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Abstract: The thermocatalytic hydrogenation of CO2 to ethanol has attracted significant interest because ethanol offers
ease of transport and substantial value in chemical synthesis. Here, we present a state-of-the-art catalyst for the CO2

hydrogenation to ethanol achieved by precisely depositing single-atom Ir species on P cluster islands situated on the
In2O3 nanosheets. The Ir1-Px/In2O3 catalyst achieves an impressive ethanol yield of 3.33 mmolg� 1h� 1 and a turnover
frequency (TOF) of 914 h� 1 under 1.0 MPa (H2/CO2=3 :1) at 180 °C, nearly 8 times higher than that of the unmodified
Ir1/In2O3 catalyst. Additionally, at a more industrially relevant pressure of 5.0 MPa, the TOF of the Ir1-Px/In2O3 catalyst
can reach up to 2108 h� 1, surpassing previously reported catalysts. Combined in situ characterization and theoretical
studies reveal that the hydrogenation process is significantly enhanced by the Ir1-Px entities. Specifically, the Ir atom
facilitates CO2 activation and C� C coupling, while the surrounding P island exhibits exceptional H2 dissociation ability.
These three steps have been found crucial for the CO2 hydrogenation reaction. This discovery opens new opportunities
for the regulation of the microenvironment of current catalysts by providing essential chemical functionalities that
enhance intricate and complex reaction processes.

Introduction

The sequestration and conversion of excess CO2 have
emerged as pivotal focal points in the strategic agendas of
numerous nations due to the urgent need to address climate
change and environmental degradation.[1] Among the vari-
ous approaches, the thermocatalytic hydrogenation of CO2

to ethanol (or other higher alcohols) has garnered significant
interest owing to the ease of transport and their substantial
value in chemical synthesis.[2] The process of CO2 hydro-
genation to ethanol is highly intricate, involving the
activation and reduction of CO2, activation of H2, and
facilitation of C� C coupling.[3] Consequently, it poses a
significant challenge for catalyst design. Ongoing advance-
ments in catalysis and chemical engineering are necessary to
render the process economically and environmentally fea-
sible, with a focus on achieving reactions at lower pressures
while maximizing catalyst atom efficiency.[4]

Recently, metal-based single-atom catalysts (SACs) have
taken the spotlight in studies on the thermocatalytic hydro-
genation of CO2 to ethanol.[5] These SACs capitalize on the
collaboration between the precisely defined ‘single-atom’
metal center and the electronic and geometric interactions
with the support surface. Notably, Huang et al. achieved
remarkable CO2-to-ethanol activity by anchoring single-
atom Ir species onto the surface of In2O3, featuring a high
turnover frequency (TOF) of 481 h� 1 for each Ir atom.[6]

This success highlights the effective synergy between the
adsorption and activation of CO2 by the Ir sites and the
In2O3 supports with oxygen vacancies. However, challenges
arise in this system as the Ir sites fulfil multiple roles,
potentially leading to their saturation during catalysis, there-
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by impeding the kinetic processes of CO2 and H2 activations
and impacting overall catalytic activity.

While SACs have shown promise, ensuring stable metal
centers on the support surface while maintaining structural
flexibility for completing the catalytic cycle remains a critical
challenge. The essential chemical bonding between the
metal center and the support carrier, vital for preventing
metal detachment or aggregation, often results in a spatially
constrained environment that limits the activation of com-
plex or multiple substrates concurrently.[7] The efficacy of
single-atom metal sites for intricate molecular transforma-
tions has sparked debates within the scientific community,
with some researchers advocating for tailored tertiary or
microenvironments that could enhance efficiency, particu-
larly when multiple functional motifs are at play.[8] Alter-
natively, exploring potential synergies among atomic-level
active sites during design optimization to target specific
steps without compromising other functions presents an
intriguing avenue for further exploration in catalytic
design.[9]

In this study, we demonstrate a synthetic strategy
involving the deposition of phosphorus cluster islands (‘P
islands’) onto In2O3 nanosheets. These P islands serve as
hosts for single Ir atoms, leading to the formation of ‘Ir1-Px’
on In2O3 nanosheets (Ir1-Px/In2O3). The specific coordination
of the Ir center with the P islands not only alters the
electronic structure of the Ir center, optimizing the adsorp-
tion and activation of CO2 molecules as well as their C� C
coupling ability but also the P atoms exhibit excellent H2

dissociation ability compared to the Ir single atomic site in
Ir1/In2O3. Overall, the presence of these Ir1-Px entities in Ir1-
Px/In2O3 effectively enhances the TOF for each Ir atom by
7.8 times compared to unmodified Ir1/In2O3. The discovery
presents novel opportunities for the development of ‘next-
generation’ SACs, which are essential for intricate chemical
reactions.

Results and Discussion

Synthesis and Structural Characterizations of Ir1-Px/In2O3

The Ir1-Px/In2O3 catalyst, which features atomically dis-
persed Ir deposited onto P islands and supported on
ultrathin In2O3 nanosheets, via a three-step-process, as
summarized in Figure 1a. First, the In2O3 nanosheets were
obtained by annealing In(C17H33COO)3 precursor at 400 °C
for 3 min, following the established method in the literature
(Figure S1).[10] Second, the phosphorization of these ultra-
thin In2O3 nanosheets was conducted at 400 °C to produce P-
In2O3, where the phosphorus species form small cluster
islands on the support surface as previously documented.[11]

Finally, the Ir precursor (H2IrCl6) was impregnated onto P-
In2O3, and the target catalyst (Ir1-Px/In2O3) was obtained
through hydrogen reduction (5% H2 / 95% Ar) at 300 °C. A
control sample, Ir1/In2O3, was prepared without P modifica-
tion, as detailed in the Supporting Information and the
catalyst preparation section (see Figure S1a and S1b).
Interestingly, the introduction of P results in a significant

reduction in the single electron signal of In2O3 (Figure S2),
which should be attributed to P clusters covering the oxygen
vacancies in In2O3. The Ir contents of Ir1/In2O3 and Ir1-Px/
In2O3 were determined as 0.13 wt%, and 0.07 wt%, respec-
tively (Table S1).

The powder X-ray diffraction (XRD) patterns of the
prepared samples, shown in Figure 1b, reveal only the
characteristic diffraction peaks attributed to cubic In2O3

with the space group of I213 (a=10.1296(7) Å; JCPDS#88-
2160). The Pawley refinement profile of Ir1-Px/In2O3 is
presented in Figure 1c and the structural parameters are
summarized in Table S2 (refinement profiles of other
samples are shown in Figure S3). The absence of P-related
peaks in P-In2O3 and Ir1-Px/In2O3 suggests that phosphorus
does not exist in In2O3 in the form of crystalline metal
phosphides or phosphorus species. Furthermore, no Ir-
related peaks were detected in Ir1-Px/In2O3 and Ir1/In2O3,
indicating that Ir species are likely atomically dispersed.

The transmission electron microscopy (TEM) images
(Figure S4) reveal the size of the In2O3 nanosheets is
approximately 10 nm. Furthermore, phosphorus modifica-
tion and the immobilization of Ir species did not alter the
morphological characteristics of the In2O3 nanosheets, as
depicted in Figure S5–S6. The scanning transmission elec-
tron microscopy (STEM) energy dispersive X-ray spectro-
scopy (EDX) mapping and line profile for the Ir1-Px/In2O3

show a uniform distribution of In, O, P, and Ir atoms
throughout the sample (Figure 1d–e). High-angle angular
dark-field (HAADF) STEM was further employed to
identify the states of Ir species on the surfaces of P-In2O3

and In2O3. The HAADF-STEM images of In2O3 and Ir1-Px/
In2O3 (Figure 1f–g) exhibit well-defined crystal structures,
displaying regular lattice fringes with a d-spacing of 2.3 Å,
corresponding to (222) of cubic In2O3 nanosheets. In
contrast to Figure 1f, bright spots observed in Figure 1g can
be attributed to atomically dispersed Ir species. Importantly,
no Ir clusters were detected in the HAADF-STEM images,
which is consistent with our diffraction evidence.

To study the oxidation states and coordination environ-
ment of these atomically dispersed Ir species in Ir1/In2O3 in
Ir1-Px/In2O3, X-ray absorption spectroscopy measurements
were conducted.[12] The normalized Ir L3-edge X-ray
absorption near-edge spectroscopy (XANES) (Figure 2a)
shows that the white-line intensities of Ir1/In2O3 and Ir1-Px/
In2O3 samples fall between those of Ir foil and IrO2,
indicating that the oxidation number of the Ir species in
both samples is +2, as determined by a linear combination
fit (inset of Figure 2a), with the valence state in Ir1-Px/In2O3

being slightly higher.[8b,13] Further analysis using extended X-
ray absorption fine structure (EXAFS) studies the local
coordination environment of Ir atoms, complementing the
structural findings. The wavelet transform (WT) analysis of
the EXAFS data for Ir1/In2O3 (Figure 2b) shows a strong
lobe centered at k=5.5 Å� 1 and R ~1.5 Å, corresponding to
the oxygen atoms surrounding the Ir center. In contrast, for
Ir1-Px/In2O3 (Figure 2c), the lobe shifts to higher k and R
values, specifically at k=7.5 Å� 1 and R ~1.7 Å, indicating
coordination of Ir to heavier P atoms. The subsequent
Fourier-transformed EXAFS data (Figure 2d) reveal only
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one characteristic peak in both Ir1/In2O3 and Ir1-Px/In2O3,
corresponding to the Ir� O and Ir� P backscattering paths in
the first shell. Notably, no first-shell Ir� O contribution was
observed in Ir1-Px/In2O3. The absence of a peak around
2.4 Å, which would indicate an Ir–Ir scattering path present
in Ir foil, further confirms that the Ir atoms are atomically
dispersed on the respective support surfaces. From the
quantitative fitting analysis (Figure 2e–f and Figure S7; de-
tailed EXAFS parameters are provided in Table S3), the
Ir� O scattering path in Ir1/In2O3 is calculated to be 1.98 Å,
with an average coordination number of 4.6. Conversely, the
Ir� P scattering path in Ir1-Px/In2O3 is calculated to be
2.28 Å, with an average coordination number of 3.7. It is
noteworthy that the scattering path characteristic of Ir� O at
~2 Å is absent. This indicates that Ir is directly immobilized
on the In2O3 support in Ir1/In2O3, whereas in Ir1-Px/In2O3, Ir
is distinctly deposited onto the P islands without direct

contact with the In2O3 support. Our density functional
theory (DFT) calculations (shown in the insets of Figure 2e
and 2f) suggest that the formation energies for Ir immobili-
zation on In2O3 and P-In2O3 are � 10.3 eV and � 7.7 eV,
respectively, indicating thermodynamically stable Ir immobi-
lization as a ‘single atom’.

X-ray photoelectron spectroscopy (XPS) further eluci-
dated the electronic properties of the Ir(II) species. Fig-
ure 2g–i and Figure S8 present the high-resolution XPS
spectra for Ir 4 f, In 3d, P 2p, and O 1s of the samples. The
binding energy of the Ir 4 f in Ir1-Px/In2O3 is higher than that
of Ir1/In2O3, with values of 4f7/2 = 62.1 eV and 4f5/2=64.8 eV
for Ir1-Px/In2O3 (compared to 4f7/2 = 62.4 eV and 4f5/2=

65.1 eV for Ir1-Px/In2O3). This indicates a slightly higher
valence state of Ir(II) in Ir1-Px/In2O3 (Figure 2i), aligning
well with our findings from XANES.[14] Additionally, the
binding energy of In 3d exhibits a blue shift when Ir atoms

Figure 1. (a) Synthesis Scheme of Ir1-Px/In2O3. (b) Powder XRD patterns of In2O3, P-In2O3, Ir1/In2O3, and Ir1-Px/In2O3 (λ=1.5418 Å). (c) The Pawley
refinement profile of Ir1-Px/In2O3. (d) EDX elemental mapping images, and (e) STEM-EDX line profile of Ir1-Px/In2O3. HAADF-STEM images of
(f) In2O3, and (g) Ir1-Px/In2O3.
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are loaded onto the surfaces of In2O3 (by 0.5 eV) and P-
In2O3 (by 0.3 eV). In contrast, simple P modification on
In2O3 does not change the binding energy of In 3d. The P 2p
XPS dataset in Figure 2h shows the phosphorus species in
both P-In2O3 and Ir1-Px/In2O3 exhibit two chemical states:
oxidized phosphorus species at 133.10 eV and metal/P� P(in
the form of P cluster) at approximately 130.0 eV, and the
intensity of metal/P� P peak for Ir1-Px/In2O3 slightly higher
than that of P-In2O3.

[15] The combined evidence suggests that
in Ir1-Px/In2O3, the Ir atoms are directly immobilized on the
Px islands on the In2O3 surface through the formation of
Ir� P bond.[16]

CO2 Hydrogenation Performance of Ir1-Px/In2O3

The CO2 hydrogenation catalytic performance of these
samples was evaluated in a stainless-steel autoclave, with the
following reaction conditions: 5 mg catalyst in 5.0 mL H2O,
initial pressure 1.0 MPa (CO2/H2=1 :3), and a reaction
temperature ranging from 120 to 220 °C. No CO or other
carbon-containing gases were detected through gas chroma-
tography analysis. The liquid products from the CO2 hydro-
genation were quantified using 1H nuclear magnetic reso-
nance (NMR) spectroscopy, where only methanol and
ethanol were detected. In the absence of Ir, methanol was
the primary product over both In2O3 or P-In2O3 (Figure 3a).
The introduction of P on In2O3 enhanced the methanol yield
by 30%. However, upon the introduction of atomically
dispersed Ir species, ethanol becomes the primary product

Figure 2. (a) Ir L3-edge XANES spectra for Ir foil, IrO2, Ir1/In2O3 and Ir1-Px/In2O3. Wavelet transforms for the k2-weighted EXAFS data of (b) Ir1/In2O3

and (c) Ir1-Px/In2O3. (d) Ir L3-edge FT-EXAFS for Ir foil, IrO2, Ir1/In2O3 and Ir1-Px/In2O3. Ir L3-edge EXAFS spectra and the corresponding curve-fits in
R-space of (e) Ir1/In2O3 and (f) Ir1-Px/In2O3 (inset: DFT-optimized crystal structures). High-resolution X-ray photoelectron spectra for the (g) In 3d,
(h) P 2p, and (i) Ir 4f states for Ir1/In2O3, and Ir1-Px/In2O3.
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over both Ir1/In2O3 and Ir1-Px/In2O3, indicating that the
atomically dispersed Ir species serve as efficient catalytic
sites for facilitating C� C coupling. ; Supplementary compar-
ison with Ir1 supported on black phosphorus is presented in
Figure S9 where nil ethanol is formed. The catalytic
performance of Ir1-Px/In2O3 peaked at 180 °C, achieving an
ethanol selectivity of 98.5% and a yield of
3.33 mmolgcat

� 1h� 1 after 8 h of time-on-stream (Figure 3b).
The TOFIr of Ir1-Px/In2O3 reached 914 h� 1, which is 7.8 times
that of Ir1/In2O3 (116 h� 1) (Figure 3c). This observation
suggests that P islands modulate the electronic structure of
the Ir centers in the Ir1-Px entities, thereby facilitating C� C
coupling at the Ir catalytic site. Further testing under more
stringent pressure conditions demonstrated exceptional
efficacy in the catalytic hydrogenation of CO2 into ethanol
(Table S4). For instance, at 5.0 MPa and 180 °C, the yield of
Ir1-Px/In2O3 catalyst increased to 7.68 mmolgcat

� 1h� 1 with
99% selectivity of ethanol, and the TOFIr reached 2108 h� 1.
Compared to reported literature (Figure 3d and Table S5),
Ir1-Px/In2O3 exhibits, to the best of our knowledge, the best
performance for CO2 hydrogenation to ethanol. Moreover,
the optimal temperatures for P-In2O3 and Ir1-Px/In2O3 were
found to be 20 °C lower than those of their P-unmodified
counterparts (Figure 3b and Figures S10–S11). To confirm
the carbon source in the products, we conducted an isotope
experiment using 13CO2/H2 as the feed gas, resulting in the
exclusive formation 13CH3

13CH2OH with a molecular ion
peak at m/z=46 (see Figure S12). Over extended reaction
times with Ir1-Px/In2O3, both the methanol and ethanol
yields showed slight increases (Figure 3e), while ethanol

selectivity remained consistently around 99%. In contrast,
the ethanol selectivity for Ir1/In2O3 noticeably decreased to
about 80% after 12 h of time-on-stream (Figure S13),
indicating that the phosphorus species plays a key role in
maintaining catalytic stability and durability for CO2 hydro-
genation to ethanol. In addition, Ir1-Px/In2O3 exhibited
exceptional recycling stability, sustaining CO2 hydrogenation
for 5 cycles lasting 12 h each while maintaining 95% of its
initial catalytic activity (Figure 3f). Overall, Ir1-Px/In2O3 not
only shows a significantly improved reaction rate for CO2

hydrogenation but also effectively promotes C� C coupling,
leading to efficient and stable ethanol production.

CO2 Hydrogenation Reaction Mechanism of Ir1-Px/In2O3

To understand the mechanism by which Ir1-Px/In2O3 enhan-
ces the reaction rate and yield of ethanol, in situ diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS) spectroscopy was employed, where key reaction
intermediates during CO2 hydrogenation can be observed.
Initially, we conducted in situ DRIFTS to investigate the
time-resolved profile of CO2 adsorption. As shown in
Figure 4a, a characteristic peak of *CO (~2070 cm� 1) was
observed on both Ir1/In2O3 (Figure S14) and Ir1-Px/In2O3,
contrasting sharply with the spectra of In2O3 and P-In2O3

(Figure S15). This indicates the active role of Ir species for
CO2 adsorption and activation, consistent with the higher
CO2 conversion rates observed over both Ir1/In2O3 and Ir1-
Px/In2O3 catalysts. In addition, we noted significantly

Figure 3. (a) Selectivity and yield of methanol and ethanol for In2O3, P-In2O3, Ir1/In2O3 and Ir1-Px/In2O3. (b) Ethanol production over Ir1-Px/In2O3

under different temperatures. (c) TOFIr values of Ir1/In2O3 and Ir1-Px/In2O3 at 1 MPa and 5 MPa. (d) Comparison for Ir1-Px/In2O3 with a series of
recently reported CO2-to-ethanol catalysts. (e) Effect of reaction time on the CO2 hydrogenation over Ir1-Px/In2O3. (f) Cycling test for the CO2

hydrogenation over Ir1-Px/In2O3.
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increased IR signal intensities from CO2-related intermedi-
ates, such as bicarbonate (HCO3

� ) (1632, 1455 cm� 1) and
carbonate (CO3

2� ) (1503, 1486, 1370, 1308 cm� 1) in the Ir-
containing.[17] Furthermore, by comparing the CO2 adsorp-
tion behavior over Ir1/In2O3 and Ir1-Px/In2O3, we observed a
rapid appearance of a strong *CO signal on the surface of
Ir1-Px/In2O3 within 6 min. This suggests that Ir1-Px/In2O3 has
superior CO2 adsorption and activation abilities, likely
attributed to the Ir1-Px entities. To obtain more detailed
information, we conducted in situ DRIFTS measurements
over Ir1/In2O3 and Ir1-Px/In2O3 under a flow of CO2/H2/H2O
(CO2 :H2=1 :3, bubbled in aqueous solution) at 180 °C
(Figure 4b and Figure S16). A strong IR peak at 2923 cm� 1,
characteristic of the key intermediate methoxy (*CH3O)
species, was observed in both Ir1/In2O3 and Ir1-Px/In2O3.

[18] In
contrast, the IR peak attributable to *CH3O in Ir1/In2O3 was
much weaker. Overall, the in situ DRIFTS experiments
identified the presence of Ir-CO* and CH3O*, which are key
intermediate species commonly observed during CO2

hydrogenation.[19]

Another critical step is the activation of hydrogen, which
is essential for the hydrogenation of adsorbed CO2 species.
To further understand H2 activation over Ir1-Px/In2O3, we
employed in situ DRIFTS to examine the adsorption
behavior of H2/D2 on the catalyst surface. As shown in
Figure 4c, a distinct IR signal appears in Ir1-Px/In2O3 at
approximately 2400 cm� 1 between 100–200 °C under an H2

atmosphere, corresponding to the stretching of P� Hads.
[20]

With increasing reaction temperature, the intensity of this

IR peak increases, indicating a higher coverage of P� Hads

intermediates. Using the isotope D2, we further substanti-
ated the assignment of the 2400 cm� 1 vibration, as depicted
in Figure 4d. We observed a shift of the P-Dads bond to
1740 cm� 1, consistent with Hooke’s law.[21] Additionally, the
H2 temperature-programmed reduction experiment (H2-
TPR, Figure S17) revealed that P-In2O3 and Ir1-Px/In2O3

exhibited lower hydrogen reduction temperatures compared
to In2O3 and Ir1/In2O3, highlighting the strong hydrogen
activation properties exhibited through P modification,
which aligns with our previous findings.[11] Importantly, we
did not observe any noticeable IR vibrational peaks
corresponding to hydrogen decomposition in Ir1/In2O3 (Fig-
ure S18), indicating that the activation of hydrogen in Ir1/
In2O3 could be more challenging under the same conditions.
This further suggests that Ir1-Px/In2O3 has a higher propen-
sity for hydrogen activation, particularly at the P sites. It is
well known that precious metals, especially Pt and Pd,
effectively activate hydrogen by forming metal-hydride
species.[22] However, the absence of an Ir� H IR signal in
multiple DRIFTS measurements implies that the contribu-
tion of Ir to hydrogen activation could be relatively limited.
This observation aligns with literature findings indicating
that the formation of Ir� H bonds from H2 cleavage typically
requires a higher energy input, than what is provided under
the current measurement conditions.[23]

To further investigate the chemical states of the hydride
and phosphorus species, as well as to determine whether the
Ir sites are directly involved in hydrogen activation through

Figure 4. (a) In situ DRIFTS spectra of Ir1-Px/In2O3 exposed to CO2 for 30 min at 180 °C. (b) In situ DRIFTS spectra of Ir1-Px/In2O3 under CO2

hydrogenation condition for 30 min at 180 °C. In situ DRIFTS spectra of (c) H2, (d) D2 activation on Ir1-Px/In2O3 at 100–200 °C. (e) 1H MAS SS NMR
spectra of pristine dehydrated Ir1-Px/In2O3 before (top) and after (bottom) H2 activation. (f)

31P single-pulse (SP) and cross-polarization (CP) MAS
SS NMR spectra of pristine dehydrated Ir1-Px/In2O3 before (top) and after (bottom) H2 activation.
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the formation of Ir� H bonds, we conducted solid-state
NMR (SS NMR) spectroscopy experiments. The SS NMR
results are presented in Figure 4e, where peaks at 0.1, 1.2,
2.2, and 3.8 ppm can be assigned to terminal (M-OH),
bridged (M2(μ2-OH); 1.2 and 2.2 ppm), and triply bridged
hydroxy (M3(μ3-OH)) species, respectively.[24] The strong
correlation peaks between these signals in the two-dimen-
sional 1H-1H exchange spectrum (Figure S19) indicate that
these surface hydroxy groups are in close proximity, forming
a complex hydroxy network. Additionally, a broad peak
centered around 8 ppm is observed in Figure 4e. Since this
peak is distant from the metal hydroxy species (Figure S20)
but shows a strong correlation with 31P species (Figure S17),
it can be assigned to P� OH species, supported by a study by
Pourpoint et al.[25] The 31P magic-angle spinning (MAS) SS
NMR spectrum of pristine dehydrated Ir1-Px/In2O3 suggests
the presence of two types of phosphorus species: a sharp
peak at � 7.6 ppm and a broad peak around 7~� 6 ppm. The
former peak likely corresponds to bulk phosphorus species
or fully coordinated P without OH, while the latter peak,
whose intensity is greatly enhanced in the cross-polarization
(CP) spectrum, is attributed to hydroxylated P (‘P� OH’)
species, consistent with the 2D 31P-1H spectrum (Figure S20).
After the adsorption of H2 followed by high-temperature
treatment at 200 °C, the intensity of the P� OH peak
significantly decreases in the 1H MAS SS NMR spectrum
(Figure 4e), and this P� OH contribution becomes negligible

in the 31P CP MAS SS NMR spectrum (Figure 4f). This
clearly implies the consumption of P� OH through reaction
with H2, which is likely regenerated in the presence of water
under reaction conditions. We also observed a notable shift
in the 31P peak in the single-pulse (SP) spectrum from �
7.6 ppm to 4.0 ppm after H2 treatment, indicating the
chemical reduction of the phosphorus species. The absence
of NMR evidence for Ir� H bonds further support the
limited role of Ir in hydrogen activation within this system.

We subsequently performed DFT calculations to study
how Ir1-Px significantly enhanced the conversion of CO2 to
ethanol. As shown in Figure 5a and Figure S21, we consid-
ered four types of catalytic sites for hydrogen activation.
Notably, the P/P� OH sites exhibit the lowest hydrogen
activation energy. This process involves the consumption of
� OH groups at the P/P� OH sites by hydrogen, resulting in
the formation of free water, P/P sites, and P� H species,
which aligns with the chemical reduction of P observed in
the SS NMR data. Among the Ir/P, P/P, and Ir sites, the P/P
sites demonstrate superior effectiveness for hydrogen activa-
tion, outperforming the Ir site. As a result, enhancing H2

dissociation through catalytic sites containing P is expected
to improve the kinetics of CO2 hydrogenation toward
ethanol production. Figure 5b and 5c illustrate the calculated
Gibbs free energy (ΔG) of CO2 hydrogenation to ethanol
over Ir1/In2O3 and Ir1-Px/In2O3, including the relevant
intermediates. This process involves the adsorption and

Figure 5. DFT calculations. (a) Energy diagram for the process H2!H* + H* occurring at Ir/P sites (red), P/P� OH sites (blue), P/P sites (purple),
and Ir sites (yellow) on Ir1-Px/In2O3. (b) Gibbs free energy (ΔG) of CO2 reduction to CO at the Ir active site, along with the corresponding crystal
structures of Ir1/In2O3 and Ir1-Px/In2O3, as calculated by the GGA/PBE level. (c) Calculated ΔG diagrams of CO2 reduction to ethanol on Ir1/In2O3

and Ir1-Px/In2O3. (d) Charge density differences of the (top) Ir1/In2O3 and (bottom) Ir1-Px/In2O3 surfaces after molecular deposition (purple and
green regions indicate electron accumulation and depletion, respectively).
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activation of CO2 on the Ir site, followed by the insertion of
a carbonyl (*CO) on *CH3O, as confirmed by our in situ
DRIFTS analysis and supporting literature.[26] Our DFT
calculations indicate that CO2 adsorption and activation to
*CO on both Ir1/In2O3 and Ir1-Px/In2O3 are spontaneous
(Figure 5b). As shown in Figure 5c and 5d, the hydro-
genation of *OCHO to *OCH2O emerges as a key rate-
limiting step (RLS) in the CO2 hydrogenation process, while
the carbonyl insertion process on the Ir sites is exothermic.
For Ir1-Px/In2O3, the ΔG of the RLS is 0.65 eV, which is
lower than the 0.73 eV observed for Ir1/In2O3, indicating that
Ir1-Px on In2O3 can reduce the energy barrier for CO2

hydrogenation to ethanol. In addition, the transition state
energy calculations for the key reaction step *OCHO!
*OCH2O on the Ir1/In2O3 and Ir1-Px/In2O3 systems are
shown in Figure 5c. The transition state energy for Ir1/In2O3

is calculated to be 1.23 eV, whereas the transition state
energy for Ir1-Px/In2O3 is reduced to 0.72 eV. This finding
further demonstrates that the introduction of P effectively
lowers the energy barrier for this reaction step, thereby
facilitating an accelerated reaction process. As seen in
Figure S22 and S23, a significant alteration in electronic
structures is evident, by analyzing the projected density of
states (PDOS), upon the adsorption of *CO2, *OCHO,
*OCH2O, *OCH3, and *CH3CHO absorbed on Ir1/In2O3

and Ir1-Px/In2O3.

Conclusion

In summary, this study presents an innovative SAC that is
precisely deposited onto a specific entity on a catalyst
surface. This catalyst exhibits outstanding catalytic activity
in the hydrogenation of CO2. Under conditions of 180 °C
and 1 MPa (CO2/H2=1 :3), we achieved an ethanol yield of
3.3 mmolg� 1h� 1 over 8 h, with a remarkable selectivity of
98.5% and a TOFIr of up to 914 h� 1. When the reaction
pressure is increased to 5 MPa, the TOFIr rises significantly
to 2108 h� 1. Combined experimental and computation find-
ings reveal that the introduction of the P cluster islands into
the catalytic system has a dual impact on the CO2 hydro-
genation process. First, the P sites enhance hydrogen
activation. Second, the coordination between Ir and P atoms
modifies the catalytic environment, effectively lowering the
energy barrier for the RLS in CO2 hydrogenation, making
Ir1-Px/In2O3 achieve excellent catalytic performance at low
pressure. This synergistic effect leads to a substantial
enhancement in the reaction rate of CO2 hydrogenation to
ethanol, highlighting the potential of Ir1-Px/In2O3 as a highly
efficient catalyst for sustainable chemical production. These
findings not only contribute valuable insights into the design
of SACs but also suggest promising pathways for future
research in catalyst optimization and support material
modifications.
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