary Fig. 26). Combined
with the catalytic performance, the localized electronic structure in
CuN3 can promote the generation of O-Cu-N3 active intermediates,
thus improving the BOR performance. Kinetic isotope experiment
revealed that the conversion of deuterated benzene was comparable
to that of untreated benzene, indicating that the activation of C-H
bonds in BOR is not the rate-determining step (Supplementary Fig. 27).
Notably, the free-energy diagram of the pathways for the generation of
phenol shows that the adsorption of H,0, is crucial for the oxidation of
benzene to phenol, and Cu SACs with Cu-N; coordination
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configuration are more conducive to promoting the reaction (Fig. 4e).
Furthermore, the electron density difference maps show that the Cu-N;
coordination configuration is more responsive to electron transfer than
the Cu-N4 coordination configuration (Fig. 4el-e6 and Supplementary
Fig. 28), indicating that the Cu SACs with Cu-N; coordination config-
uration has a stronger and more favorable interaction with the reactants.
Consequently, the open coordination environment and unique electron
density distribution of the Cu-N; coordination configuration enable it to
promote electron transfer and enhance the interaction with reactants,
resulting in better catalytic performance. We further investigated the
H,0, activation pathways, including the generation of 'O, species. As
shown in Supplementary Fig. 29, the energy barrier for the formation of
!0, on the Cu-Nj site is very high, implying that the in-situ generated O-
Cu-N; should preferentially react with benzene to form phenol, while
excess H,0, may promote the generation of ',, leading to formation of
over-oxidation products (e.g., benzoquinone), which is consistent with
the experimental results shown in Supplementary Fig. 14a. Although Cu-
N, exhibits a high tendency to form 'O,, its actual generation is
restricted by the inherently high energy barrier for the formation of O-
Cu-N, formation from Cu-N,, thereby limiting the generation of 'O, in
Cu-N,-y catalysts with Cu-N4 structure. The combination of in-situ IR
spectroscopy and DFT calculations provides compelling evidence that
the Cu-N; coordination configuration in Cu SACs is more effective for
the selective oxidation of benzene to phenol, due to its ability to gen-
erate more active Cu-O species and facilitate stronger electronic inter-
actions with reactants.

Discussion

In summary, we have successfully designed and synthesized tri- and
tetra-coordinated Cu SACs with ultra-high metal loadings via a simple
two-step process involving supramolecular self-assembly and high-
temperature carbonization. The results show that the electronic states
at the orbital level can be manipulated to optimize catalytic perfor-
mance by controlling metal loading within carbon-based supports. The
optimized tri-coordinated Cu SAC with ultra-high metal loading of up
to 33.2 wt% exhibited a superior catalytic performance for the selective
oxidation of benzene to phenol. We have revealed that the in-situ
generated Cu-O species are revealed to be the active centers for the
oxidation of benzene to phenol, while the in-situ generated 'O, species
are a decisive factor in the undesirable over-oxidation of phenol to p-
benzoquinone. This work provides deep insights into the precise
tuning of catalytic reactivity of SACs by electron orbital engineering.

Methods

Synthesis of Cu-N,-y

Guanine (5g) and Cu(NO3),-3H,0 (0.21/0.67/0.95/1.63 g) were uni-
formly dispersed in 50 mL of deionized water and heated at 100 °C for
12 h in an oil bath. The resulting suspension was rapidly frozen using
liquid nitrogen and subsequently freeze-dried to yield the precursor.
The precursor was then subjected to pyrolysis at 700 °C for 2 h under
protection of N,, with a heating rate of 1°C min™, producing Cu single-
atom catalysts, designated as Cu-N4-3.3, Cu-N4-9.7, Cu-N3-15.8, and Cu-
N3-33.2. Neat nitrogen-doped carbon material (NC) was synthesized
using the same procedure without the addition of Cu(NO3),-3H,0.

Catalytic test

For a typical liquid phase benzene oxidation reaction, 5 mg catalyst,
0.3 mL benzene, 5 mL H,0, and 6 mL solvent were mixed in a 48 mL
thick-walled pressure flask and reacted at 60 °C at a stirring speed of
500 rpm for 1h. Reactant and product concentrations were analyzed
by gas chromatography-mass spectrometer (GC-MS) using tetra-
decane as the internal standard.

moles of unreacted phenol

0,
moles of initial benzene x100%

Benzene conversion (%) =100% —

moles of formed phenol

0,
total moles of formed phenol and byproducts x100%

Phenol selectivity (%) =

moles of formed phenol

0y
total moles of formed phenol and byproducts x100%

Yield (%) =

TOF = A”benzene
txng,

Where Anpenzene i converted benzene (mol); t is the reaction time (h);
ncy is the amount of Cu-based active sites (mol).

X-ray absorption spectra analysis

The obtained XAS spectra was processed in Athena (version 0.9.26) for
background, pre-edge line and post-edge line calibrations. Then
Fourier transformed fitting was carried out in Artemis (version 0.9.26).
The k2 weighting, k-range of 3-14 A™ and R range of 1-3 A were used
for the fitting of Cu foil; k-range of 2-10 A™ and R range of 1- 2 A were
used for the fitting of samples. The four parameters, coordination
number, bond length, Debye-Waller factor and Eq shift (CN, R, AEy)
were fitted without anyone was fixed, the o was set. For Wavelet
Transform analysis, the x(k) exported from Athena was imported into
the Hama Fortran code. The parameters were listed as follow: R range,
1-4 A, k range, 0-15 A for samples; k weight, 2; and Morlet function
with k =10, 0 =1was used as the mother wavelet to provide the overall
distribution.

Density functional theory calculation details

First-principle Density functional theory (DFT) calculations with the
spin-polarized consideration were carried out within the density
functional theory framework. The projector-augmented wave (PAW)*
method and the generalized gradient approximation (GGA) for the
exchange correlation energy functional, as implemented in the Vienna
ab initio simulation package (VASP 5.4.4)**** were used. The GGA cal-
culation was performed with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation potential®>. A plane-wave cutoff energy of
400 eV was used. Grimmes’s DFT-D3 dispersion correction was used to
describe the van der waals interaction®. A 6 x 6 graphene supercell
with 15 A vacuum layer was first constructed. A 3 x 3 K-points was used
in all these calculations. Dipole correction was taken into considera-
tion in the slab calculation®’.

The adsorption free energy (AG.qs) is obtained by:

AG 45 = AE+ AE ;p; — TAS

Where AE is the energy difference of the reactants and products,
obtained from DFT calculations; AEzpr and AS are the contributions to
the free energy from the zero-point vibration energy and entropy,
respectively. T is the temperature (298K). The free energy for gas
phase water is calculated at 0.035 bars. The free energy for other
molecules is calculated at 1bar.

Data availability

The source data are provided in the Source data file. The data sup-
porting this study are available for the corresponding author upon
request. Source data are provided with this paper.
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