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Sustainable photochemical CO, conversion represents a promising strategy for mitigating excess CO,
emissions and achieving “carbon neutrality”. The development of advanced catalysts with an abundance
of active sites and efficient separation of photo-generated charge carriers remains a significant challenge.
Here, we present a high-entropy (HE) photocatalyst by integrating five metals into Prussian blue (PB)
to afford Ky(MnFeCoNiCu)[Fe(CN)s] (HE-PBA) which exhibits a high concentration of active centers and
rapid electron transfer, enabling superior CO,-to-CO photoreduction performance. The HE-PBA composite
catalyst delivered a high CO yield (up to 1220.5 pmol g h''), achieving near 100% product selectivity.
A mechanistic analysis has revealed strong coupling and overlapping multi-atomic orbitals, which facil-
itates local electron redistribution and a readjustment of electron density. This effect serves to generate
abundant reactive sites with CO, interactions that facilitate C-O bond activation. Additionally, an efficient
electron transfer driven by the disparity in metal electronegativity inhibits unwanted recombination of
electron-hole pairs. More significantly, the photoelectrons migrate and accumulate on the HE-PBA sur-
face, exhibiting extended long lifetimes and robust reduction ability. The findings of this study provide
important insights that can contribute to the development of high-entropy materials rich in transition
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metals with far-ranging potential applications.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The excessive consumption of fossil fuels and associated emis-
sion of CO, greenhouse gas have resulted in a severe environ-
mental impact and energy crisis [1]. As highlighted by the Na-
tional Academies of Sciences, Engineering, and Medicine, the re-
moval of CO, from atmosphere via chemical conversion into high-
value chemicals or high-energy-density fuels is critical in achiev-
ing decarbonization, simultaneously addressing energy and envi-
ronmental issues [2]. Solar radiation can serve as a renewable en-
ergy source to drive the CO, reduction reaction (CO,RR), and re-
searchers have been mimicking nature by employing light as a
means of promoting chemical reactions over the past decades [3,4].
However, current advances in CO,RR are limited in terms of chem-
ical thermodynamics and kinetics, due to a rapid charge recombi-
nation of electrons and “holes”, the high C=0 bond dissociation
energy (~750kJ/mol) and the requisite complex proton-coupled
multi-electron reduction processes [5]. To overcome these obsta-
cles, an appreciable research effort has been directed at develop-
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ing advanced photocatalysts equipped with abundant active cen-
ters and effective charge separation characteristics [6-8].

In addition to the application of semiconductor/metal-oxide
photocatalysts, the use of molecular photocatalysts is attracting
significant attention. As it allows for precisely defined active sites
and optimized electronic structure, potentially leading to desir-
able performance [9]. Of particular significance is the utiliza-
tion of metal-organic frameworks (MOFs) assembled from metal
ions/clusters with organic linkers, featuring well-defined crystalline
structures, an intrinsic high porosity and tunable chemical com-
positions. These properties make MOFs ideal as platforms to ex-
plore structure-activity correlations in photocatalytic CO, conver-
sion [10-13]. Moreover, MOFs have been demonstrated to store
large quantities of CO, for extended periods, enabling application
ranging from both carbon capture to conversion [14]. Notably, the
metallic nodes in MOFs directly influence charge density and band
structure, and can serve as active sites to bond CO, molecules
[15,16]. However, the majority of reported MOF systems suffer
from intrinsic single metal sites and sluggish electron-hole sep-
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Fig. 1. Schematic diagram of reaction process. Schematic representation of CO, activation and conversion to CO by HE-PBA.

aration, resulting in unsatisfactory performance in CO, reduction
[17,18].

Natural metalloenzymes bear multi-metallic catalytic complexes
that promote the conversion of CO, to CO. Researchers have de-
signed mixed-metal MOFs to mimic metalloenzyme catalysts for
CO, reduction. Of particular relevance is the rational design of Ni-
Fe-based carbon monoxide dehydrogenases (CODHs) where a Ni'
center binds to the carbon atom of CO, whereas a Fell center binds
to one oxygen atom, functioning as a Lewis acid to facilitate C-O
bond cleavage. The two metals act synergistically to achieve a high
selectivity in CO, conversion [9,19,20]. In addition, Cu-Fe bimetal-
lic photocatalytic MOFs have also exhibited enhanced CO, conver-
sion due to a synergistic effect involving Fe and Cu sites. In these
systems, photo-induced electrons with a prolonged separated-state
decay lifetime can be continuously generated [21]. A similar effect
has been reported for Co-doped Zr-MOF and Mn-doped Zr-MOF in
CO,RR [22,23]. Notably, researchers have also explored introducing
metal Mn into MOF could induce the redistribution of local elec-
tron, due to its relatively lower electronegativity, metal Fe, Co and
Ni would enhance the separation and capture of carrier [24,25].
In particular, metal Cu can facilitate transfer of electron to CO,. In
this sense, the incorporation of dual metals (e.g., Mn, Fe, Co, Ni, or
Cu) with varying electronegativity in MOFs results in distinct ox-
idative states, thereby functioning as donor and acceptor moieties.
Such a catalyst design enhances overall redox activity and facili-
tates charge transfer within the framework that promotes photo-
catalysis [26,27]. The close proximity of donor and acceptor moi-
eties enables a suitable alignment of electronic energy levels, ac-
celerating charge localization via through-space or through-bond
pathways [28]. The possibility of boosting activity by simultane-
ously assembling multi-metal sites in a high-entropy photocatalyst
has yet to receive a comprehensive analysis and evaluation, which
is the principal objective of this study.

Here, we propose a high-entropy (HE) strategy to promote
CO,RR, incorporating five metals in Prussian blue (PB) as a type
of MOF [24], to form HE-PBA. The catalytic active center should
exhibit a tunable electronic structure and density, where a strong
coupling due to the five constituent metals can induce a local
redistribution of electrons that promotes the adsorption and ac-
tivation of CO,. Light-driven charge carrier separation requires
an interrelationship between electron donors (D) and acceptors
(A). We have demonstrated that a combination of metal centers
with different electronegativities facilitates effectively charge sep-
aration and transport. Notably, electron-enriched active sites can
be formed by the induced migration of photo-generated electrons
to the catalyst surface, thereby enhancing the reduction capabil-
ity (Fig. 1). Taking Ky(MnFeCoNiCu)[Fe(CN)g] (HE-PBA) as an ex-
ample, the material significantly enhances CO, conversion, obtain-
ing a CO yield of 1220.5 pmol g h'!, which is appreciably higher
than that achieved with medium-entropy samples based on wa-
ter and CO,. The findings of this work highlight the potential of

high-entropy materials in achieving superior CO, photoreduction,
offering a novel means of advanced CO, treatment.

The Ky(MnFeCoNiCu)[Fe(CN)s] was prepared using a facile
one-step hydrothermal method [24]. Also, preparation of the
medium-entropy Ky(FeCoNiCu)[Fe(CN)g], Kx(MnCoNiCu)[Fe(CN)g],
Kx(MnFeNiCu)[Fe(CN)g], Kx(MnFeCoCu)[Fe(CN)g], and
Kx(MnFeCoNi)[Fe(CN)s] samples followed the same synthesis
route, using the respective metal precursors. The metal ion
content was determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES). CO, adsorption on the syn-
thesized catalysts was evaluated in temperature-programmed
desorption experiments (TPD) using a quartz reactor and thermal
conductivity detector (TCD). Charge transfer was determined by
X-ray absorption near-edge structure (XANES) spectroscopy. The
direction of electron flow was measured by Kelvin Probe Force Mi-
croscopy (KPFM). Changes to the catalyst surface functional groups
during CO,RR was probed by diffuse reflectance Fourier-transform
infrared (FTIR) spectroscopy.

Details regarding catalyst characterization and performance
evaluation are provided in Supporting information.

The HE-PBA was prepared in a one-pot hydrothermal syn-
thesis using Ky[Fe(CN)g] and equimolar quantities of diva-
lent metal (Mn2t, Fe?t, Co%*, Ni2* and Cu?*) precursors
(Fig. 2a). The five cations (0.2mol fractions) occupied the
nitrogen-coordinated M positions, as illustrated in Fig. S1
(Supporting information). In addition, ME-PBAs samples with
four equimolar cations (0.25mol fraction) at the M position,
serving as controls, were synthesized by removing one of
the metal cations, i.e., Ky(FeCoNiCu)[Fe(CN)g] (ME-PBA(Mn)),
Kx(MnCoNiCu)[Fe(CN)g] (ME-PBA(Fe)), Kx(MnFeNiCu)[Fe(CN)g]
(ME-PBA(Co)),  Kx(MnFeCoCu)[Fe(CN)s] ~ (ME-PBA(Ni)),  and
Kx(MnFeCoNi)[Fe(CN)g] (ME-PBA(Cu)). The metal ion content
was determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Table S1 in Supporting information). Pow-
der X-ray diffraction (PXRD) analysis determined crystal structure,
establishing a single-phase cubic Fm-3m space group (JCPDS #52-
1907). The patterns exhibited peaks at 17.6°, 24.9°, 35.5°, 40.5°,
44.3°, and 50.6°, corresponding to (200), (220), (400), (420), (422),
and (620) planes, respectively (Fig. 2b) [10]. Also, high-resolution
transmission electron microscopy (HR-TEM, Fig. S2 in Supporting
information) and aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (AC-HAADF-STEM)
analysis have demonstrated a HE-PBA and ME-PBA interplanar
spacing of 0.36 nm, corresponding to the (110) plane (Figs. 2c and
d) [29,30].

In the structural model, it is assumed that Fel atoms are co-
ordinated to carbon at the 1a site, whereas the equimolar M
(Mn, Fe2, Co, Ni and Cu) atoms coordinated to nitrogen share the
1b site. The lattice parameters for HE-PBA are a=b=c=9.99A4,
a=fB=y=90° and V=997.00 A3. The structural model suggests
the framework consisted of Fel-C=N-Mn/Fe2/Co/Ni/Cu-N=C-Fel
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Fig. 2. (a) Schematic representation of HE-PBA synthesis. (b) XRD patterns for HE-PBA, ME-PBA(Mn), ME-PBA(Fe), ME-PBA(Co), ME-PBA(Ni), and ME-PBA(Cu). (c-e) HR-TEM,
spherical aberration corrected HAADF-STEM and TEM characterization of HE-PBA. (f-j) Mn 2p, Fe 2p, Co 2p, Ni 2p, and Cu 2p XPS spectra.

linear chains along the edges of the cubic unit cell, as shown
in Fig. S1 [26,27]. To our delight, X-ray photoelectron spectro-
scopic (XPS) measurements have established the presence of five
metal elements (Mn, Fe, Co, Ni and Cu) in the synthesized HE-PBA,
whereas the ME-PBA samples were composed of four metal ele-
ments (with the exception of ME-PBA(Fe), Fig. S3a in Supporting
information). In the case of both HE-PBA and ME-PBAs, three dis-
tinct carbon chemical states were observed with associated binding
energies of 284.8 eV (C-C/C=C), 293.3eV (C-0), and 296.2 eV (0-C-
0) (Fig. S3b in Supporting information). The N 1s peaks were lo-
cated at 397.9eV (pyridinic nitrogen) and 402.0 eV (graphitic nitro-
gen) (Fig. S3c in Supporting information) [31,32]. The HE-PBA and
ME-PBAs exhibited similar spherical nanoparticles with an average
size of 20+2nm, as confirmed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) (Fig. 2e, Figs.
S4 and S5 in Supporting information). Furthermore, high-angle an-
nular dark-field scanning TEM (HAADF-STEM) and energy disper-

sive spectroscopy (EDS) elemental mapping of HE-PBA and se-
lected ME-PBAs have clearly revealed a homogeneous distribution
of metal ions without any detectable agglomeration, as illustrated
in Figs. S6 and S7 (Supporting information). It should be noted that
the Fel coordination with carbon resulted in a higher atomic mass
fraction of Fe. The characterization measurements have established
the successful synthesis of HE-PBA and a range of ME-PBAs.

The elemental composition and valence characteristics of the
HE-PBA and ME-PBAs materials were further analyzed by XPS. In
the case of HE-PBA (Fig. 2f), the high-resolution Mn 2p XPS spectra
can be deconvoluted into three characteristic peaks corresponding
to Mn2* (641.6/653.1eV) with a satellite peak at 646.5eV [33,34].
The Fe 2p spectrum exhibited Fe 2p3;, and Fe 2p;, peaks cen-
tered at 708.6 and 721.5eV, corresponding to Fe?* (Fig. 2g) [35].
The Mn 2p and Fe 2p associated with HE-PBA showed positive
shifts relative to the ME-PBAs, indicating that Mn and Fe served as
electron donors, facilitated by electronic interactions involving con-
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stituent Mn, Fe, Co, Ni, and Cu atoms. The XPS analysis established
the presence of three Co species: Co?* (785.3/800.8¢eV), Co3*
(781.7/797.2eV), and a satellite peak due to Co?+ (789.1/804.2eV)
(Fig. 2h) [36]. The Ni 2p spectra presented in Fig. 2i displayed pri-
mary peaks at 856.6eV (Ni 2p;p,) and 874.2eV (Ni 2pyj;), with
satellite peaks at higher binding energies (863.2/880.9eV), which
are associated with Ni2*. Note that the minor peaks at 859.1 and
877.5eV can be assigned to Ni3* [37]. As for Cu 2p, a pair of peaks
at 932.0/952.0eV can be attributed to Cut, whereas the peaks at
935.6 and 955.6eV are due to Cu*. In addition, the satellite peaks
at 942.9 and 962.9eV further confirm the presence of Cu?* (Fig.
2j) [38]. The results have indicated an electron deficiency associ-
ated with Mn, Fe, Co, and Ni, and increased electron density for Cu,
suggesting electron transfer from Mn, Fe, Co, and Ni to Cu atoms in
HE-PBA. This transfer can be accounted for in terms of the differ-
ences in electronegativity (Mn < Fe < Co < Ni < Cu) [28]. The XPS
results suggest strong interactions between the constituent metals
that facilitate electron transfer.

The CO,RR photocatalytic activity of the synthesized catalysts
was evaluated using a CH3CN/H,0 and triethanolamine (TEOA) so-
lution in the presence of Ru(bpy)s;Cl,-6H,0 (bpy = 2,2-bipyridine)
and 1atm CO, at room temperature with a Xenon lamp irradi-
ation for 1h (A >420nm). TEOA, as a sacrificial agent, is used
to consume the photogenerated holes, while the photogenerated
electrons participate in the reduction reaction. The liquid prod-
ucts, determined by 'H nuclear magnetic resonance ('H NMR), did
not contain CH3OH, HCHO, or HCOOH (Fig. S8 in Supporting in-
formation). The photo-excited electrons generated following cata-
lyst irradiation were transferred to CO,, and the consequent gas
phase products were determined by gas chromatography (GC, Fig.
S9 in Supporting information). To our delight, the HE-PBA outper-
formed ME-PBAs, delivering the highest CO production rate (1220.5
umol g'' h'1), accompanied by a H, yield of 15.4 umol g'h'l. In
the case of ME-PBAs, the CO,RR activity varied significantly where
ME-PBA(Cu) exhibited CO and H, yields of 750.3 pmol g!h!
and 7.1 pmol g1h, respectively and ME-PBA(Mn) generated a
lower CO production (576.5 pmol g'h™!) with trace amounts of
H, (12.2 umol g1h™'). By comparison, reaction over ME-PBA(Fe)
and ME-PBA(Ni) resulted in CO production rates of 363.8 and 308.6
umol g'h'l, respectively, with respective H, evolution rates of
18.7 and 22.6 pymol g' h'l. In addition, CO,RR over ME-PBA(Co)
resulted in the lowest activity of 2614 umol CO g!'h! and
17.1 pmol H, g1 h'1, as shown in Figs. 3a and b, and Table S2 (Sup-
porting information). The results have established superior CO,RR
performance for HE-PBA, which can be attributed to a synergism
associated with the constituent metals. In addition, the catalytic
reduction was highly selective, producing CO as the predominant
product with selectivity approaching 100% (Fig. 3c and Fig. S10 in
Supporting information).

Control experiments presented in Fig. 3d and Table S3 (Sup-
porting information) confirmed that no products were detected in
the absence of catalyst, light irradiation, TEOA, Ru complex pho-
tosensitizer, or CO,, establishing the photocatalytic CO,RR using
HE-PBA [28]. Isotope-labeled CO, was screened to identify the car-
bon source of the observed products. The results have revealed a
mass-charge ratio of 29 (m/z=29) generated from '3CO, that can
be assigned to 13CO, confirming that the product was indeed de-
rived from CO, reduction (Fig. 3e) [39]. Moreover, the apparent
quantum efficiency (AQE) of HE-PBA decreased with increasing ir-
radiation wavelength (Fig. S11 in Supporting information), indicat-
ing that the photo-generated carriers were mainly responsible for
CO production: the highest AQE was approximately 3.6 % at 420 nm
[40]. The HE-BPA are insoluble in the water and very stable during
the photocatalytic testing experiments for CO, reduction, which
have good stability and durability, which is well proven in cyclic
tests. The photostability of HE-PBA was examined over five consec-
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utive cycles, and there was no discernible loss of activity (Fig. 3f).
Moreover, there were no detectable changes in material morphol-
ogy or crystalline following the cycling test (Fig. S12 in Supporting
information), highlighting the robustness of the as-designed cata-
lyst (The catalyst performance of HE-PBA was compared with other
literature reports in Table S4 in Supporting information).

Temperature-programmed desorption (TPD) measurements
were conducted to assess the CO, adsorption sites. As shown
in Figs. 4a and b, four stages of desorption occur at 119, 216,
298-368, and 443 °C for HE-PBA, ME-PBA(Mn), ME-PBA(Fe), ME-
PBA(Co), and ME-PBA(Ni), which associated with the removal of
chemisorbed CO,. In contrast, ME-PBA(Cu) displayed only two
lower chemisorption peaks at 128 and 401 °C, indicating fewer ad-
sorption sites and a weaker CO, chemisorption capacity [41]. The
TPD results indicate that in the absence of Cu metal, the catalyst
exhibits reduced chemical adsorption peaks and diminished CO,
adsorption capacity. This demonstrates that the Cu component
functions as a critical adsorption site, effectively enhancing CO,
adsorption and thereby providing a solid foundation for facilitat-
ing subsequent catalytic reactions. Furthermore, the adsorption
ability and BET surface areas of the catalysts were evaluated. The
N, adsorption-desorption isotherms exhibited a Type-IV profile
with distinct hysteresis loops at high relative pressures (P/Py),
confirming the presence of a mesoporous structure. The clear
hysteresis loop indicates strong interaction at the binding site
(Fig. S13 in Supporting information). Notably, the BET surface
area of the catalysts remained largely unchanged (Table S5 in
Supporting information), indicating structural stability under the
tested conditions.

Charge separation efficiency was assessed using electrochem-
ical impedance spectroscopy (EIS), an analysis of time-resolved
photocurrent curves, and photoluminescence (PL) emission spec-
troscopy. The Nyquist plots (Fig. 4c and Fig. S14 in Supporting in-
formation) show a clear trend in the high-frequency semicircle di-
ameters, increasing in the order: HE-PBA < ME-PBA(Cu) < ME-
PBA(Mn) < ME-PBA(Fe) < ME-PBA(Ni) < ME-PBA(Co). This trend
demonstrates that incorporating these five transition metals into
PB enhances electrical conductivity by reducing charge transfer re-
sistance. The migration of charge carriers in HE-PBA exhibits the
lowest electron transport resistance, thus demonstrating a desir-
able electron transport capability. Furthermore, the HE-PBA deliv-
ered the optimal photocurrent response (Fig. 4d), indicating more
efficient charge transport. Moreover, ME-PBA(Ni) and ME-PBA(Co)
exhibited strong steady-state photoluminescence (PL) emission at
approximately 440nm, indicating inefficient charge transfer and
rapid recombination of photogenerated charges with holes. In con-
trast, a marked fluorescence quenching was observed for HE-PBA,
confirming a lower recombination of photo-generated electrons
and holes (Fig. S15 in Supporting information), which suggests a
longer carrier lifetime [40]. Based on these results, the HE-PBA sys-
tem shows significant potential for promoting CO,RR.

Charge transfer was verified by measuring the metal L-edge us-
ing X-ray absorption near-edge structure (XANES) spectroscopy. As
a result of 2p3, and 2py, core electron spin-orbit interactions, the
metal L-edge XANES spectra were split into Ly and L, lines, re-
flecting the electronic dipole transition from the 2p core level to
the 3d unoccupied state [42]. The Mn L-edge is consistent with a
Mn2+ valence state, similar to the reported MnO XANES spectrum
(Fig. 4e) [43]. In the case of the Fe L-edge spectra, the signals at
710-713 eV were attributed to Fe2*, whereas the appearance of a
small shoulder at 708 eV implied the presence of the Fe3* in addi-
tion to ME-PBA(Fe), confirming the conversion of Fe?t to Fe3* via
electron loss (Fig. 4f) [44,45]. Furthermore, the appearance of four
distinct peaks in the Co-L3 edge (777-782eV, Fig. 4g) proved the
coexistence of Co2*/Co3* valence states [46]. Also, the main peak
associated with Ni L;-edge at 853 eV was attributed to Ni2*, where
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Fig. 3. (a) CO and H, products yield and (b) CO product yield over HE-PBA, ME-PBA(Mn), ME-PBA(Fe), ME-PBA(Co), ME-PBA(Ni), and ME-PBA(Cu). (c) CO and H, selectivity.
(d) Control experiments for HE-PBA. (e) Synchrotron-radiation vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) pattern for the product generated in the
photocatalytic reduction of 3CO, over HE-PBA. (f) Cycling experiments over HE-PBA.

Fig. 4. (a) CO,-TPD profiles for the synthesized catalysts. (b) CO,-TPD profiles for HE-PBA and ME-PBA(Cu) as a contrast. (c) EIS Nyquist plots. (d) Time-resolved photocurrent
curves. (e-i) XANES spectra of Mn L-edge, Fe L-edge, Co L-edge, Ni L-edge, and Cu L-edge.
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Fig. 5. AFM and KPFM potential images of HE-PBA under dark (a, b) and light (c, d)
conditions. (e) The corresponding potential section of the line under dark and light
conditions. (f) In situ DRIFTS spectra recorded during photocatalytic CO, reduction
over HE-PBA in the presence of water vapor. The corresponding 2D contour color
fill plots (g) and 3D RL plots (h) for HE-PBA.

a small peak at 855eV indicated a higher oxidation state (Ni3*), as
displayed in Fig. 4h [47-49]. The Cu XANES analysis (Fig. 4i) gen-
erated signals at 930.8eV and 951.2eV that were associated with
Cu?+ species, whereas the peak at 939.7eV represented a lower
oxidation state, such as Cu* [50]. The analysis suggests that Co, Ni,
and Cu undergo valence changes as a result of electron transfer,
where Co and Ni lose electrons and Cu gains electrons. Of inter-
est, the Mn?*, Fe2*, Co2*, and Ni2*-related peaks in HE-PBA were
slightly shifted to higher energies relative to ME-PBAs, conforming
electron loss due to metal component interactions [44,45]. More-
over, the peaks associated with the HE-PBA Cu-L-edge exhibited
a shift to a lower energy, consistent with Cu acting as an electron
acceptor [29,30]. These results are in agreement with the XPS anal-
ysis.

We investigated catalyst surface electronic properties to deter-
mine the direction of electron flow by Kelvin Probe Force Mi-
croscopy (KPFM) under dark and illuminated conditions. As shown
in Figs. 5a-e and Figs. S16-S20 (Supporting information), all the
synthesized catalysts exhibited a negative surface potential in the
dark, indicating the presence of surface electron carriers. Follow-
ing illumination, the ME-PBA(Mn), ME-PBA(Fe), ME-PBA(Ni), and
ME-PBA(Cu) samples showed increased surface potentials, suggest-
ing a greater tendency for internal electron flow with a resultant
decrease in surface electron density. The HE-PBA and ME-PBA(Co)
systems exhibited a common trend in terms of increased neg-
ative surface potentials, indicating an accumulation of electrons
on the surface of the catalyst, forming an “electron-rich surface”
[41]. More importantly, the HE-PBA catalyst showed the great-
est change in surface potential (from —270mV to —340mV), due
to a lower recombination of photo-generated electrons and holes,
which should be in favor of promoting the photo-reduction of CO,.

From the diffuse reflectance UV-vis spectra in Fig. S21a (Sup-
porting information), all samples exhibit similar absorption inten-
sities in the UV region. However, in the visible and infrared re-
gions, ME-PBA(Fe) shows significantly lower absorption strength
compared to the other samples. This observation suggests that
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metallic iron is the primary component responsible for light
absorption, which may contribute to enhancing photogenerated
charge carriers to some extent [51]. The band gap energy (Eg) of
the samples was determined via diffuse reflectance UV-vis spec-
troscopy (Fig. S20a). Applying the Kubelka-Munk function, the
estimated Eg values for HE-PBA, ME-PBA(Mn), ME-PBA(Fe), ME-
PBA(Co), ME-PBA(Ni), and ME-PBA(Cu) were 0.90, 0.88, 1.73, 0.86,
0.86, and 0.86eV, respectively (Fig. S21b in Supporting informa-
tion). The highest energy occupied molecular orbital (HOMO) po-
sitions derived from the XPS valence band spectra were 0.24, 0.28,
0.29, 0.26, 0.24, and 0.28eV (Fig. S21c in Supporting informa-
tion). Meanwhile, the calculated lowest energy unoccupied molec-
ular orbital (LUMO) values were —0.66, —0.60, —1.44, —0.60, —0.62,
and —0.58 eV, respectively [52]. The schematic representation pre-
sented in Fig. S21d (Supporting information) illustrated the energy
band structure. It was evident that the LUMO values of all the cat-
alysts were more negative than the reduction potential for CO, to
CO (—0.53eV), revealing that the catalysts can effectively promote
the photocatalytic reduction of CO,.

The surface CO,RR on HE-PBA was probed by in situ diffuse re-
flectance infrared Fourier transform spectroscopy (in situ DRIFTS)
to dynamically monitor the adsorbed surface species and CO,-
derived intermediates. A baseline correction was applied to all
spectra in order to exclude environmental factors. The spectra
for the photocatalyst prior to irradiation were set as the back-
ground. As shown in Figs. 5f-h, contacting HE-PBA with a mix-
ture of CO, and H,O vapors resulted in distinct signals peaks at
1415 and 1533cm™! that can be attributed to monodentate car-
bonate (m-CO3*) and bidentate carbonate (b-CO3*) species, re-
spectively [53]. Meanwhile, surface bicarbonate (HCOs3*) bending
modes give rise to peaks at 1440cm’!, originating from the ad-
sorption of CO, and -OH groups [54]. It should be noted that the
intensity of the HCOs* peak increased with irradiation time, sug-
gesting a role as intermediates for the subsequent production of
C1 fuel. Most importantly, the COOH* species, with characteris-
tic peak at 1643 cm™!, represents the most critical intermediate in
the photocatalytic conversion of CO, to CO [55]. Furthermore, the
weak absorption intensities at 2416 cm™! are associated with CO*,
which is directly related to the generation of the final CO product
[56,57]. Based on an analysis of the in situ DRIFTS, we proposed
that the CO, photo-reduction pathway over HE-PBA proceeded as:
CO, — HCO3* — HCOO* — CO* —CO.

In conclusion, in response to global concerns regarding green-
house gases such as CO,, which contribute to the greenhouse effect
and energy crisis, photocatalysis has emerged as a viable technol-
ogy to achieve “carbon neutrality”. Catalyst design is essential to
ensure process efficiency. This study had demonstrated that high-
entropy Ky(MnFeCoNiCu)[Fe(CN)g] (HE-PBA) was effective in medi-
ating CO, adsorption, activation and reduction. The application of
HE-PBA ensured a high concentration of active sites and an effec-
tive separation of photo-generated charge carriers. Meanwhile, the
photo-generated electrons migrated and accumulated on the HE-
PBA surface, forming a local electron-rich environment that served
to enhance CO, reduction. Under light irradiation with CO, as
the sole carbon source, HE-PBA achieved a CO,-to-CO conversion
yield of 1220.5 pmol g! h™!, outperforming medium-entropy ME-
PBA(Mn), ME-PBA(Fe), ME-PBA(Co), ME-PBA(Ni), and ME-PBA(Cu)
catalysts by a factor of two-fold, three-fold, four-fold, four-fold, and
two-fold, respectively.

Given the range of non-noble metal elements in high-entropy
materials, there is considerable scope for enhancing catalyst per-
formance through rational design and an informed choice of metal
components to ensure effective coupling to adjust the electronic
character and enhance charge transfer, optimizing photocatalytic
performance. The findings of this study can inform the design of
advanced high-entropy photocatalysts for environmental remedia-
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tion applications. Several issues must be addressed, notably the re-
quirement for a sacrificial reducing agent, which represents a crit-
ical shortcoming. Coupling CO,RR with a water oxidation reaction
system can address this issue and represents a topic for future re-
search.
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