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Room-Temperature Synthesis of High-Entropy Oxides via
NH,F Modulation for Dark ¢OH Radical-Enhanced

Photothermal Catalysis

Yuerong Chen, Xiaowei Zhang, Tianhao Yan, Manchuan Guo, Jinliang Zhu,* Ming Tang,

Yanqiu Zhu, Zhangfa Tong, and Meiping Zhu*

High-entropy oxides (HEOSs) are attracting extensive attention due to their
flexible composition, tunable structures, and promising properties. However,
their synthesis remains challenging, requiring high temperature, tedious
steps, and expensive equipment. Herein, a room-temperature strategy is
reported for synthesizing HEO as the dominant phase through a competitive
complexation-precipitation equilibrium using NH,F as a modulator. The
resulting F-modulated HEO (HEO-F) tailored by NH,* and F~ synergy, exhibits
optimized lattice oxygen (O,,;), and oxygen vacancies (OVs) that significantly
enhance the activation of reactants. Notably, HEO-F demonstrates superior
capability for generating hydroxyl radicals (¢ OH) in the dark, which plays a
critical role in promoting adsorption oxidation and sustaining catalytic stability.
Under mild photothermal conditions (“light+120 °C”), it achieves complete
toluene conversion with 100% CO, selectivity over 300 min and maintains long-
term cyclic stability for more than 30 h. Detailed characterization and density
functional theory (DFT) calculations are performed to link their properties

to composition and structure. In situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) reveals that the key factors for facilitating
deep oxidation and catalyst self-regeneration. This work demonstrates a
simple, economicscopyal, and green room-temperature route for HEOs design
and reveals the vital role of dark eOH for stable photothermal catalysis.

pollution and energy shortage. Solar-driven
photothermal catalysis combines the advan-
tages of photocatalysis and thermal cataly-
sis, while overcoming their individual limi-
tations, such as the low activity and stability
for photocatalysis and the high energy con-
sumption for thermal catalysis.['2] Mixed-
valence oxides, such as Co;0, and MnO,,
exhibit both photo-responsive property and
thermal catalytic activity, good redox prop-
erty and oxygen storage capacity, enabling
them as efficient and cost-effective alter-
natives to noble metals.}) However, their
widespread practical photothermal catalytic
application is hindered by their inevitable
deactivation during long-term continuous
operation, primarily due to the active site
blockage and lack of oxygen species.[*]

Achieving complete mineralization of
toluene via deep oxidation is crucial to
mitigating catalyst deactivation. This pro-
cess strongly depends on the abundance
of reactive oxygen species (ROS) and mo-
bile lattice oxygen. Among ROS, ¢OH rad-

1. Introduction

Photothermal catalytic mineralization of refractory and toxic
toluene into CO, and H,O holds promise to tackle both air
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icals with a high redox potential (~2.8 V vs

RHE), play a crucial role in initiating radi-

cal chain reactions that mineralize toluene
during photocatalysis.>®l Meanwhile, enhanced lattice oxygen
(Oyy) mobility in Mn-based oxides has been shown to be es-
sential for promoting the deep removal of toluene in thermal
catalysis.l’”l Oxygen vacancies (OVs) engineering has been widely
recognized as a pivotal strategy for enhancing the photother-
mal catalytic performance. OVs can serve as critical active sites
that facilitate electron transfer and modulate redox properties,
thereby promoting the generation, subsurface storage, and dif-
fusion of ROS.[®l In addition, OVs can function as Lewis acid
sites that enhance adsorption and activation of reactants (e.g., O,,
H,O0, and toluene), while simultaneously improving lattice oxy-
gen mobility.’] Unlike common element doping that was con-
strained by low solubility limits, Zhang et al. proposed the con-
figurational entropy engineering as a superior strategy for effec-
tive tuning of OVs.['% High-entropy engineering of oxides, en-
abled by five or more principal elements incorporating into a
single-phase solid solution structure, have recently garnered in-
creasing interest in catalytic applications, as their resulting pro-
nounced lattice distortion that could effectively promote lattice

© 2025 Wiley-VCH GmbH
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oxygen activation.['!] Particularly, the flexible composition and
unique structure of high-entropy engineering oxides enable tai-
lored electronic and band structures, which provide great flex-
ibility for optimizing photothermal performance.['?l Neverthe-
less, since the pioneering report of entropy-stabilized oxides by
Rost et al. in 2015,/13] the synthesis of high-entropy engineer-
ing oxides largely relies on conventional high-temperature routes
(>900 °C), suffering from several limitations, such as high energy
demands, expensive equipment requirements, and poor catalytic
performance due to low specific surface area and limited active
site accessibility.[**]

Low-temperature synthesis routes for high-entropy engi-
neering oxides have attracted growing interest for their po-
tential to overcome these drawbacks. However, most current
methods, such as microwave-assisted solvothermal,!’®! sol-gel
electrospinning,*®! solution combustion,['’! and liquid metal-
induced hydrothermal,[*®] still require elevated temperatures
(typically above 200 °C), and are hampered by issues such as
complex procedures, specialized equipment, safety risks like fire
and explosion, or high material and operational costs. Very re-
cently, a novel class of rare-earth high-entropy compounds (car-
bonates/hydroxycarbonates) has been reported to be obtainable
through co-precipitation and hydrothermal treatment at rela-
tively lower temperatures (140 °C).['! However, this route re-
sulted in the formation of carbonate/hydroxycarbonate phases,
which are distinct from the desired oxide phases. Notably,
an ultrasound-mediated co-precipitation method reported by
Siniard et al. could directly obtain high-entropy engineering ox-
ides (e.g., CuCoFeNiMnO,) under ambient conditions. This strat-
egy resulted nanocatalysts exhibited high surface area and abun-
dant OVs driven by cavitation-induced nucleation.[?] Inspired by
this principle of controlling nucleation kinetics via external stim-
ulation, we hypothesized that a more versatile chemical strat-
egy could be devised. We propose that a competitive dissolution-
precipitation process, coupled with strongly oxidizing anionic
modulation during nucleation and growth, could provide supe-
rior control over precursor kinetics and oxide phase formation.

Herein, we report a room-temperature synthesis of a MnCo-
based high-entropy oxide with fluorine doping (HEO-F) via
an NH,F-medulated route, which was driven by a competitive
complexation-precipitation equilibrium. The synthesis was con-
ducted under alkaline conditions similar to those for MnCo-
based high-entropy layered double hydroxide (HELH), which
served as a key mechanistic counterpart to highlight the distinct
role of NH,F in redirecting oxide phase transformation for pho-
tothermal catalysis. Control experiments were conducted to re-
veal the key factors driving the formation of oxide phase and
the “competitive complexation-precipitation equilibrium” mech-
anism for HEO-F synthesis. Systematic characterizations verify
the morphology and structural evolution of HEO-F compared to
those of HELH. In addition, DFT calculations based on the ac-
tive phases indicate the enhanced adsorption and activation to-
ward reactants. Particularly, the key role of dark eOH radical-
enhanced photothermal catalysis is verified by control experi-
ments for radical generation and trapping. Photothermal cat-
alytic tests demonstrate that the HEO-F catalyst exhibits excep-
tional photothermal catalytic activity, selectivity and good stability
for toluene mineralization. Furthermore, in situ DRIFTS analysis
was performed to reveal the toluene conversion pathway and pho-
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tothermal synergistic mechanism. Long-term cyclic tests demon-
strate the excellent regeneration ability of HEO-F. This study pro-
vides a facile and mild synthesis route for HEOs that enables effi-
cient and stable photothermal catalysis in long-term continuous
operation.

2. Results and Discussion

2.1. Preparation and Characterization of Catalysts

Figure 1a depicts the schematic for preparing crystalline HELH
and amorphous halogen-modulated HEO-X (X = Cl/F). Differ-
ent from the HELH prepared by the traditional co-precipitation
method, the novel HEOs were synthesized through a competitive
complexation-precipitation strategy. First, NH,X (X = Cl/F) was
dissolved in a mixed M?*/M3* solution (Solution A). The sub-
stantial molar excess of X~ anions over cations (X™: (M**/M?*)
~ 9:1) promoted the formation of primary [M(X),]**/** coordina-
tion spheres, while excess X~ and NH,* established secondary
hydrogen-bonded spheres according to coordination chemistry.
The Solution A then dropwise added to 25 mL alkaline solution
(Solution B, pH 10), in which the X~ ligands of [M(X)¢]**/** were
completely displaced by the OH~ to form [M(OH),, ]**/** hydrox-
ide nuclei, while the NH,* consumed OH™ to form NH, and H*
until [NH,] = [OH™]. Next, in situ generated NH, competitively
displaced OH™ ligands from kinetically labile cations in the pri-
mary spheres and formed [M(NH;)(]**/>*, due to its stronger field
ligand than OH™ according the crystal field theory. This disrup-
tion of layered nucleation was counterbalanced by outer OH™ an-
ions with stably higher concentrations (initial pH maintained at
10 via additional NaOH), establishing a dynamic complexation-
precipitation equilibrium (M(OH),, (s) + nNH; < M(NH;),™*
+ mOH").21l

The direction of the complexation-precipitation equilibrium
could be controllable through modulating initial pH and the ad-
dition of additives that disrupt the nucleation. After mixing So-
lution A and B, maintaining the initial pH stable at 10 required
7,37, 28, and 41 mL of NaOH (3 M) for HELH, HEO-Cl, HEO-
F, and HEO-F-pH12, respectively (Table S1, Supporting Infor-
mation). The pH difference (ApH) after 48 h was 0.19, 0.03,
and 0.1 for HELH, HEO-Cl, and HEO-F (Figure S1, Support-
ing Information). The highest NaOH demand with near-zero
ApH for HEO-CI signifies rapid dissolution-precipitation equi-
librium. In contrast, clearly lower NaOH consumption but sus-
tained ApH for HEO-F reflects slow [M(NH;),]™" dissociation
enabling steady reconstruction. Notably, the inverse change trend
of NaOH consumption between HEO-F and HEO-F-pH12 rela-
tive to HEO-CI suggests that high pH suppresses NH; complex-
ation (M(NH;),™" + mOH~ — M(OH),, (s) + nNH;), forcing
excessive base addition. The resulting metastable metal coordi-
nation networks facilitate amorphous HEO growth under am-
bient conditions. Meanwhile, surface X~ anions tend to parti-
asubstituteuted lattice oxygen due to higher M-X bonding en-
ergy (X = F/Cl), modulating surface energy to direct morphology
evolution.[??]

The morphology, elemental and structural characteristics of
HELH, HEO-Cl, and HEO-F were analyzed by SEM, EDS, and
TEM, respectively. As shown in Figure S2 (Supporting Infor-
mation), pristine HELH displays micron-scale agglomerates of
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Figure 1. a) Schematic of the synthesis process for high-entropy materials;

2 Theta (degree)

2 Theta (degree)
b) SEM images and c) EDS mapping images of HEO-F; d) HR-TEM image,

lattice spacing (bottom right) and SAED (upper right) under the fast Fourier transform (FFT) of HEO-F; e) FT-IR spectra and f) XRD patterns of HELH,

HEO-Cl and HEO-F; g) XRD patterns of (Co) (FeCr)-

stacked lamellar sheets, with a rough surface sparsely decorated
by submicron particles. EDS elemental mapping analysis con-
firms the homogeneous distribution of Cr, Mn, Fe, Co, Ni, Cu,
and O element. By comparison, HEO-Cl exhibits micron-scale ag-
gregates consisting of regularly and loosely stacked sub-micron
layers, and contains all elements similar to HELH with additional
Cl element that are uniformly distributed on the surface (Figure
S3, Supporting Information). TEM result (Figure S4, Support-
ing Information) reveals that HEO-CI aggregates with intercon-
nected submicron sheets. The uniformly and significantly re-
duced layered size is possibly due to rapid disruption of lay-
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F, (Mn) (FeCr)-F, and HEO-F.

ered nucleation induced by the NH,* and Cl~ synergy. In con-
trast, Figure 1b and Figure S5 (Supporting Information) reveal
that HEO-F forms hollow layered hexagonal plates with micron-
scale lateral size and submicron thickness. Sparse particles ex-
ist on its distinct disrupted surface and within interlayers, which
is possibly due to the effect of complexation-dissolution and re-
construction. This surface disruption vanishes in HEO-F-pH12
(prepared at pH12), suggesting that optimal pH is key for the
occurrence of complexation-dissolution (Figure S6, Supporting
Information). All elements similar to HEO-CI, with Cl replaced
by F dopant, are homogeneously distributed on HEO-F and

(3 of 14) © 2025 Wiley-VCH GmbH
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HEO-F-pH12 surfaces, as revealed by EDS element mapping
analysis in Figure 1c and Figure S7 (Supporting Information), re-
spectively. TEM image (Figure S8, Supporting Information) fur-
ther confirms the hollow platelet architecture of HEO-F, with
observed irregular nanosized fragments. Furthermore, HELH-
NaF (obtained by replacing the NH,F with NaF) also displays
a 2D morphology (mixed thin nanosheets with significantly re-
duced thickness) (Figure S9, Supporting Information). These ob-
servations demonstrate the synergistic NH,; complexation and
F~ modulation enables slow [M(NH,), ™" dissociation, driving
steady reconstruction to form unique hollow layered platelet ar-
chitecture of HEO-F. Contrasting sharply with the particulate ag-
gregates of HEO-Cl further indicates that F~ modulation induces
lateral layered structures at room temperature, while the thick-
ness regulation and size refinement are controlled by the NH,*
addition.

The metal ratios of the as-prepared materials were deter-
mined by SEM-EDS, and ICP-AES, and the results are displayed
in Figure S10 (Supporting Information) (detailed in Tables S2
and S3, Supporting Information). Both techniques confirm that
HELH exhibits a molar ratio close to 1:2:1:1:1:1 for Mn, Fe, Co,
Ni, Cu, and Cr. Given the equimolar addition of Fe|; and Fe; pre-
cursors, this corresponds to A-site divalent cations (Mn, Fe,;, Co,
Ni and Cu) at #1:1:1:1:1 and B-site trivalent cations (Fe;; and Cr)
at ~1:1, which is consistent with the addition ratios. The config-
uration entropy of HELH was calculated to be 1.94 R based on
the ICP-ACS data (Table S3, Supporting Information), indicating
its high-entropy state and equimolar cation distribution. In con-
trast, both HEO-Cl and HEO-F show significant deviation from
equimolar A-site incorporation, manifested by sequentially de-
creasing Co, Ni, and Cu ratios below the equimolar average, while
Fe and Mn ratios increase above the equimolar average (Figure
S10, Supporting Information). This non-equimolar A-site distri-
bution originates from the competition between M-NH, com-
plexation (dissolution) and M-OH precipitation during synthesis.
The reduced incorporation of Co?*, Ni?*, and Cu®* is attributed
to their tendency to form more stable [M(NH,),]** complexes
(preferential dissolution), as dictated by the [M(NH;),]** stabil-
ity order: Mn?* < Fe?* < Co** < Ni** < Cu?*.[2] Despite this
non-equimolar A-site distribution, the configuration entropies of
HEO-Cl and HEO-F were calculated to be 1.81 and 1.77 R, re-
spectively, reflecting that HEO-Cl and HEO-F remain within the
high-entropy regime. In addition, it is noteworthy that HEO-F-
pH12 maintains near-equimolar cation distribution (EDS, Table
S2, Supporting Information), which is directly contrasting with
HEO-F. The opposite result is consistent with NaOH consump-
tion trend as described above, indicating that the pH is the
critical factor governing the M-NH, /M-OH competition equilib-
rium. Thus, HEO-X (X = Cl/F) materials in a high-entropy state
were successfully fabricated through a competitive complexation-
precipitation strategy, with A-site cation distributions (equimolar
or non-equimolar) controllably mediated by pH and competitive
complexation.

FTIR spectroscopy was performed to determine surface func-
tional groups of the as-prepared samples (Figure le). HELH
displays a typical hydroxide spectrum, where a broad band at
3424 cm™! is due to the stretching vibration of -OH groups (v(O-
H)),[*) two peaks at 3140 and 1630 cm™" are individually ascribed
to the stretching vibration and bending vibration of interlayer
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H,0,!®] a sharp and strong IR peak observed at 1400 cm™! cor-

responds to the vibration of intercalated ions (NO,~), and two
weak bands at 1107 and 513 cm™! are attributed to the bending
vibration of M-OH and M-O (§(M-OH) and §(M-0)),12*%] respec-
tively. HEO-Cl and HEO-F inherit all the IR bands of HELH, in
addition to a new weak peak at 930 cm™! caused by the vibration
of NH,.[2] There are almost no changes in the FTIR spectra of
two NH,* added samples (HEO-Cl and HEO-F). However, obvi-
ous differences can be observed when compared to pure HELH.
This distinct difference suggests that the NH, * ions plays a domi-
nant role in influencing the coordination environment, while the
effects of F~ and Cl~ ions are negligible. Specially, when com-
pared with the FTIR spectrum of HELH, the peaks at 3424 and
1400 cm™! for HEO-Cl and HEO-F are found to become stronger
due to combinational N-H vibrations,?’! which are in good agree-
ment with the emerged NH, peak. Besides, the intensity of 6(M-
OH) peak is diminished, while that of §(M-O) peak is clearly in-
tensified, which suggests that the transformation of M-OH into
M—O bond in the lattice.

The crystalline structure and phase composition of the as-
formed materials were further characterized by HRTEM and
XRD. The HRTEM image of HELH (Figure S11, Supporting
Information) shows distinct lattice fringes with a spacing of
0.259 nm, corresponding to the (012) plane. Its polycrystalline
nature is confirmed by clear selected area electron diffraction
(SAED), which also reveals diffraction rings indexed to (012),
(015), and (110) planes. This is further confirmed by the XRD
result that HELH displays diffraction peaks at 11.5, 23.2, 34.6,
and 60° indexed to (003), (006), (012), and (110) planes of hy-
droxide, respectively (Figure 1f). In contrast, both HEO-Cl and
HEO-F (Figure S12, Supporting Information; Figure 1d) exhibit
an amorphous matrix lacking discernible lattice fringes, with
sparsely embedded nanocrystalline domains (<5 nm). These do-
mains show lattice fringes indexed to (311) plane, while their
SAED patterns display diffuse rings assignable to (311) and
(440) planes, confirming successful construction of amorphous-
crystalline nanocomposites via M-NH; complexation competi-
tion. Figure 1f displays that those obvious diffraction peaks of
hydroxide phase are disappeared in the XRD patterns of HEO-CI
and HEO-F, and the two broader and weaker peaks attributed
to (311) and (440) planes further verify the oxide phase with
amorphous-crystalline characteristics. This result is consistent
with the transformation of M-OH into M-O as revealed by FTIR
analysis. The thermogravimetric analysis in air (Figure S13, Sup-
porting Information) shows that the weight loss related to the lat-
tice hydroxyl groups within 170-400 °C is much lower in HEO-F
than that in the hydroxide counterpart (HELH),?®] indicating a
substantial reduction in hydroxyl group content due to the phase
transformation.

To further clarify the roles of NH,* and F~, Figure S14a
(Supporting Information) shows the XRD patterns for samples
prepared with NaF, NH,Cl, and NH,F, exhibiting diffraction
patterns consistent with hydroxide (PDF#51-0045) and oxide
(PDF#13-0162), respectively. These comparisons clearly demon-
strate the key role of NH,* in the formation of oxide phase.
Notably, the diffraction peaks of the NH,Cl and NH,F are sig-
nificantly broader than those with NaF-derived sample, reveal-
ing their partial amorphous structure. This amorphous struc-
ture of NH, *-containing sample promotes the formation of OVs

© 2025 Wiley-VCH GmbH
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Figure 2. a) N, adsorption-desorption isotherms, b) pore diameter distribution curves, c) pore volume, d) Py-IR spectra obtained at 150 and 300 °C, e)
UV-vis diffuse reflectance spectroscopy, and f) photoluminescence emission spectra (under excitation at 4 = 250 nm) of HELH, HEO-CI, and HEO-F;
EPR spectra of g) DMPO-e0,~, h) DMPO-eOH, and i) oxygen vacancies of HELH, HEO-Cl, and HEO-F in the dark and after exposure to the light for

10 min.

accompanying with the F~ modulation, as revealed by a signifi-
cantly stronger EPR peak at g = 2.003 in HEO-F relative to that
in HEO-CI (Figure 2i). These results illustrate that the vacancy
generation is driven by the synergistic effect of NH,* and F,
while the oxide phase formation was primary dependent on the
NH,*. Furthermore, Figure S14b (Supporting Information) dis-
plays the pH-dependent phase evolution using a similar addition
of NH,* (i.e., by varying the NH,*/OH™ ratio). The diffraction
patterns of the samples obtained at pH12, pH11, and pH10 are
indexed to hydroxide (PDF#51-0045), a mixed hydroxide-oxide in-
termediate, and oxide (PDF#13-0162), respectively. The presence
of a distinct intermediate phase at pH11 confirms the proposed
“competitive complexation-precipitation equilibrium”. This sug-
gests the gradual phase transition is governed by the interplay
between NH,*-induced NH; complexation and OH™-induced co-
precipitation kinetics of the mixed metal ions.
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Combined with the above characterizations, it confirms
that the direction of complexation-precipitation equilibrium
influenced by the NH,*/OH~ ratio profoundly impacts the
formed phase structure. During the competitive complexation-
precipitation, multiple mixed metal ions serve as another crit-
ical factor influencing oxide formation. As shown by the XRD
results (Figure 1g), the HEO-F sample with multiple metal
ions in A-site exhibits oxide phase, while (Mn)(FeCr)-F and
(Co)(FeCr)-F samples with single metal ions in A-site show dis-
tinct hydrotalcite peaks, indicating that the formation of ox-
ides via complexation-precipitation is facilitated by high-entropy
mixed condition. Therefore, there are both the NH,*/OH~
ratio and multiple mixed metal ions that collectively affect
the oxide phase formation. This strategy provides a simpler,
more economical and greener route for HEOs fabrication com-
pared to other low-temperature synthesis methods (Table S4,
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Supporting Information), which is promising for scalable indus-
trial applications.

To further probe the surface chemical compositions and their
valence states, XPS spectra of HELH, HEO-CI, and HEO-F were
analyzed and are shown in Figure S15 (Supporting Information).
The survey spectra (Figure S15a, Supporting Information) con-
firm the presence of Cr, Mn, Fe, Co, Ni, Cu, and O in all samples,
consistent with ICP-AES results. The detailed peak positions and
assignments from the deconvoluted high-resolution XPS spec-
tra are summarized in Table S5 (Supporting Information).[29-31l
High-resolution spectra (Figure S15b—g, Supporting Informa-
tion) reveal that Cr is present as Cr**, while Mn, Fe, Co and Ni ex-
istin mixed +2 and +3 states. Cu is only detected in HELH. Com-
pared to HELH, the Cr’* (2p; ,) peak position remains almost un-
changed in HEO-Cl and HEO-F. Notably, the Mn** /Mn** (2p, )
peaks of HEO-Cl and HEO-F exhibit apparent positive shifts rel-
ative to those of HELH, with slightly larger shift in HEO-CI ver-
sus HEO-F, indicating that NH, complexation induces a distinct
electron-deficient state at Mn sites. Similarly, a minor positive
shift in the Fe’*/Fe’* (2p,,) peaks is observed in both HEO-
Cl and HEO-F compared to HELH. Furthermore, the Co 2p,,
peaks of HEO-Cl and HEO-F shift to higher binding energies
than those of HELH, confirming an enhanced electron-deficient
state. Notably, this effect is much stronger with F~ than Cl~ mod-
ulation, which contrasts with the trend observed at the Mn sites.
In addition, the Ni** (2p;,) peaks of both HEO-CI and HEO-F
exhibit an obvious negative shift, suggesting electron accumula-
tion at Ni sites caused by NH, complexation. This behavior is ap-
parently opposite to that of Mn and Co, suggest internal electron
transfer among the multi-metal sites.

These results demonstrate that the synergistic strategy of NH,
complexation and halide modulation selectively tunes the elec-
tronic interaction between Mn, Co, and Ni, resulting in signifi-
cantly enhanced oxidizing capability of the key active sites (Mn
and Co) for photothermal oxidation. More importantly, oxygen
species analysis (Figure S15h,i, Supporting Information) shows
increased lattice oxygen (O,,;/O,;) and decreased hydroxyl oxy-
gen (Ogyy/O,y) from HELH to HEO-CI/HEO-F, further evidenc-
ing the room-temperature oxidation induced by NH; complex-
ation, promoting phase transformation from hydroxide to ox-
ide. Notably, HEO-F exhibits higher adsorbed oxygen (O,4,/O.; =
57%) than HEO-CI (52%) or HELH (49%), highlighting the role
of F~ modulation is critical for increasing O, 4. These results col-
lectively demonstrate the synergistic regulation of NH,* and X~
(X=F/Cl) for optimizing electronic structure and oxygen species,
which is critical for enhancing Lewis acidity and promoting pho-
tothermal catalytic toluene conversion.

2.2. Adsorption, Photoelectric, Photothermal Properties, and
ROS Generation

N, adsorption-desorption isotherms were performed to deter-
mine the surface area and pore size distribution of all three
samples, and the results are shown in Figure 2a,b, respec-
tively. As displayed in Figure 2a, HELH exhibits a type I ad-
sorption isotherm with extremely low N, uptake, suggesting
that it has a small specific surface area and poor porosity. In
contrast, significently higher N, uptakes are observed in both
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NH;-complexed samples (HEO-Cl and HEO-F), implaying that
NH, complexation promotes pore formation and increase of
specific surface area. Specifically, they display similar type IV
adsorption isotherms, with HEO-F exhibiting a slightly higher
adsorption capacity. In addition, H3-type and H4-type hystere-
sis loops in the P/P, ranges of 0.8-1.0 and 0.5-1.0 are oc-
cured in HEO-Cl and HEO-F, respectively, implying the presen-
tence of tapered meso-/macropores(*?l and interconnected slit-
shaped micropores/mesopores.I*3l For quantitative evaluation,
the Brunauer-Emmett-Teller (BET) specific surface area (Sppr)
was further calculated and the Sy values follow the order:
HELH (57 m? g"') < HEO-Cl (233 m? g!) < HEO-F (263m? g!),
which is consistent with the N, adsorption trends. It is note-
worthy that the Syp; of the NH;-complexed samples (HEO-CI
and HEO-F) is 3.1-3.6 times higher than that of HELH, with F-
modified sample showing the highest value.

Figure 2b shows the pore size distributions obtained using
DFT model. HELH exhibits two weak peaks in the micropore
and mesopore regions, located at 1-2 and 2-5 nm, respectively.
In contrast, both HEO-CI and HEO-F exhibit notably stronger
peaks in these ranges, along with a notable new sub-1 nm (ultra-
micropore) distribution. Given the kinetics diameter of the reac-
tants (O,, H,0, and toluene) <1 nm, pore volumes for primary
adsorption pores (<2 nm) and diffusion-channel pores (2-50 nm)
were estimated and are displayed in Figure 2c. Both pore volumes
exhibit the identical sequence: HELH < HEO-Cl < HEO-F, with
values increasing from 0.01 to 0.06 and 0.08 cm? g=! (adsorp-
tion), and 0.02 to 0.04 and 0.07 cm® g~! (diffusion). These results
reveal the NH; complexation collaboratively with C1~/F~ modula-
tion during high-entropy synthesis enhances both micropore and
mesopore porosity. Therein, the hollow layered hexagonal plate
morphology furthter promotes HEO-F to obtain the largest spe-
cific surface area and highest pore volumes, which is beneficial
for facilitating toluene adsorption and diffusion.

In addition, the reactant adsorption and activation are highly
dependent on the surface acidity of catalysts. Py-IR spectra col-
lected at 150 and 300 °C were employed to distinguish total
and strong acid sites, respectively. As illustrated in Figure 2d,
all three samples in both spectra exhibit three distinct peaks
(1450, 1490, and 1608 cm™') and two negligible peaks (1542 and
1637 cm™'), which correspond to pyridine chemisorbed on Lewis
(L) and Brensted (B) acid sites, respectively, with the 1490 cm™!
peak indicating both L and B sites.** This indicates that the sur-
face acidity of the three catalysts is mainly dominated by L-acid
sites. The total concentration of L-acid sites (150 °C) of HELH,
HEO-CI, and HEO-F was quantified and determined to be 27.36,
40.82, and 49.59 pmol g~!, respectively (Table S6, Supporting
Information). A similar trend is also observed in the concen-
tration of strong L-acid sites (300 °C). The significant increase
in both total and strong Lewis acidity for HEO-F highlights the
advantages of the NH; complexation and F~ modulation syn-
ergy: 1) NH; complexation can obviously enhance the Lewis
acidity by disrupting the coordination environment during HEO-
F formation; 2) The higher electronegativity of the F~ ions (Paul-
ing: 3.98 vs Cl™: 3.16) further intensifies the Charge redistribu-
tion at unsaturated metal sites (Mn and Co) and the formation of
oxygen vacancies (OVs),[*>%¢] as evidenced by the XPS and EPR
results above. Given the Lewis basic properties of the key reac-
tants including O,, H, O and toluene, NH, *-F~ pairs enhance the
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Lewis acidity in HEO-F, promoting the catalyst-reactant (Lewis
acid-base) interactions.l*”) Specifically, this results in an obviously
higher toluene desorption temperature for HEO-F than that for
HELH, due to enhanced chemical adsorption, as shown by the
toluene-TPD results (Figure S16, Supporting Information). This
is favorable for promoting the toluene adsorption and activation
(especially for the C—H bond dissociation).[*’]

Following the reactant adsorption, photon absorption by the
catalyst will generates electron-hole pairs to initiate photocatalytic
reaction. UV-vis DRS and PL spectra were applied to evaluate
the light harvesting and charge separation for HELH, HEO-CI,
and HEO-F, respectively (Figure 2e,f). As displayed in Figure 2e,
HELH exhibits a broad and strong absorption band in 200-
1000 nm range, consisting of three distinct overlapping and grad-
ually attenuated peaks at ~400, 500, and 700 nm, which are as-
cribed to ligand-to-metal charge transfer (O~ — M?*), metal-to-
metal charge transfer (MMCT) and low-spin M3+ absorption in
an octahedral geometry, respectively.?¥3°] Compared to HELH,
both HEO-Cl and HEO-F show almost no change in the first
peak (400 nm), suggesting that the NH, complexation has neg-
ligible interference with the charge transfer between the ligand
and metal (O%~ — M?*). For the peaks centered at 500 and 700 nm
across visible and near-IR ranges, negligible change is observed
in HEO-CI, while HEO-F shows relatively weaker absorption, par-
ticularly in the near-infrared region. This contrast indicates that
the NH; complexation with Cl~ modulation has a negligible ef-
fect on the metal-to-metal charge transfer (MMCT) and low-spin
M3* absorption, whereas the F~ modulation strongly suppresses
both phenomena by inducing stronger complexation of Co, Ni,
and Cu,[?] as is consistent with the ICP and EDS results. Nev-
ertheless, the broad energy distribution enabling photocatalysis
in HEO-F (200-800 nm) aligns with both simulated xenon light
and real sunlight spectra (Figure S17, Supporting Information),
exhibiting absorption intensity superior to most reported semi-
conductor photocatalysts.[***1] Such excellent full-spectrum solar
absorption is essential for maximizing solar utilization by driving
photothermal conversion (kinetics enhancement) and boosting
carrier generation. Under 1400-mW cm™2 light, the local cata-
lyst surface temperature of HEO-F detected by infrared thermog-
raphy rapidly increases from ~35 to 160 °C upon illumination,
stabilizes negligibly decaying over 120 min, then drops imme-
diately to ~35 °C after the light is turned off (Figure S18, Sup-
porting Information). This confirms that the HEO-F has excep-
tional photothermal conversion capabilities, superior to that of
HELH (150 °C) and binary hydroxide (e.g., CoAl-LDH (65 °C)),[*?]
demonstrating the effectiveness of high-entropy engineering in
enhancing photothermal conversion.

In addition to promoting carrier generation, photocatalytic per-
formance also depends on efficient charge separation. To in-
vestigate this, PL spectra reveal a broad and distinct emission
band centered at 420 nm (320-480 nm) for all three samples, at-
tributed with charge carrier recombination**! (Figure 2f). HEO-
Cl exhibits slightly lower PL intensity than HELH, while HEO-
F shows dramatically attenuated signals. This phenomenon in-
dicates that the change separation efficiency follows the order:
HELH < HEO-Cl < HEO-F, confirming that suppressed electron-
hole recombination is presented in both NH;-complexed sam-
ples relative to HELH. Notably, the synergistic modulation with
F~ anion further enhances the photoinduced charges separation
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and transfer in HEO-F, resulting in the greatest PL quenching,
thereby boosting the further generation of free radicals. Thus,
although F~ modulation slightly reduce visible-to-NIR light ab-
sorption, it retains functional superiority in achieving the highest
charge separation efficiency.

The generation of reactive oxygen species including superox-
ide and hydroxyl radicals (¢O,~ and eOH) for HELH, HEO-CI,
and HEO-F was monitored by electron spin resonance (ESR)
spectroscopy using 5,5 dimethyl-1-pyrroline N-oxide (DMPO) as
the spin trap. Figure 2g shows that a typical six-fold peak at-
tributed to DMPO-e0,~ adducts emerges after 10 min of light
irradiation, with signal intensities following the order: HELH <
HEO-F < HEO-CL This result suggests that NH; complexation
is beneficial for promoting the generation of eO,~, particularly
under CI~ modulation. Notably, this trend contradicts the charge
separation efficiency, suggesting that the formation of €O, is
not only controlled by the electron supply, but also involves other
factors, especially the adsorption of oxygen (quantified in the sub-
sequent section).

In addition, DMPO-eOH signals were also recorded and the
results are shown in Figure 2h. All samples exhibit characteris-
tic quadruple DMPO-eOH peaks under dark conditions. Notably,
the intensity of dark-generated eOH radicals over HEO-F signifi-
cantly surpasses that of HEO-Cl and HELH. After 10 min of light
irradiation, only a slight intensity increase is observed in HEO-
F, while negligible changes are shown in HEO-Cl and HELH as
compared with dark conditions. These trends are well consistent
with the increased trend of OV concentration before and after
irradiation (Figure 2i), indicating that a substantial portion of
e¢OH generation in HEO-F, HEO-Cl and HELH is independent
of light excitation, originating likely from the activation of O, and
H,O (or -OH) by the abundant OV sites. Combined DMPO-¢0O,~
and DMPO-eOH results indicate that NH; complexation effec-
tively promotes the generation of €0, and eOH. Interestingly,
although HEO-F exhibits superior eOH generation, its produc-
tion of photo-induced O, is dramatically lower than that of
HEO-CI. This inverse correlation suggests that the F~ modula-
tion alters the primary reactive oxygen species generation path-
way, favoring the direct formation of eOH even in the absence
of light, which is a distinct advantage for sustained adsorption
activation-catalytic oxidation reactions.

2.3. Simulation Calculations of Reactant Adsorption and
Activation from Atomic Scale

Efficient reactant adsorption and activation are crucial prereq-
uisites for initiating photothermal catalysis. To elucidate the
atomic-scale mechanisms, DFT calculations were performed to
determine adsorption energies (E,,) and charge density differ-
ences (Ag) of oxygen (O,), hydroxyl (OH) and toluene (C,H,) on
HEO-F surface. As shown in Figure 3a—c, the E, 4, values for O,,
OH, and C,Hg on HEO-F are —1.99, —4.07, and —1.11 eV, re-
spectively. These results indicate that the HEO-F exhibit stronger
adsorption toward O, and OH compared to C,Hg, which is ben-
eficial for facilitating the preferential activation of O, and OH
for the formation of ¢O,~ and eOH. Additionally, the Aq results
show that the electron transfer amounts for O, (—0.82 €) and OH
(—0.76 €) on HEO-F are significantly greater than those for C,Hj
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Figure 3. a) O,, b) OH, and c) C;Hg adsorption simulation of HEO-F; Charge density differences of d) O,, €) OH, and f) C;Hg on HEO-F; Adsorption
energies and charge density differences of g) O,, h) OH, and i) C;Hg on HELH, HEO-Cl, and HEO-F.

(0.05 e) (Figure 3d—{). Therefore, O, and OH are more likely to be
first activated on the catalyst surface, promoting the ROS gener-
ation, which is critical for the subsequent activation of adsorbed
toluene.

The E, , and Aq values of O,, OH, and C,Hg over HELH and
HEO-Cl were also calculated and compared with those of HEO-F,
and the results are shown in Figures S19, S20 (Supporting Infor-
mation), and Figure 3g—i, respectively. As displayed in Figure 3g,
HEO-CI exhibits the strongest O, adsorption energy (—2.38 eV),
much higher than HEO-F (-1.99 eV) and HELH (-0.7 eV). A
consistent change order is observed in the Ag values of O,: HEO-
Cl (-1.22 e) > HEO-F (—0.82 €) > HELH (—0.77 e), where nega-
tive Aq represents that the electron is transferred from the cata-
lyst to O,.1**! Figure 3h shows that the E,;, value for OH on HEO-
F (—4.07 eV) is obviously greater than that of HEO-CI (—3.78 eV)
and HELH (—3.81 eV). HEO-F also exhibits a stronger Aq (0.76 €)
for O, adsorption than HEO-CI (0.5 e) and HELH (0.52 e), with
positive sign suggesting electron donation from the catalyst to
OH.I*1 These increased trends have good agreement with those
observed in the DMPO-e0O,~ and DMPO-eOH signals, confirm-
ing that the enhanced adsorption and activation of O, and OH are
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highly responsible for boosting the formation of €O, and eOH
radicals.

As shown in Figure 3i, the E,;, values of C,H; follow the or-
der: HEO-F (—1.11 eV) > HEO-Cl (=1.04 eV) > HELH (~0.64 V),
indicating that HEO-F and HEO-CI exhibit superior adsorption
energy. This is possibly due to the enhanced Lewis acidity and
stronger toluene-catalyst interaction, as evidenced by the Py-IR
and toluene-TPD results. Furthermore, the Aq results for C,Hg
on the catalysts further reveal that the HEO-F (0.07 ) and HEO-
Cl (0.05 e) exhibit similar electron transfer amounts, which are
significantly higher than HELH (—0.02 e). Notably, the direction
of electron transfer also varies from the catalysts due to the dif-
ferent sign of Ag. For HEO-F and HEO-CI, a positive Aq value
means a net electron transfer from C,H; to the catalysts, while
for HELH, the electron transfer direction is reversed (from the
catalyst to C,H,). This phenomenon can be attributed to the
significantly higher Lewis acid content in HEO-F and HEO-CI,
where Lewis acid sites (electron acceptors) interact with Lewis-
basic C,Hg (electron donors). Thus, HEO-F and HEO-Cl demon-
strate great potential for enhancing toluene adsorption and
activation.
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2.4. Photothermal Catalytic Performance Toward Toluene
Conversion

Photothermal catalytic performance of HELH, HEO-Cl and
HEO-F was evaluated by mineralization of gaseous toluene in
a continuous flow system. To distinguish the photothermal cat-
alytic activity, an adsorption-desorption equilibrium was estab-
lished for all catalysts prior to light irradiation. As shown in
Figure 4a, the adsorption efficiency of HELH gradually rises to
~40% within 30 min time on stream (TOS), then slowly declines
to ~20% with time increasing to ~#110 min. In contrast, HEO-CI
exhibits a rapid increase to 60% of adsorption efficiency within
5 min, followed by a continuous rise to a maximum up to 90%
at 80 min, then undergoes a sharp decline to 20% at ~140 min.
Compared to HEO-CI, a much faster and higher adsorption is ob-
served in HEO-F, with the efficiency sharply rising to 90% within
5 min, further increasing to ~100% within 30 min, and then
maintaining a saturation plateau until 60 min. Subsequently,
HEO-F exhibits a decline trend similar to HEO-Cl from the max-
imum (2100%) to minimum (<20%). These results demonstrate
that HEO-F displays the fastest kinetics and highest adsorption
efficiency, followed by HEO-CI, both substantially outperforming
HELH, which is consistent with the increased trend as observed
in the results of toluene adsorption energy. The analogous supe-
rior adsorption behavior of HEO-F and HEO-Cl is attributed their
optimized adsorption properties (increased Sypr, enlarged pore
volume and enhanced Lewis acidity), confirming the advantage
of the synergy of NH, complexation and halogen modulation for
toluene adsorption.

Following the toluene adsorption-desorption equilibrium, the
photothermal catalytic activity of the three catalysts for toluene
conversion under simulated solar irradiation coupled with mild
external heating (light+90 °C) was investigated, and the results
are shown in Figure 4b. For all catalysts, a pronounced nega-
tive peak corresponding to toluene desorption emerged within
the initial 5 min. This phenomenon arises from the rapid pho-
tothermal heating induced desorption, a characteristic behavior
in continuous-flow systems for catalysts with high equilibrium
adsorption capacities.[*] As the reaction prolongs, HELH ex-
hibits a gradual increase in toluene conversion, reaching a maxi-
mum of #90% at 35-min TOS. Subsequently, it suffers from obvi-
ous deactivation, gradually declining to 65% after 180 min, which
may be due to carbonaceous intermediate accumulation block-
ing active sites. In contrast, HEO-CI displays rapid photother-
mal activation, achieving 90% toluene conversion within 15 min.
However, slight deactivation occurs after reaching its maximum
conversion (96%) at 30 min, dropping to 90% after 180 min. No-
tably, HEO-F sharply rises to 100% in toluene conversion within
30 min, with negligible deactivation over 180 min. Among them,
HEO-F exhibits the best catalytic performance in terms of ki-
netics, toluene conversion, especially stability. Although HEO-
F and HEO-Cl demonstrate comparable initial toluene conver-
sion under photothermal conditions, their stability profiles di-
verge markedly after prolonged reaction. This divergence in sta-
bility could be attributed to the distinct reactive oxygen species
generation as revealed by ESR. We propose that the high ac-
tivity of HEO-Cl is primarily driven by photo-dependent ¢O,",
which is potent but susceptible to deactivation possibly due to the
intermediate species that accumulate and block active sites. In
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contrast, the performance of HEO-F is well maintained by its
superior capacity for light-independent eOH generation, where
the redox potential of eOH is significantly higher than that of
0, .l This sustained supply of #OH enables pre-activation of
toluene prior to irradiation, which is crucial for initiating the rad-
ical chain reaction that achieves toluene ring-opening and min-
eralization. Thus, HEO-F with excellent activity and stability is
selected as the optimal catalyst for further toluene conversion
optimization.

In order to elucidate the correlation between the enhanced
photothermal catalysis of HEO-F and the increased dark eOH
radicals, the radical generation and trapping control experiments
were conducted, and the results are shown in Figure S21 (Sup-
porting Information). Thereinto, dry air, humid air and hu-
mid air with tert-butanol (humid air + TBA) were served as
eOH-suppressed, ¢OH-enabled, and e OH-scavenged conditions,
respectively.*®] Compared to the benchmark humid air condi-
tion, the obvious suppression in both the dark adsorption and
the subsequent photothermal catalytic stability is presented un-
der both “dry air” and “humid air + TBA”, which directly con-
firm that the dark eOH radicals are critically involved from the
very beginning of the adsorption process. Their presence during
the initial dark stage initiated the oxidative adsorption of toluene,
which subsequently contributed to maintaining catalytic stability
in the following photothermal stage.

To further determine the optimal light intensity and heating
temperature, the toluene conversion of HEO-F was evaluated in
under varying intensities and temperatures. Under sole light ir-
radiation, as displayed in Figure S22 (Supporting Information),
although the maximum toluene conversion at 600 mW c¢m™2 is
close to that at 1000 mW cm™2, the stability is obviously im-
proved with increasing intensity. Notably, the kinetics and maxi-
mum in toluene conversion significantly increases as the inten-
sity rises from 1000 to 1400 mW cm™2 over 60 min, resulting
in the high and stable toluene conversion (up to ~100%). Figure
S23 (Supporting Information) shows that increasing the heating
temperature from 60 to 90 °C reduces the time required to reach
the maximum value from 70 to 40 min, resulting in a clearly
higher peak (~20%), but it then gradually declines to a value sim-
ilar to the former (=10%) from 70 to 120 min. Further increas-
ing the temperature to 120 °C enables the initial conversion to
reach 40% at 50 min, but it then slowly decreases to ~30% at
120 min. These results demonstrate that increasing light inten-
sity improves photothermal toluene conversion on HEO-F more
effectively than raising temperature. Balancing the availability of
concentrated solar energy with the need to reduce non-renewable
thermal energy consumption, the optimal conditions are deter-
mined to be 1400 mW c¢cm~2 and 90 °C. Under the optimal con-
ditions, HEO-F achieves complete toluene conversion (100%)
with negligible deactivation over 180 min, significantly higher
than mechanically mixed oxides (<20%), confirming the effec-
tive high-entropy engineering (Figure 4c). In addition to the high
toluene conversion (r), the long duration (7 <20%) and complete
CO, selectivity (100%) demonstrate the superior photothermal
catalytic performance of HEO-F, which is striking when compar-
ing to most of the state-of-the-art Mn- and Co-based oxide cata-
lysts (Figure 4d; Table S7, Supporting Information). Notably, the
HEO-F maintains 100% toluene conversion for over 300 min-
TOS, with only marginal decay (~4%) observed after >660 min
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Figure 4. a) Toluene adsorption and b) photothermal catalytic conversion of toluene over HELH, HEO-Cl, and HEO-F; c) Photothermal catalytic per-
formance of HEO-F and mixed oxides for toluene conversion; d) Comparison of HEO-F and various photothermal catalysts in toluene oxidation under
photothermal conditions; e) Long-term photothermal catalytic conversion of toluene in HEO-F.
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Figure 5. a) Comparison of toluene conversion of HEO-F under varying conditions; In situ DRIFT spectra of toluene over HEO-F during b) thermal
reaction at 90 °C and c) photothermal reaction at 90 °C with 1400 mW c¢m~2 irradiation, monitored through dark adsorption (0-60 min) and catalytic
reaction (60—120 min) phases; d) CO, yield of HEO-F; e) Long-term cycling activity and stability of photothermal catalytic toluene conversion over
HEO-F.

(Figure 4e). These results demonstrate that HEO-F exhibits out-
standing activity, 100% selectivity and exceptional long-term sta-
bility for photothermal catalytic toluene conversion.

maintains a stable 100% conversion for up to 120 min, signifi-
cantly outperforming the “90 °C” and “light” modes, which ex-
hibits very low conversion efficiency (20% for “90 °C”) and a
gradual declined activity (a total loss of ~10% over 120 min
for “light”). These results indicate that the light irradiation is
crucial for achieving the maximum activity, while mild heat-
ing sustains highly stable toluene conversion. During the reac-
tion processes, Figure S24 (Supporting Information) shows that
To decouple photothermal contributions, the toluene conversion  the near-bed gas temperature in “light+90 °C” mode (~110 °C)

2.5. Enhancement Mechanism and Intermediate Dynamics
During Photothermal Catalysis

of HEO-F was evaluated under three modes: “90 °C”, “light”
and “light+90 °C”. Figure 5a shows that the “light+90 °C” mode
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exceeds the heating temperature (90 °C) due to photothermal
self-heating of HEO-F. To further quantify the photocatalysis
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and thermal catalysis contributions, we compared the conversion
under “light+90 °C” with that under pure thermal catalysis at
the temperature ~110 °C. Based on the positive temperature-
conversion relationship (Figure S23, Supporting Information)
that pure thermal catalysis at 90-120 °C results in 20-40% con-
version, it can be inferred that the maximum thermal contribu-
tion at #110 °C is <40%, implying that photocatalysis contributes
to >60%. This confirms the photothermal catalysis synergy that
photocatalysis is dominant in reaching high activity, while the
thermal catalysis accelerated kinetics and stability.

To gain deeper insights into the molecular mechanisms and
intermediate dynamics governing the photothermal catalysis
synergy, in situ DRIFTS were employed on HEO-F under there
modes: “90 °C”, “light” and “light+90 °C” (Figure 5b,c, Figure
S25, Supporting Information). Prior to the energy (light or heat)
input period, several week peaks of intermediates are identified
after stabilizing toluene/air flow for 20 min, which remained
stable for 60 min. These intermediates are including toluene
(~1495 and 1647-1652 cm™'), benzyl alcohol (1035-1070 cm™1),
benzaldehyde (1689 cm™!; negative peak meaning consump-
tion), benzoic acid (1434 and 1557 cm™?), and formate (1303-
1316 cm™1).[4649-51] This observation provides direct molecular-
level evidence for the pre-activation of toluene, which is consis-
tent with the enhanced dark adsorption capacity, revealing spon-
taneous surface reactions initiated by dark-generated eOH rad-
icals. During the energy input period, Figure S25 (Supporting
Information), Figure 5b,c demonstrate consistent toluene oxida-
tion pathways on HEO-F across all modes, evidenced by identi-
cal spectral peak positions, except for varying in intensities. The
reaction follows the benzyl alcohol pathway: toluene — benzyl
alcohol — benzaldehyde — benzoic acid — maleic anhydride —
formate — CO,.5!] Temporal evolution of these species (Figure
S26, Supporting Information) shows the orders: benzaldehyde
(90 °C > light ~ light+90 °C), benzoic acid (light+90 °C > 90 °C
> light), maleic anhydride (light+90 °C > 90 °C > light), respec-
tively. These trends reveal that: (1) Mild heat preferentially pro-
motes initial C—H bond cleavage of toluene, leading to the high-
est yield of benzaldehyde at 90 °C; (2) light irradiation readily
oxidizes benzaldehyde to benzoic acid; however, its efficiency in
subsequent ring-opening steps is limited, as evidenced by the
accumulation of benzoic acid under light alone. (3) Combined
light and heat energy are critical for enhancing the deep oxida-
tion and complete mineralization of toluene, as verified by the
“light+90 °C” mode that the promoted benzoic acid conversion
to maleic anhydride and CO,. Combined toluene conversion and
in situ DRIFTS results reveal a photothermal synergistic mech-
anism that thermal catalysis accelerates kinetics and stability by
preferentially initiating the reaction (C—H cleavage), while pho-
tocatalysis dominants in reaching high activity through driving
intermediate oxidation. However, it is their combined action that
effectively overcomes the critical bottleneck of the ring-opening
of benzoic acid for obtaining both high activity and stability.

In addition, it is observed that the highest CO, product sig-
nal of HEO-F under “light+90 °C” mode in Figure 5c signifi-
cantly exceeds that under the “90 °C” mode (Figure 5b), indi-
cating the photothermal catalytic synergy also facilitates deep
oxidation and complete mineralization of toluene, thereby sus-
taining highly efficient toluene conversion. In contrast, HELH
shows negligible CO, signal and obvious carbon accumulation
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(Figure S27, Supporting Information), accompanied by the ab-
sent of benzoic acid peaks (Figure S27, Supporting Information).
This observation suggests that the HELH favored the graphitiza-
tion pathway over the ring-opening of benzoic acid, resulting in
carbon accumulation.l>53] These results demonstrate that HEO-
F exhibits superior toluene mineralization performance over
HELH, originating from its higher OVs content, which enabled
more abundant dark eOH generation and greater lattice oxygen
mobility.

Stability and regeneration ability of HEO-F were further eval-
uated over long-term tests and multiple cycles (Figure 5d,e).
As shown in Figure 5d, the CO, yield rapidly declines to
an average steady state below 50% under “light+90 °C”,
which is probably due to the blocked active sites by accu-
mulation species. After the heating temperature is increased
to 120 °C, the CO, yield is rapidly and completely restores
and maintains stable at 100%. This demonstrating the ther-
mal energy effectively regenerates active sites by facilitat-
ing desorption or lattice oxygen activation. Figure 5e dis-
plays that that HEO-F in the long-term cyclic tests (31.5 h)
could be completely regenerated under photothermal oxida-
tive conditions (“light+90 °C”, air) for recovering 100% con-
version, whereas inert calcination only enables it tempo-
rary recovery. This demonstrates the self-regenerating capa-
bility of HEO-F under aerobic photothermal conditions. XRD
patterns of HEO-F after post-reaction at 4th and 5th cy-
cles in the above long-term cyclic tests confirm well re-
tained oxygen phase and crystal structure (Figure S28, Sup-
porting Information), demonstrating the structural robust-
ness and practical potential of the HEO-F in photothermal
catalysis.

Based on the above observations, a possible photothermal cat-
alytic toluene oxidation reaction pathway on the surface of HEO-F
was proposed (Figure 6). First, prior to the energy (light or heat)
input, the gaseous toluene molecules are rapidly adsorbed into
the developed pore structure, which is partially oxidized by the
dark-generated eOH radicals. Then, the photothermal synergy
driven by the combined input of simulated sunlight and mild
heat (=%90-120 °C) readily overcome the ring-opening barrier,
leading to the highest conversion of benzoic acid to maleic anhy-
dride, and promoting the production and desorption CO,. This
follows the benzyl alcohol pathway: toluene — benzyl alcohol —
benzaldehyde — benzoic acid — maleic anhydride — formate
— CO,. During the synergistic photothermal catalysis, the mild
heat energy primarily promotes the initial C-H bond cleavage of
toluene and accelerates the formation of benzaldehyde. Mean-
while, the light irradiation effectively facilitates the conversion of
benzaldehyde to benzoic acid. Only through the combined heat
and light energy can the ring-opening reaction of benzoic acid be
effectively promoted, thereby accelerating the subsequent min-
eralization pathways. The ring opening of benzoic acid is a key
step to prevent the HEO-F from carbon deposition and rapid de-
activation, which is greatly reliant on the photothermal synergis-
tic effect, and the abundant OVs, O,,, and eOH species. Conse-
quently, the effective integration of dark «OH enhanced oxidation
and synergistic photothermal catalysis enables HEO-F to achieve
substantial advancements across the entire reaction steps, lead-
ing to the highly efficient and durable photothermal catalytic
performance.
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Figure 6. Schematic of synergistic photothermal catalytic mechanism for toluene conversion.

3. Conclusion

In summary, we propose an NH,F-modulated competitive com-
plexation precipitation strategy for room-temperature synthesis
of HEO-F. This strategy involves mixing NH,F complexing mod-
ulators with multiple 3d metal (Cr, Mn, Fe, Co, Ni, and Cu) ions
under alkaline conditions. By modulating the NH,*/OH™ ratio
and multiple A-site metal ions, the complexation precipitation
equilibrium direction is adjustable, enabling a controllable phase
transformation from hydrotalcite to oxide at room temperature.
NH, complexation and F~ modulation synergistically drive the
OVs formation, significantly enhancing adsorption and activa-
tion toward O,, OH, and toluene, as confirmed by ROS measure-
ments, TPD tests, and DFT calculations. Notably, the F~ incorpo-
ration significantly promotes the dark generation of eOH radicals
without any external energy input.

The resulting HEO-F exhibits superior photothermal cat-
alytic performance, achieving 100% toluene conversion for
>300 min with 100% CO, selectivity under mild conditions
(“light+120 °C”), outperforming counterparts (HELH and HEO-
Cl) and most of previously reported Mn/Co-based catalysts. Con-
trol experiments of radical generation and trapping confirm the
key role of dark eOH radical in the enhanced adsorption and
long-term stability in photothermal catalysis. In situ DRIFT spec-
tra reveal that the adsorption oxidation and the synergistic pho-
tothermal catalysis collectively drive HEO-F to overcome the ring-
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opening barrier, leading to maximized benzoic acid conversion
to maleic anhydride and ultimately CO,. Long-term cyclic tests
demonstrate the excellent regeneration ability of HEO-F after
>30 h of continuous operation. This work not only demonstrates
a facile, low-cost, and green route for room-temperature fabrica-
tion of HEO, but also highlights the unique role of engineering
dark-generated eOH radicals for highly efficient and stable pho-
tothermal catalysis.
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