Downloaded viaDALIAN INST OF CHEMICAL PHY SICS on August 15, 2025 at 06:01:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Directly Oxidizing Ethanol to Glycolic Acid over a Single-Rh-Site
Catalyst via Water-Mediated Oxygen Shuttle

Bin Li,‘ Jiali Mu,’ Guifa Long,’ Xiangen Song,* Yang Zhao, Ende Huang, Siyue Liu, Yao Wei,
Fanfei Sun, Siquan Feng, Qiao Yuan, Xingju Li, Yutong Cai, Yue Zhang, Wenrui Dong, Weiqing Zhang,
Xueming Yang, Dehui Deng, Li Yan,* and Yunjie Ding*

Cite This: J. Am. Chem. Soc. 2025, 147, 29052-29064 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Direct oxidation of ethanol to glycolic acid in aqueous solutions under mild
conditions offers opportunities for sustainable chemistry. Herein, we report a water-mediated
oxygen-shuttle mechanism on S/N/I atoms synergistically coordinated single-Rh-site catalysts
(Rh;/AC-SNL,,) to enable the direct production of glycolic acid from ethanol oxidation with
93% selectivity in liquid products and a TOF of 250 h™ at 160 °C. Comprehensive
characterizations including isotope labeling experiments and theoretical calculations reveal that
hydroxyl radicals (¢OH), generated via O,/I-triggered H,O dissociation, insert into C—I
bonds to form hydroxyl groups and meanwhile, replace the original OH in ethanol to form C=
O, ensuring that all oxygen atoms of glycolic acid directly originate from H,0. O, enters the
system through the decomposition and regeneration of HIO intermediates, completing the
oxygen-shuttle cycle driven by sustainable regeneration of water. Furthermore, the optimized
S/N/I atoms’ synergistical coordination enhances electron delocalization around single-Rh
sites, substantially reducing the activation barriers of critical reaction steps and outperforming
Rh nanoparticles by 16-fold in activity.

1. INTRODUCTION h™ with 96% glycolic acid selectivity at 180 °C. The
mandatory alkaline reaction environment will cause the risk
of catalyst deactivation and increase the cost of product
separation. The direct oxidation of ethanol to glycolic acid has
not been reported before. Therefore, developing a new route
to convert ethanol to glycolic acid with high catalytic
performance is attractive, while there remain significant
challenges. The emergence of single-atom catalysts has brought
breakthrough opportunities for the above path.
Heterogeneous single-metal-site catalysts (HSMSCs) have
emerged as a significant class of highly efficient catalysts in
recent years, characterized by nearly 100% atomic utilization
and unique catalytic properties.'”~>* These catalysts effectively
bridge the gap between heterogeneous and homogeneous
catalysis, offering a platform for understanding the nature of
active sites at the molecular level.”” Hutchings et al. achieved
hydrogen production from bioethanol reforming by construct-
ing a Ni/MTAC catalyst with a hybrid structure of single
atoms and nanoclusters. They revealed a synergistic mecha-
nism in which Ni single atoms promote electron transfer and

Global demands for sustainable energy have intensified efforts
toward biomass valorization." Ethanol, as an accessible
biomass-derived platform molecule, holds promise for
conversion to value-added chemicals.”> Beyond conventional
applications such as acetaldehyde, ethylene, ethyl acetate, and
butanol,™? its transformation to glycolic acid (GA) remains
underexplored. GA is an important raw material used in the
production of biodegradable materials. Current GA synthesis
routes face critical limitations. Although conventional glyco-
lonitrile hydrolysis and formaldehyde carbonylation achieve
high yields (99.18%) and selectivity (99.15%) under 100—120
°C, the former uses cyanide in the production process, and the
latter has a reaction pressure of more than 8 MPa, which places
stringent requirements on the equipment.'”~"* Chloroacetic
acid hydrolysis can reach yields of up to 88.17%, the process
incurs high production costs and requires prolonged
processing times."*> In addition, the processes of preparing
glycolic acid from oxalic acid electrolysis and from hydro-
genation of dimethyl oxalate are also under development.'®
The former approach delivers merely 38.7% glycolic acid
selectivity while exhibiting relatively high energy intensity. The
latter approach typically employs Cu-based catalysts, which are
prone to sintering and subsequent deactivation.'” Bitter et al.
reported that copper and nickel nanoparticles supported on
carbon nanofibers could oxidize ethylene glycol to glycolic acid
under alkaline conditions.'® Although it achieves a TOF of 39
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Figure 1. Synthesis of samples. (a) Schematic illustration of the preparation of Rh;/AC-SNI,, catalysts. (b) Schematic diagram of the catalytic
process for the direct production of glycolic acid from ethanol. (c) Chemical formula of the catalytic mechanism for water-mediated oxygen

shuttling.

enhance intermediate adsorption, while nanoclusters reduce
the dehydrogenation energy barrier.”* Li et al. achieved the
conversion of ethanol to butene by preparing a new type of
dual-single-atom catalyst, Cu,—Zr,@SiO,. The rational de51gn
of the double-atom site greatly improved butene selectivity.”
Activated carbon (AC), known for its low cost, hierarchical
pore structure, and excellent thermal and chemical stability, has
been widely utilized as a support in heterogeneous catalysis.”®
However, its relatively inert surface properties lead to weak
interactions between the support and the metal, posing
challen%es in the precise regulation of the active metal
species.”>® Recently, various solutions have been proposed
to address these issues, with M—N—C materials (where M
represents the active metal) gaining significant attention.”” Li
et al. developed a nitrogen-doped carbon-supported single-
metal-atom catalyst that has much higher activity in formic
acid oxidation than nanoparticles.’® The strong covalent bonds
between M and N species effectively regulate the location of
the active metal.”’ Additionally, our previous studies have
demonstrated that sulfur species, as ideal electron-donating
ligands, can coordinate with the active metal species, further
modulating the electron cloud distribution of the active metal
and enhancing catalytic activity.”” Todine species play an
essential role in achieving atomic-level dispersion of Rh species
on AC support.”*** Additionally, molecular iodine is a highly
efficient catalyst capable of aerobically iodinating a variety of
substrates, such as the hydrogen of ﬁ C in ethanol under mild
conditions in the presence of 0,.*" ">’

Leveraging insights into multiligand induction, we developed
a controllable synthesis of single-site catalysts. Specifically, we
engineered S/N/I atom-coordinated Rh single-atom catalysts
on activated carbon (Rh;/AC-SNI,y) by tuning support
pretreatment (Figure la). Under the stimulation of I, and O,
at 160 °C, these catalysts directly oxidize ethanol to glycolic
acid with 93% selectivity in liquid products and a ca. 250 h™

29053

turnover frequency (TOF). S/N/I atom coordination
enhances electron delocalization around Rh, lowering energy
barriers for substrate adsorption and the rate-limiting step
(Figure 1b). Activated iodine radicals abstract ethanol’s f-C—
H, diverting the pathway from acetaldehyde formation. We
also revealed a novel water-mediated oxygen-shuttle mecha-
nism: oI and e OH radicals successively abstract and insert into
ethanol’s C—H bonds. The highly reactive ®OH radicals will
also replace the original OH of ethanol to form C=O,
ensuring that all glycolic acid oxygen atoms are derived from
water (Figure 1c). O, reacts with eI and H-species to form
HIO, which decomposes to regenerate H,O and O,
completing the catalytic cycle. This study provides new insight
into the role of water in catalytic reactions.

2. RESULTS AND DISCUSSION

1. Catalyst Characterization. The Rh;/AC-SNI,,
catalyst was synthesized through strong interactions between
Rh and the modified activated carbon (AC) containing N, S,
and I ligands (details in the Experimental Procedures). AC was
first codoped with S and N through thermal treatment with
thioacetamide at 400 °C, followed by the introduction of I
Then, the modified AC-SNI,,, was coordinated with Rh at
ambient temperature, resulting in the preparation of the Rh,/
AC-SNI1,q, catalyst (Figures la and S8). For comparison, the
AC support with different pretreatment temperatures and their
corresponding catalysts were prepared using a similar
procedure, denoted as Rh/AC-SNIg,, and Rh/AC-SNIg.
We first explored the microstructural properties of Rh;/AC-
SNIL,y and comparative catalysts through nitrogen adsorp-
tion—desorption, thermogravimetric analysis, scanning elec-
tron microscopy (SEM), and Raman spectroscopy experiments
(Figures S1—S4 and Table S1). These preliminary character-
izations display the features of the support and corresponding
catalysts, such as high specific surface areas, hierarchical porous
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Figure 2. Structural characterization of samples. (a) HR-TEM images of fresh Rh;/AC-SNL,,. (b) HAADF-STEM image of fresh Rh;/AC-SNI,q.
(c) HAADF-EDS mapping of fresh Rh;/AC-SNL,,. (d) The experimental curve of k*-weighted EXAFS spectra in R-space of Rh foil, RhI; and Rh;,/
AC-SNL,y. (e) XANES spectra for Rh foil, RhI; and Rh,/AC-SN1,y,. (f) The fitted EXAFS spectra of Rh;/AC-SNIL,, and the fitting model (FT
magnitude and imaginary component). The wavelet transform contour plots of k*-weighted y(k) EXAFS signals of (g) Rh foil, (h) Rh;/AC-SN1,q,

and (i) RhL,.

distribution, excellent thermal stability, irregularly amorphous
morphology, and abundant defect sites on the carbon carrier.
Consistent with the XRD spectra (Figures S5 and $6), the
high-resolution transmission electron microscopy (HR-TEM)
analysis (Figure S8) did not reveal the presence of Rh clusters
or nanoparticles (NPs) on Rh;/AC-SNI,,,. The absence of Rh
NPs or clusters was further confirmed in the aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) images, showing
the atomic dispersion of Rh atoms on Rh;/AC-SN1,, (Figure
2a and b). Energy-dispersive spectroscopy (EDS) mapping
verified the uniform distribution of S, N, I, and Rh on the Rh,/
AC-SN1,q catalyst (Figure 2c). Nevertheless, XRD and HR-
TEM results revealed Rh aggregation with different degrees on
Rh/AC-SNIg, and Rh/AC-SNIg,, (Figures S5—S8). This

observation was further corroborated by AC HAADF-STEM
(Figure S9), which confirmed the presence of both isolated Rh
atoms and Rh NPs of varying sizes on Rh/AC-SNIgy, and Rh/
AC-SNIgy.

X-ray fine structure spectroscopy was employed to further
verify the dispersion and precise coordination environment of
Rh species in the Rh;/AC-SNI,, series of catalysts. As shown
in Figure 2d and Table S2, the extended X-ray absorption fine
structure (EXAFS) of Rh;/AC-SNI,y, exhibits a prominent
peak at approximately 2.44 A, which can be attributed to Rh—I
coordination. This peak is higher than that of Rh—Rh
coordination observed at 2.38 A in the Rh foil sample.
Additionally, a smaller peak at 1.7 A corresponds to Rh—N
coordination, while another peak at 1.4 A is attributed to Rh—
CO coordination. The Rh—S bond distance is determined to
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Figure 3. Ethanol oxidation performance and structure—activity relationship. Catalytic activity of (a) different halogen additives on Rh,/AC-
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be 2.0 A. Detailed EXAFS fitting results (Table S2 and Figure
S10) reveal coordination numbers of 2.66, 1.5, and 1.0 for Rh—
I, Rh—N/C, and Rh-S, respectively, indicating that Rh is
simultaneously coordinated with I, N, and S, respectively. X-
ray absorption near-edge structure (XANES) spectra indicate
that the Rh absorption edge in Rh;/AC-SNI,q, lies between
that of the Rh foil and Rhl;, suggesting a Rh®* species with a
valence state between 0 and +3 (Figure 2e). EXAFS wavelet
transform analysis was conducted to further examine the
coordination environment of Rh species (Figure 2g—i and
Figure S11). Two strong peaks were detected at about 4.7 A~
and 10.3 A™! on Rh;/AC-SNI,q,, distinct from the only peak of
Rh—Rh at 9.5 A™', further confirming the atomic dispersion of
Rh on Rh,;/AC-SNI,q. Based on the above characterization
results, it is proposed that the Rh;/AC-SNI,q, catalyst exhibits
single-Rh-site dispersion, existing in a coordination structure of
Rh(CO)SNI;. Moreover, we identified the coordination
environments and statuses of Rh;/AC-NL,,, and Rh,;/AC-
Sl in our previous work, which were determined to be
RhN(O=C)(CO)I; and RhS(O=C)(CO),1,, respectively, in
whiggl O=C was the carbonyl oxygen functional group on
AC.

X-ray photoelectron spectroscopy (XPS) was used to further
explore the valence state of Rh on the catalysts. As shown in
Figure S12 and Table S3, the Rh species on Rh;/AC-SNI
are mainly composed of Rh'* and Rh**. However, Rh species
appeared on Rh/AC-SNl4y, and Rh/AC-SNIg, with a higher
proportion in Rh/AC-SNI,. Furthermore, the XPS spectra of
S 2p show that the peaks at 163.73 and 164.83 eV can be
attributed to the S 2p;,, and 2p, /, signals of thiophene C—S—
C species bound to the surface of AC-SNI The position of S
2p in AC-SNI,,, shifted to a low energy of about 1 eV
compared to that of Rh;/AC-SNI,, indicating the coordina-
tion between Rh species and S species, and electron transfer

29055

from Rh to S (Figure S13 and Table S4). The peak at 168.8 eV
can be attributed to sulfate or sulfite C—SO, species.””~*' The
thiophene C—S—C species decrease with the increase of the
pretreatment temperature, indicating that the higher pretreat-
ment temperature leads to the oxidation of thiophene C—S—C
to sulfate or sulfite. Furthermore, multiple nitrogen species
were found on Rh;/AC-SNI,;, which can be attributed to
pyridinic N (397.96 eV), metallic N (399.02 eV), pyrrolic-N
(400.02 eV), quaternary ammonium nitrogen (400.94 V), and
nitrogen oxide substances (403.31 eV),"””* among which
metallic-N is the nitrogen species directly coordinated with the
single-Rh sites (Figure S14 and Table $5).** This indicates
that the electron cloud around Rh shifts toward the S and N
ligands. Due to the stronger electronegativity of the S and N
ligands, this movement of the electron cloud results in a
shorter bond length for Rh—S and Rh—N, which is more
favorable for the attack of ethanol. On the other hand, the XPS
results showed that the N and S content on the catalyst
gradually decreased with the increase of the pretreatment
temperature (Table S6). The results demonstrate that
excessively high pretreatment temperatures would lead to the
loss of active S and N species on the AC, thereby weakening
the ability of the carrier to anchor the single Rh site and
causing partial metal aggr<egation.46’47

Moreover, we can observe that elements such as Rh and S/
N/I are also distributed in the bulk phase of the catalyst by
analyzing the time-of-flight secondary ion mass spectrometry
(TOF-SIMS) characterization results (Figure S15). This
indicates that the S/N/I atom moieties infiltrate the carbon
matrix rather than being merely surface-deposited, providing
more Rh anchoring sites. Further, Rh;/AC-SNI,y, was purged
under Ar at 150 °C for 1 h (denoted Rh;/AC-SNI,y-purged).
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
analysis (Figure S16) revealed only a minimal I-content
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Figure 4. DFT studies and mechanism characterizations of Rh;/AC catalysts under different coordination environments. (a—c) Optimized
structures and charge distribution maps of catalysts with different coordination environments. (Green and yellow colors represent electron
depletion and accumulation, respectively.) Temperature-programmed desorption of ethanol (C,H;OH-TPD) of (d) catalysts with different
pretreatment temperatures. (e) Catalysts with different coordination environments. (f) DFT calculation of the energy barrier for ethanol adsorption
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barrier for generation of OH from H,O with and without I, activation over Rh;/AC-SNL. (j,k) In situ DRIFTS spectrum of Rh;/AC-SNIL,,
without I,. (1) DFT calculation of the f-C—H energy barrier for ethanol activation over catalysts with different coordination environments.

decrease in the post-treated sample versus pristine Rh,/AC-
SNI,y,, confirming that iodine predominantly chemisorbs onto
the carbon framework with a very small proportion of
physisorption.

2.2. Catalyst Evaluation. Typically, the reactivity of a
series of catalysts was measured by adding 50 mg of catalysts to
10g of deionized water at 150 °C under the conditions of
15 bar O, for 1 h. To investigate the role of halogen additives, a
series of control experiments with Rh;/AC-SNI,, catalyst was
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conducted (Figure 3a and Figure S17). In the absence of
halogens, the selectivity in liquid products for glycolic acid was
less than 15%. Additionally, in experiments using HBr, it was
only 13%. Changing to HCI increased the selectivity in liquid
products up to 38%. However, it exceeded 90% with the
assistance of HI, and the TOF reached 361.5 h™" (Figure 3a
and Figure S18). Due to the corrosiveness of these protonic
acids, we chose I, as a milder additive. Using I, as an additive
resulted in a further increase in the selectivity for glycolic acid

https://doi.org/10.1021/jacs.5c07150
J. Am. Chem. Soc. 2025, 147, 29052—-29064


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07150/suppl_file/ja5c07150_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07150/suppl_file/ja5c07150_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07150?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07150?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07150?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07150?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c07150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

in liquid products to 93%, with a little decrease in TOF to
2282 h™! at 150 °C. These results demonstrate the essential
role of I, in the oxidation of ethanol to glycolic acid. Through
carrier screening among ZSM-5, porous organic polymer, and
nitrogen-doped carbon, it was found that the Rh;/AC-SNI,,
catalyst exhibited the highest reactivity. Whereas, the Rhyyp,/
AC catalyst with only NPs on AC showed the lowest activity
(Figure S8d—f and Figure 3b). This indicates that the single-
Rh sites serve as the active sites for this reaction. Furthermore,
among the various active metals tested, such as Ir, Ru, Mo, and
Pd, the Rh metal exhibited the best performance, three times
higher than the second one (Figure S19). Additionally, a series
of catalytic activity comparisons with different coordination
elements was conducted. As shown in Figure 3¢, under the
same reaction conditions of I, addition, the activities of Rh;/
AC-SL,y, Rh;/AC-NI,y, Rh;/AC-I, and Rh;/AC-SN,,, were
all lower than that of Rh;/AC-SNI,y, This indicates that the
comprehensive effect of I, N, and S on the catalyst plays a
crucial role in regulating the coordination state of Rh, ensuring
that the active sites maintain an optimal coordination
environment. Figure 3d shows the reaction results of Rh/
AC-SNI,g9_ggo catalysts, with a significant decline in activity
after support treatment at 600 and 800 °C, further
demonstrating that the aggregation of Rh led to the decrease
of catalytic activity. The TOF comparisons of all catalysts and
actual metal loadings are listed in Tables S7 and S8.

The temperature variation curve results show that the
reaction activity is basically zero at 120 °C. With the
temperature increasing from 120 to 160 °C, the reaction
activity significantly increases to a TOF of 251 h™’, and the
selectivity of glycolic acid in liquid products also gradually
increases to 93% (Figure S20), indicating that overcoming the
energy barrier of the rate-determining step for generating
glycolic acid requires a starting activation temperature. As the
reaction temperature increased from 120 to 160 °C, ethanol
conversion rose from 3% to 28%, while CO, selectivity
decreased from 71% to 24.8%. Under these conditions, the
primary byproducts were CO, and acetic acid. As the reaction
time prolongs, it can be observed that not only the conversion
rate of ethanol continuously increases, but also the selectivity
of glycolic acid in liquid products gradually improves to as high
as 95.1% with 8 h reaction time (Figure S21). Extending the
reaction time from 1 to 8 h did not significantly change the
carbon dioxide selectivity. This indicates that prolonging the
reaction time is beneficial for reducing the generation of
byproducts or intermediates. Additionally, it was observed that
the catalytic activity was nearly zero (Figure 3e) without O,,
indicating that oxygen is essential for the formation of glycolic
acid. When the O, pressure was below 1.5 MPa, N, backfilling
ensured a constant total pressure of 1.5 MPa. The catalytic
activity was maximized at an O, partial pressure of 1.5 MPa.
Increasing the O, partial pressure to 2 MPa caused a sharp
increase of CO, selectivity to 42.4% (Table S9), indicating that
excessive oxygen pressure promotes overoxidation of both the
substrate and product to CO,. Furthermore, the stability of
Rh;/AC-SNI,, catalyst was verified over 10 reaction cycles,
showing ignorable activity decay under conditions of 150 °C,
1.5 MPa total pressure, and 1 h reaction time (Figure 3f).

Moreover, we performed controlled experiments varying
water and ethanol quantities (Figures S22 and $23). Reducing
water slightly enhanced the activity but significantly increased
CO, selectivity (Table S10). Excess water dilutes the ethanol
concentration, reducing the contact frequency among the

substrate, O,, and catalyst, which in turn diminishes the
reaction rate. Therefore, the appropriate amount of water,
temperature, and O, partial pressure can prevent the
overoxidation of the product. Increasing the ethanol amount
improved reaction conversion while maintaining high
selectivity toward glycolic acid. Across these experiments, the
carbon balance of the system remained consistently between
94% and 106%. As shown in Figure S24, the hot filtration
experiment shows that the liquid-phase product concentration
did not increase after catalyst removal but decreased. This
confirms that Rh did not leach into the solution to form a
homogeneous catalyst. The decline in the product concen-
tration is attributed to further oxidation into CO,,.

2.3. Factors for the Excellent Performance of Rh,/AC-
SNlygo. Given the good catalytic performance of Rh,/AC-
SNI,y, in the direct oxidation of ethanol to glycolic acid, the
synergistic coordination effects of heteroatoms on the
electronic reconfiguration and reactant adsorption capabilities
were further investigated. Bader charge analysis is typically
employed to compare the absolute electron count around
different atoms, enabling a quantitative assessment of charge
states. In contrast, differential charge density analysis reveals
regions of electron accumulation and depletion, thereby
providing insight into the directionality of electron transfer.
A comparison of the differential charge density and Bader
charge changes for active sites with varying coordination
environments reveals that the cooperative coordination effect
of S/N/I significantly influences the electronic distribution
(Figure 4a—c and Table S11). Affected by S/N/I on the carrier
simultaneously, the electron cloud depletion in Rh;/AC-SNI,,
appears around the Rh atom, with a Bader charge of 14.38lel
and an electronic valence state of +0.62 eV. In contrast, the
electron cloud around Rh is more enriched in Rh;/AC-NI,,
and Rh,;/AC-Sl,y, with Bader charges of 14.46lel and 14.62lel
and valence states of +0.54 eV and +0.38 eV, respectively. The
synergistic coordination of S/N/I in Rh;/AC-SNI,y, enhances
electron delocalization, leading to substantial charge transfer
around the Rh atom. This electronic configuration facilitates
the interaction between the active site and ethanol by making
the attack of the oxygen atom in ethanol on the Rh active site
more effectively.

This conclusion was further supported by additional
characterizations and DFT analyses. Ethanol temperature-
programmed desorption (C,H;OH-TPD) was employed to
investigate the ethanol adsorption properties. As shown in
Figure 4d—e and Figures S25 and S26, the desorption
temperature of ethanol decreased to 129 °C on Rh;/AC-
SNI,y, which is the lowest among Rh,/AC-SNIg,, Rh,/AC-
SNIgyy, Rh;/AC-Sl;g, and Rh;/AC-NI,y,. This result high-
lights that the synergistic coordination effect of S/N/I
significantly reduces the desorption energy barrier of ethanol.
DFT calculations were performed to evaluate the adsorption
energy barrier of ethanol on single-Rh sites with different
coordination environments. As illustrated in Figure 4f, the
ethanol adsorption energy barrier is —0.53 eV over Rh;/AC-
SNI,y,, which is significantly lower than that of Rh;/AC-NI,,
(+0.08 eV) and Rh,/AC-SL,y, (+0.25 V), aligning well with
the experimental results. Additionally, the Bader charge and
differential charge density changes of various Rh active sites
after ethanol adsorption were calculated. As shown in Figure
S27 and Table S12, the synergistic effects of S/N/I
coordination led to a more pronounced depletion of electrons
(indicated in green) around the Rh atom. This results in a
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Figure S. In situ experiments of (a) glycolic acid LC—MS results with H,0/'®0,/H,'®0 isotope labeled on Rh;/AC-SNI,, and (b) signal
distribution of LC—MS results. (c) EPR spectra of the ethanol oxidation reaction over Rh;/AC-SNI,q, Rh/AC-SNI4,, and Rh/AC-SNIg. DMPO
was added into the reaction mixture as the radical trapping agent. (d) '®0O, labeling LC—MS results on Rh,/AC-SNL,, with different reaction
times. (e) In situ FEL-TOF/MS spectrometry on Rh;/AC-SNIL,, using C,H;OH/CO/0,/H,0/1,/Ar from S0 to 280 °C.

higher oxidized valence of Rh, with a Bader charge of 14.09lel.
These findings suggest that the simultaneous coordination of S,
N, and I facilitates more electron transfer from Rh,
strengthening the Rh—O bond. Consequently, the formation
of Rh—OCH,CH; became more favorable. The simulated
length of the O—H bond adsorbed on Rh;/AC-SNI,, is 0.99
A, longer than those adsorbed on Rh;/AC-Nl,q, (0.98 A) and
Rh;/AC-SL,4 (0.97 A), further supporting the conclusions
(Table S12). Additionally, the energy barriers for the -C—H
activation of ethanol over the three catalysts are illustrated in
Figure 4l. The results revealed that Rh;/AC-SNI,, requires
only +0.79 eV, which is significantly lower than those on Rh,/
AC-NI, (+0.95 eV) and Rh;/AC-Sl,o, (+1.36 eV). These
experimental and theoretical findings demonstrate that the
synergistic S/N/I coordination effect optimizes the electronic
properties of the single-Rh site, enhancing its ability to adsorb
and activate substrates effectively.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS) experiments were conducted
to investigate the intermediates of the ethanol direct oxidation
reaction on Rh;/AC-SNI,y,. As shown in Figure 4g and h, the
signals appearing at 3506 cm™" and 1639 cm™ belonged to
O—H stretching of water, while the signals of ethanol were
detected at 3218 cm™' and 1259 cm™" (O—H stretching), 2976
cm™! and 1393 cm™ (*CH,), 2898 cm™ and 1443 cm™!
(*CH,), and 873 cm™' (C—O stretching)."*" Additionally,
the C=0 stretch corresponding to the acetyl group of acetic
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acid appeared at 1747 cm™' as the reaction progressed. The

relatively weak intensity of this peak reflects the low selectivity
for the acetic acid product. In the absence of I,, the reaction
products comprise only acetaldehyde and acetic acid (Figure
3a). Consequently, the in situ DRIFTS spectrum in Figure 4k
exhibits only the acetyl peak at 1747 cm™, with no signal at
1612 cm™'. However, a distinct peak emerges at 1612 cm™!
when 1, is included. This observation confirms that the 1612
cm™' peak is not attributable to the C=O bonds of
acetaldehyde or acetic acid, but rather corresponds to the 2-
hydroxyacetyl species, which acts as a key intermediate in the
formation of glycolic acid.”® Furthermore, the Rh—OH peak
was detected at 3665 cm™, showing the bound between
hydroxyl groups and the single-Rh sites.”>* After purging with
nitrogen, the signals of ethyl species adsorbed on the single-Rh
site remained, with the disappearance of most peaks (Figure
S$28). Furthermore, a weak peak emerged at 1583 cm™’, which
can be attributed to the carboxyl group of glycolic acid.”> In
contrast, only the acetyl group signal was observed in the
controlled experiment without the addition of I,, with no
detection of characteristic peaks for 2-hydroxyacetyl species or
glycolic acid during the in situ reaction process (Figure 4j—k,
and Figure S28). It was observed that the addition of I,
promotes the generation of ®OH species from H,O by
comparing the OH peak intensity of water. DFT calculations
revealed that iodine radicals activate H,O molecules over Rh,/
AC-SN1,y, to form HIO intermediates and ®OH species with
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Figure 6. DFT calculations. The reaction pathway of ethanol oxidation to glycolic acid on the Rh;/AC-SNI,q, catalyst, involving O,, I,, and
ethanol, includes the structures of key intermediates and their corresponding Gibbs free energy (AG) changes. States 1—17 represent different
elementary steps in the reaction pathway, while TS denotes the transition states. The color scheme used is as follows: cyan spheres for H; gray
spheres for C; red spheres for O; green spheres for S; yellow spheres for N; brown spheres for I; and beige spheres for Rh.

an energy barrier of +0.25 eV. In contrast, the activation of
H,O to generate ®OH solely via Rh;/AC-SNI,, requires an
energy barrier of +0.58 eV. The addition of I, significantly
reduces the activation energy of eOH generation from H,O
(Figure 4i and Figure S$29). These findings confirm the
formation pathway of glycolic acid and highlight the critical
role of I, in the reaction.

Isotope labeling experiments are effective techniques to trace
element changes in reactants and products. The oxygen
transfer process during the conversion of ethanol to glycolic
acid on Rh;/AC-SNI,,, was investigated using liquid
chromatography—mass spectrometry (LC—MS), as shown in
Figure Sa and Table S13. Initially, experiments with common
H,O and O, revealed a signal corresponding to glycolic acid
([C,H,05]-H)", confirming that LC—MS can effectively
detect the reaction products. When 'O, was used to replace
the O,, only a very small amount of ([C,H,0,[**0O]]-H)~
was detected, indicating that most of the oxygen in glycolic
acid originates from other reactants. By replacing H,O with
H,"0, the resulting signals, from strongest to weakest, were
detected as ([C,H,[*®*0];]-H)” > ([C,H,0[**0],]-H)~ >
([C,H,0,["™®0]]-H)" in Figure Sb. These results suggest that
H,O directly participates in the reaction, and the —OH group
in ethanol exchanges with eOH from water, forming
([C,H,4[**0]5]-H)~. All of the oxygen atoms of glycolic
acid come from water via the catalytic action of single-Rh sites.
Control experiments demonstrated that the reaction scarcely
proceeds without O, (Figure 3e), indicating that O, is crucial
for generating ®OH from H,O. An isotope labeling experiment
was designed to verify the oxygen exchange processes,
including addressing the involvement of H,O and the transfer
of oxygen from O, to H,O. Using 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) as a radical scavenger, electron paramagnetic
resonance (EPR) spectroscopy was conducted.””*> As shown
in Figure Sc, ®¢OH radicals dissociated from H,O were
captured by DMPO in the liquid phase, producing clear signals
which directly indicate their involvement in the oxidation of
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ethanol to glycolic acid over the Rh,/AC-SNI,, catalyst, while
the blank experiment did not show any radical signals.

The distribution of '*0 isotopes in H,O after the reaction
was investigated using gas chromatography—mass spectrome-
try (GC—MS). As shown in Figure $30, a minor m/z = 20
signal was observed in the control experiment with normal O,,
corresponding to the natural abundance of '*O in water. In
contrast, the signal increased dramatically when 'O, was
employed in the reaction, confirming that oxygen from O, was
transferred to H,O after the reaction. Isotopic tracing
experiments further revealed a novel oxygen shuttle mecha-
nism mediated by water molecules, in which the eOH
generated from the dissociation of water can insert into a-
and f-C—I formed from ethanol with the help of the O,/I,
triggering and replace the hydroxyl group of ethanol
Simultaneously, O, can combine with H species to form new
H,0O molecules, thereby establishing a dynamic cycle of oxygen
and water. To further validate this conclusion, we conducted a
series of experiments with different reaction times using '*O,
isotope exchange. As illustrated in Figure Sd, the relative
abundance of the ([C,H,0,['®0]]—H)~ species gradually
increases from 1.69% to 12.7% over reaction times of 0.5, 1, 3,
and 6 h, respectively. With the prolonged reaction time, '*O,
was gradually converted into H,'®O water molecules, leading
to the content enhancement of the ([C,H,0,["*0]]-H) .
This observation provides powerful evidence for the proposed
reaction mechanism of oxygen shuttle in the system.

In situ free electron laser time-of-flight mass spectrometry
(FEL-TOF/MS) was conducted using a vacuum ultraviolet
free electron laser (VUV FEL) at the Dalian Coherent Light
Source (Figure S31). 557 As shown in Figure Se, when
C,H;OH/0,/H,0/Ar passed through the mixture of I, and
Rh;/AC-SNLq, the signals of oxygen radicals eO (m/z = 16),
hydroxyl radicals €OH (m/z = 17), and iodine radicals I (m/
z = 126.9) were captured with increasing temperature. This
indicates the dissociation of O,, H,0O, and I, on active sites of
the Rh;/AC-SNI,, catalyst. Due to the excess C,H;OH in the
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groups on Rh active sites. (d) Projected state density of €O, eI, and ¢OH radicals.

system, the signals of C,H;O* (m/z = 45) and C,H;OH (m/z
= 46) exhibited strong multiple peaks at lower temperatures.
As the reaction system temperature enhanced, the peak
intensity gradually decreased due to the conversion of ethanol
into glycolic acid and other intermediates. The signal of acetic
acid (m/z = 60) was observed as the temperature increased.
However, the intensity of glycolic acid (m/z = 75) reached its
maximum at 180 °C and then decreased, which could be
attributed to the decomposition of glycolic acid under high-
temperature conditions. Additionally, signals of ethylene glycol
intermediate species (OHCH,CH,OH*) at m/z = 62 and
hypoiodous acid species (HIO) at m/z = 143.9 were also
observed, indicating possible intermediate species of ethylene
glycol and HIO during the formation of glycolic acid. From the
results presented above, it is evident that H,O provides the O
source for glycolic acid. O, and I, activate H,O to form
hydroxyl radicals (eOH).

Density functional theory (DFT) calculations were
employed to simulate the reaction pathways and associated
energy changes (Figure 6 and Table S14), providing further
insights into the mechanism of ethanol oxidation to glycolic
acid over the Rh;/AC-SNI,, catalyst in the presence of I,.
DFT calculations revealed that the reformed Rh active site
(A1) preferentially adsorbs the oxygen atom of ethanol to form
a Rh—OHCH,CHj, structure (A2). Via the stimulation of the
O, under a specific temperature, I, generates oI radicals. The
energies required for eI radicals to attack the f-C—H bond of
ethanol and the Rh—OH bond were both calculated (Figure
$32). It is shown that eI radicals more easily abstract hydrogen
from Rh—OH, resulting in the transition state Rh-OCH,CH,
(TS1) and HI. After HI removal, Rb—OCH,CH; undergoes
intramolecular hydrogen transfer, yielding Rh—OHCH,CH,
species (TS2) with a rate-determining step energy barrier of
0.79 eV. In fact, the iodine radical plays a critical role in the
formation of the TS2 intermediate. The energy barrier for
breaking the S-C—H bond with the assistance of iodine
radicals is 0.8 eV higher than that without them (Figure S33).
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In the presence of oI and ®OH radicals, Rh—OCH,CH,I (AS)
and Rh—OCH,CH,IOH species (A6) form in succession. The
desorption of HIO requires 0.67 eV of energy (TS3), and
subsequent ®OH radical attack easily generates Rh—OH-—
CH,CH,OH species (A8). Since glycol desorption requires
0.26 eV of energy, only trace amounts of glycol were detected
in the VUV-FEL experiment (Figure Se). Further attack of the
eOH radical results in the formation of Rh—O(H,O)-
CH,CH,OH species (A10), which undergoes dehydration to
produce a transient species TS4. Due to the instability of TS4,
a brief intramolecular hydrogen transfer occurs, yielding Rh—
OHCHCH,OH species (All). Continuous eOH radical
attack successively generates Rh—OH—-CHOHCH,OH spe-
cies (Al12) and Rh—O—CHOHCH,OH species (A13).
Notably, ®OH radicals preferentially bond to Rh rather than
to the oxygen atom of ethanol. The eI radicals more easily
attack the a-C—H bond of Rh—O—CHOHCH,OH species
(A14), forming Rh—O—COHCH,OH species (A1S). Further
attack of the ®OH radical results in the formation of multiple
OH-competitive adsorption species, Rh—O—C(OH),CH,0OH
(A16). However, this species is highly unstable, and after OH
desorption, glycolic acid detaches from the Rh active site
(A17), allowing the Rh site to re-enter the catalytic cycle. It is
worth noting that the signal of 2-hydroxyacetyl (1612 cm™)
from the secondary desorption of OH from Rh—O-—
C(OH),CH,0H (A16) was captured in the in situ DRIFT
experiment (Figure 4h and Figure S34).

As shown in Figure 7, differential charge density analysis was
conducted to explore the possible —OH desorption process for
the transformation of Rh—O—C(OH),CH,0H (A16) to Rh—
HOOCCH,OH (A17) species during the reaction pathway in
Figure 6. When the OH inherited from original ethanol (bold
OH in Rh—O—OHC(OH)CH,OH) was removed (Al7a in
Figure 7a), the Bader charge of Rh increased from 13.96 to
14.36 eV, and the Rh—O bond exhibited a length of 2.29 A,
with a valence state of +0.64 and an energy barrier of —1.64 eV
(Figure 7b,c). In contrast, the removal of the OH from water
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in A16 (bold OH in Rh—O—OHC(OH)CH,OH, Al17b in
Figure 7a) resulted in an increase in the Bader charge of Rh
from 13.96 to 14.43 eV, with an Rh—O bond length of 2.31 A
and an oxidized valence of +0.57 for Rh species (Figure 7b).
The corresponding OH desorption energy in this case is —1.51
eV, as shown in Figure 7c. This indicates that the OH group
inherited from ethanol in the Al6 species is more prone to
desorption, leading to a more stable A17 structure. This also
explains that the oxygen atoms in the glycolic acid product all
originate from H,O from the point of energy. Additionally, a
simple simulation of the reaction pathway leading to
acetaldehyde and acetic acid in the absence of I, was
performed, while the oxidant was either the O radical or OH
radical, respectively (Figure S35 and S36 and Table S15). The
energy barrier to extract a hydrogen atom from Rh—OH-—
CH,CH; under only the action of O radicals is +0.91 €V,
higher than 0.79 eV with the assistance of eI radicals (Figure
$36). It only leads to the formation of acetaldehyde, which was
subsequently oxidized to acetic acid. This suggests that the
addition of I, assists the single-Rh site to activate hydrogen.
The high reactivity of the iodine radical (eI) is due to its
significantly higher density of states (DOS) near the Fermi
level compared with other species (Figure 7d). The hydroxyl
radical (¢OH), with a second DOS, also demonstrates strong
insertion capability. The oxygen shuttle via water mediation
can accelerate the conversion of ethanol to glycolic acid at the
Rh active site.

3. CONCLUSION

In summary, we developed a sulfur/nitrogen/iodine (S/N/I)
synergistically coordinated single-atom rhodium catalyst (Rh,/
AC-SNI,q) via a multiple-ligand induction strategy. This
system enables the direct and efficient conversion of ethanol to
glycolic acid under the O,/I, activation, exhibiting the best
performance at 160 °C with a TOF of ca. 250 h™" and glycolic
acid selectivity in liquid products of 93%, outperforming Rh
nanoparticles by 16-fold. The optimized S/N/I synergistical
coordination enhances electron delocalization around Rh sites,
substantially reducing the activation barriers of critical reaction
steps. The identified key intermediate of activated iodine
radicals (eI) preferentially abstracts f-C—H hydrogen atoms
from ethanol, thereby redirecting the reaction trajectory. A
water-mediated oxygen shuttle mechanism unveils that
hydroxyl radicals (¢OH) generated via H,O dissociation insert
into @-C and f-C to form the —OH group. The highly reactive
oOH radicals will also replace the original OH of ethanol to
form C=0. Meanwhile, O, reacts with the iodine radical and
hydrogen species from ethanol and water to generate
hypoiodous acid (HIO) as a key intermediate. Subsequently,
HIO undergoes decomposition to regenerate H,O and O,,
thereby completing the water-mediated oxygen shuttle catalytic
cycle. This energy-efficient and highly selective reaction
mechanism offers a sustainable pathway for ethanol con-
version.
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