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Optimal Mn doping for enhanced photothermal
conversion performance in Prussian blue@layered
double hydroxides

Weixin Mo, a Liming Yang,b Xinggui Gu, b Huiyu Lia and Yongjun Feng *a

Near-infrared (NIR)-responsive photothermal materials are critical for solar energy conversion, yet convention-

al materials face limitations in efficiency, stability, and spectral tunability. Herein, we report Mn-doped Prussian

blue intercalated MgAl-layered double hydroxides (Mn-PB@LDHs), synthesized via a separate nucleation and

aging steps (SNAS) method, which exhibit synergistic enhancement in photothermal performance and stability.

The optimized Mn-PB@LDH-3 exhibits a high photothermal conversion efficiency (75.10% under 808 nm

laser light, 0.5 W cm−2) and solar-driven water evaporation performance (1.60 kg m−2 h−1, 97.93% under 1 kW

m−2 simulated sunlight). Moderate Mn2+ doping optimizes Prussian blue’s electronic structure by enhancing

metal-to-metal charge transfer and reducing resistance, while an excessive doping amount induces Jahn–

Teller distortion and electron localization, impairing efficiency. The MgAl-LDH host confers stability via nano-

confinement (suppressing structural degradation) and electrostatic interactions (inhibiting metal leaching

under alkaline conditions). This work presents a high-performance, stable photothermal material and estab-

lishes a generalizable host–guest strategy for advanced solar energy conversion applications.

Introduction

Near-infrared (NIR) light has garnered substantial research
interest due to its uniquely advantageous properties, including
relatively high photon energy, low tissue absorption and scatter-
ing, deep tissue penetration, and dark-field imaging
capability.1,2 These inherent attributes have further stimulated
considerable exploration across a wide range of applications,
such as photothermal and photoacoustic (PT/PA) imaging,3,4

NIR laser-assisted photothermal therapy (PTT),5 night-vision
sensors,6 and photothermal-electric devices.7 At the core of
these applications lies the photothermal conversion process,
which typically proceeds through non-radiative relaxation or
localized surface plasmon resonance (LSPR) pathways.8

Nevertheless, despite these favorable characteristics, convention-
al NIR-absorbing molecular systems—often relying on a single
photothermal conversion route—are often plagued by complex
synthetic procedures, poor photostability, and high production
costs. Thus, robust and highly stable photothermal materials
with multiple energy conversion pathways are highly desirable.

Prussian blue (PB) is a classical coordination nanomaterial
with a face-centered cubic structure (space group Fm3m).
Composed of ferric (Fe3+), ferrous (Fe2+), and cyanide (CN−)
ions, it has emerged as a versatile functional material with
growing technological relevance.9,10 Its intrinsic magnetism,
tunable electrochemical activity, and excellent biocompatibility
have driven significant research interest, enabling applications
in electrochemical sensing,11 batteries,12 energy storage
devices,13 and magnetic resonance imaging (MRI).14 Beyond
these domains, PB nanoparticles have also demonstrated con-
siderable promise for photothermal and photoacoustic (PT/PA)
imaging15 due to their strong near-infrared (NIR) absorption
and efficient photothermal conversion via both non-radiative
relaxation and localized surface plasmon resonance (LSPR)
effects.16 Nevertheless, two key limitations constrain their
photothermal performance: (i) the intrinsic absorption peak,
which frequently mismatches the emission spectra of commer-
cial NIR lasers, leading to reduced light-to-heat conversion
efficiency;14,16 and (ii) a strong tendency toward aggregation in
aqueous media, which significantly deteriorates photothermal
output.17 To mitigate these challenges, compositional modifi-
cation strategies such as heteroatom doping18 and structural
engineering to suppress aggregation have been actively
explored as critical pathways. Among these, Mn doping to tune
the photothermal conversion performance of the Prussian
blue component, allowing precise regulation of its properties,
has been revealed to be an efficient pathway.14,19
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Layered double hydroxides (LDHs) are a family of anionic
clays featuring positively charged brucite-like layers stabilized
by interlayer anions and water molecules, representing a versa-
tile class of functional materials with tunable structural and
chemical properties.20 Their general chemical formula,
[M2+

1−xM
3+

x(OH)2]
x+An−x/n·yH2O (where M2+ and M3+ denote

divalent and trivalent metal cations, respectively, and An− rep-
resents compensating interlayer anions),21,22 underscores their
inherent compositional flexibility. Owing to their structural
adaptability, excellent synthesis controllability and robust stabi-
lity, LDHs have been widely utilized in diverse technological
fields, including catalysis,23 adsorption,24 and drug delivery
systems.25 Beyond these conventional applications, the layered
architecture of LDHs confers unique advantages for photother-
mal enhancement. The nanoscale confinement effects and
electrostatic host–guest interactions can stabilize intercalated
functional species, suppress aggregation, and thereby markedly
enhance the photothermal conversion efficiency of embedded
light-absorbing materials. However, different synthesis methods
affect the properties of LDHs. Among these, a separate nuclea-
tion and aging (SNA) method enables controllable intercalation
and structural optimization of LDHs, thereby enhancing inter-
layer anion diffusion between layers. Moreover, LDH nanosheets
prepared via the SNA method exhibit improved dispersion uni-
formity, which reduces aggregation of LDH crystals and pro-
motes subsequent introduction of metal ions.26,27

Combining the advantages of both PB and LDHs, we herein
engineer a high-efficiency photothermal conversion system
through the intercalation of PB into MgAl-LDH layers via a separ-
ate nucleation and aging (SNA) method, complemented by con-
trolled Mn2+ doping to optimize optical responses, cf, Scheme 1.
This work not only establishes a synergistic strategy combining
Mn2+ doping and LDH nanoscale confinement to advance PB-
based photothermal materials but also provides fundamental
insights for the rational design of advanced inorganic composites
in next-generation photothermal applications.

Experimental section
Chemicals

All chemicals were used as received without further purifi-
cation. Potassium ferricyanide (K3[Fe(CN)6]), sodium hydroxide

(NaOH), and aluminum nitrate nonahydrate (Al(NO3)3·9H2O)
were purchased from Aladdin (Shanghai, China). Magnesium
nitrate hexahydrate (Mg(NO3)2·6H2O) and ferrous chloride tet-
rahydrate (FeCl2·4H2O) were supplied by Sinopharm Chemical
Reagent Co., Ltd. Manganese chloride (MnCl2) was obtained
from Macklin (Shanghai, China).

Synthesis of PF-LDHs and Mn-doped PB@LDHs

Synthesis of PF-LDHs. The ferricyanide-intercalated MgAl-
LDHs (labeled as PF-LDHs) were synthesized via the previously
established separate nucleation and aging steps (SNAS)
method.26 Briefly, a salt solution (solution A) was first pre-
pared by dissolving 16.4102 g (64 mmol) of Mg(NO3)2·6H2O
and 12.0042 g (32 mmol) of Al(NO3)3·9H2O in 400 mL of de-
ionized water. Concurrently, an alkaline precursor solution
(solution B) was formulated by dissolving 7.6800 g (0.192 mol)
of NaOH and 6.9142 g (21 mmol) of K3[Fe(CN)6] in another
400 mL of deionized water. To initiate rapid nucleation, solu-
tions A and B were co-pumped into a rotating liquid film
reactor at a controlled feed rate of 24 rpm using peristaltic
pumps, with the reactor operating at ∼1500 rpm for
10 minutes. The resulting slurry was subsequently transferred
to a four-necked flask and subjected to aging at 80 °C for
10 hours under a nitrogen atmosphere, accompanied by con-
tinuous magnetic stirring (600 rpm). Post-aging, the precipi-
tate was isolated via repeated centrifugation and thoroughly
washed with deionized water until the supernatant reached a
neutral pH (≈7). Finally, the purified solid product was divided
into four equal portions for subsequent characterization and
application studies.

Synthesis of Mn-PB@LDHs. To engineer Mn-doped Prussian
blue intercalated within MgAl-LDHs (denoted as Mn-
PB@LDHs) with controlled Mn2+/Fe2+ molar ratios, a series of
composite materials via a sequential doping strategy using
methanol/water mixed solvents were prepared. Specifically,
PF-LDHs were first uniformly dispersed in 180 mL of a metha-
nol/deionized water mixture (v/v = 1 : 1) to prepare solution A,
which was then transferred to a four-necked flask. Separately,
solution B was formulated by dissolving MnCl2 and FeCl2 in
10 mL of methanol at varying molar ratios (0 : 1, 1 : 9, 2 : 8, and
1 : 1) to modulate the Mn2+ doping level. The pH of solution A
was adjusted to 4 (aqueous) using dilute HNO3, after which

Scheme 1 Schematic illustration showing the preparation of PB@LDHs with various Mn doping.
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solution B was slowly added dropwise under continuous mag-
netic stirring (500 rpm) at room temperature. The resulting
suspension was maintained under stirring for 4 hours to
ensure complete reaction and uniform Mn-PB growth on the
LDH layers. Following this, the solid products were isolated via
centrifugation, thoroughly washed with methanol to remove
residual reactants, and finally freeze-dried to yield composites
of the Mn-PB@LDHs, labeled Mn-PB@LDHs-1 to Mn-
PB@LDHs-4 according to their respective Mn2+/Fe2+ molar
ratios.

Characterization

Structure and morphology. The crystalline structures and
phase compositions of the samples of the Mn-PB@LDHs were
examined by powder X-ray diffraction (XRD) on a Philips X’Pert
Pro diffractometer using Cu Kα radiation (λ = 0.154056 nm) in
reflection mode. Scans were performed over the 2θ range of
3–70° at a rate of 10° min−1. Fourier transform infrared (FT-IR)
spectra were acquired on a Thermo Nicolet 5700 spectrometer
in transmission mode with a resolution of 2 cm−1, using KBr
pellets, across the wavenumber range of 4000–350 cm−1 at
room temperature. Morphological and microstructural ana-
lyses were carried out using scanning electron microscopy
(SEM, ZEISS Supra 55) and transmission electron microscopy
(TEM, FEI Talos 200X). Optical properties were evaluated with
a Shimadzu UV-3600 spectrophotometer equipped with an
integrating sphere; absorption spectra were collected from 200
to 2500 nm, and diffuse reflectance spectra from 200 to
1200 nm. Raman spectra were recorded on a LabRAM Aramis
spectrometer. Thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) analyses were performed on a HITACHI
STA7300 instrument. Electrochemical properties, including
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS), were measured using a CHI660E electro-
chemical workstation. The elemental concentrations of Mn
and Fe were quantified by inductively coupled plasma optical
emission spectrometry (ICP-OES, Agilent 5800).

Photothermal performance measurements. The photother-
mal heating profiles of Mn-PB@LDHs with varying Mn ratios
were evaluated under 808 nm laser irradiation. Specifically,
0.005 g of powdered PB@LDHs or Mn-PB@LDHs was deposited
on a quartz glass substrate and irradiated with an 808 nm NIR
laser at a power density of 0.5 W cm−2 for 4 minutes. After
turning off the laser, the samples were allowed to cool naturally.
Temperature changes were monitored in real time using an
FLIR thermal imaging camera. The photothermal conversion
efficiency is calculated according to eqn (1):4

η ¼ hSðTmax � TambÞ
Ið1� 10�A808Þ ð1Þ

where h is the heat transfer coefficient, S represents the
surface area of the container, Tmax is the maximum tempera-
ture, Tamb represents the ambient temperature, I is the laser
power density, and A808 represents the absorbance of the
samples at the wavelength of 808 nm.

At the maximum system temperature, the input heat equals
the output heat, and the product hS can be expressed as:

hS ¼
P

i
miCp;i

τs
ð2Þ

where mi (0.43 g) and Cp,i (0.8 J (g °C)−1) are the mass and
heat capacity of system components (including the sample and
substrate), respectively, and τs is the system time constant. The
value of τs was determined during the cooling phase by linear
regression based on the following relation:

t ¼ �τs ln θ ¼ �τs ln
T � Tamb

Tmax � Tamb
ð3Þ

Dissolution loss experiments. The release behavior of Fe
from Prussian blue and Mn-PB@LDHs-3 was systematically
investigated using a previously reported method,28 with modi-
fications. Typically, 0.020 g of commercial Prussian blue
(Macklin, Shanghai, China) or 0.071 g of Mn-PB@LDHs-3
(equivalent to 0.020 g of PB) was dispersed in 50 mL of de-
ionized water. The suspensions were stirred magnetically for
60 min and then allowed to stand undisturbed for 30 min.
Dissolution tests were also carried out under varying tempera-
tures and alkaline conditions to evaluate their influence on Fe
release. The concentration of Fe in the supernatant was deter-
mined by inductively coupled plasma atomic emission spec-
trometry (ICP-AES, Agilent 5800).

Solar water evaporation performance measurement. To
evaluate the performance of Mn-PB@LDHs in solar-driven
water evaporation, simulated solar irradiation was provided by
a solar simulator (AT1 Pro, Ledesk) at an intensity of 1 kW
m−2. The evaporation device was constructed as follows: an
air-laid paper wick was immersed in water to facilitate the con-
tinuous supply of water, while expanded polyethylene (EPE)
foam was employed both for thermal insulation and mechani-
cal support. A polytetrafluoroethylene (PTFE) filter membrane
served as the water diffusion layer. Mn-PB@LDHs powder was
uniformly deposited onto the PTFE membrane via vacuum fil-
tration to form the photothermal evaporation layer
(Scheme 2).29 The entire device was placed on an electronic
analytical balance to record the mass loss at 5-minute inter-
vals. All experiments were conducted under ambient con-
ditions maintained at 28.8 ± 0.3 °C and a relative humidity of
35 ± 5%.

Results and discussion
Structure and light absorption property of PB@LDHs

Fig. 1a presents the powder X-ray diffraction (XRD) patterns of
Mn-PB@LDHs with varying Mn/Fe molar ratios, aiming to sys-
tematically investigate the influence of Mn2+ doping on their
crystalline structure and interlayer organization. All samples
exhibit a series of well-resolved (00l) diffraction peaks, a signa-
ture of the LDH crystallographic structure.30 Notably, the (003)
reflection corresponds to the basal spacing along the c-axis. It
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displays a distance of 1.08 nm and a consistent interlayer dis-
tance of 0.60 nm, confirming the successful intercalation of
[Fe(CN)6]

3− anions within the LDH interlayer galleries
(Fig. S1).31 The appropriately sized interlayer spacing effec-
tively stabilizes the intercalated anions through synergistic van
der Waals and electrostatic interactions, thereby hindering the
leaching or migration of Prussian blue (PB) species. When
compared to undoped PF-LDHs, the samples of the PB@LDHs
show broader and less intense diffraction peaks, indicative of
reduced crystallinity and enhanced structural disorder. This
phenomenon is attributed to the incorporation of divalent
Mn2+ ions and the concurrent formation of Prussian blue-ana-
logous nanocrystalline domains within the LDH interlayers,
which disrupt the long-range atomic ordering.32 Of particular
significance, the (003) peak gradually shifts to lower diffraction
angles with increasing Mn2+ doping, reflecting an expansion
of the interlayer spacing. This shift aligns with the larger ionic

radius of high-spin Mn2+ (0.83 Å) relative to Fe2+ (0.78 Å),
directly correlating the structural modification to the dopant
size effect.

Fig. 1b presents the Fourier-transform infrared (FT-IR)
spectra of Mn-PB@LDHs with varying Mn2+ doping levels,
aiming to characterize the chemical bonding environment and
structural integrity of the composite materials. A prominent
absorption band at 453 cm−1 is observed, which is attributed
to the stretching vibrations of Mg–O and Al–O bonds in the
brucite-like LDH layers, consistent with the characteristic
framework vibrations of layered double hydroxides.33,34 A
broad and intense peak centered at ∼3400 cm−1 corresponds
to the O–H stretching vibrations, arising from both the
hydroxyl groups in the LDH layers and the intercalated water
molecules within the interlayer galleries.35,36 Notably, two
sharp peaks at 2034 and 2112 cm−1 are assigned to the asym-
metric CuN stretching vibrations of hexacyanoferrate(II)

Scheme 2 A schematic diagram of the water evaporation device.

Fig. 1 (a) Powder X-ray diffraction patterns, (b) FT-IR spectra, (c) Raman spectra, and (d) UV-vis-NIR spectra of the series of Mn-PB@LDHs. (e) Band
gap values of the Mn-PB@LDHs.
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([Fe2+(CN)6]
4−) and hexacyanoferrate(III) ([Fe3+(CN)6]

3−), respect-
ively, indicating the coexistence of Fe(II) and Fe(III) oxidation
states—a result of partial reduction of Fe(III) during the interca-
lation process of [Fe(CN)6]

3− into the LDH interlayers.37,38

Additionally, a distinct peak at 586 cm−1 is ascribed to the Fe–
C stretching vibration of the cyanide bridges, confirming the
formation of well-defined Fe–CN–Fe linkages within the com-
posite structure.39

Raman spectroscopy was employed to characterize the
structural evolution and Mn2+ doping-induced modifications
in PB@LDHs and Mn-PB@LDHs. In Fig. 1c, the pristine
PB@LDHs exhibit a distinct Raman band at 2127 cm−1, which
is unambiguously assigned to the symmetric CuN stretching
vibration within the Fe–CN–Fe bridging framework of the
Prussian blue analog (PBA).40 With the progressive incorpor-
ation of Mn2+ ions into the PBA lattice, this characteristic peak
undergoes a systematic blue-shift, shifting to 2128 cm−1 (Mn-
PB@LDHs-2), 2130 cm−1 (Mn-PB@LDHs-3), and 2138 cm−1

(Mn-PB@LDHs-4). This wavenumber upshift provides direct
evidence of local lattice distortion and altered bonding inter-
actions between cyanide ligands and metal centers, primarily
attributed to the insertion of Mn2+ ions into the PBA frame-
work. The presence of Mn2+ likely induces the formation of
cyanide vacancies or localized structural defects adjacent to
the dopant sites,41 thereby reshaping the vibrational micro-
environment of the CN− bridges. These structural modifi-
cations are hypothesized to critically influence key material
properties, including electronic conductivity, charge transfer
kinetics, and ultimately photothermal conversion efficiency, by
altering the electronic structure and interfacial interactions
within the composite.

The optical absorption properties of the PB@LDHs and
Mn-PB@LDHs were systematically investigated using UV-vis-
NIR spectroscopy to elucidate the effect of Mn2+ incorporation
on light-harvesting capabilities. In Fig. 1d, pristine PB@LDHs
exhibit a broad visible-near-infrared (vis-NIR) absorption band
spanning 500–1000 nm, with a distinct absorption maximum
centered at 624 nm. This characteristic peak is attributed to
intervalence metal-to-metal charge transfer (MMCT) tran-
sitions between Fe2+ and Fe3+ ions mediated by cyanide
bridges in the Prussian blue analog (PBA) framework.42 Upon
progressive Mn2+ doping, the absorption maximum undergoes
a systematic red-shift, shifting to 650 nm (Mn-PB@LDHs-2),
656 nm (Mn-PB@LDHs-3), and 660 nm (Mn-PB@LDHs-4).
This red-shift phenomenon arises from alterations to the local
electronic structure induced by Mn2+ substitution: the incor-
poration of Mn2+ ions modifies the electron density distri-
bution and orbital energy levels within the Fe–CN–Fe coordi-
nation motif, while reducing the symmetry of the MMCT
pathway and introducing lattice strain. These combined effects
collectively reshape the energy landscape of the Fe–CN
bonding system, thereby shifting the MMCT transition energy
to lower wavenumbers.42,43

To elucidate the specific role of Mn2+ in modulating the
optical properties of PB@LDHs, a control sample (Mn-
PB@LDHs-5) was synthesized using a MnCl2 : FeCl2 precursor

ratio of 1 : 0 (Fig. S2), designed to isolate the contribution of
Mn2+ to light absorption. As shown in Fig. 1d, the absorption
profile of Mn-PB@LDHs-5 reveals only a weak vis-NIR band
spanning 500–1000 nm, indicating negligible intrinsic light-
harvesting capability of Mn-PB alone. This result confirms that
the enhanced absorption in Mn-PB@LDHs originates predo-
minantly from the Fe-mediated metal-to-metal charge transfer
(MMCT) transitions, with Mn2+ functioning not as a primary
light absorber but as an electronic modulator that perturbs the
Fe–CN bonding network. These findings underscore the criti-
cal role of Mn incorporation in fine-tuning the electronic struc-
ture and optical behavior of PB@LDHs, which is expected to
exert a significant influence on their photothermal conversion
efficiency.

The band gap energies of the Mn-PB@LDHs samples were
evaluated using the Kubelka–Munk (K–M) transformation:44,45

FðR1Þhν ¼ Cðhν� EgÞq ð4Þ

where F(R∞) is the K–M function, R∞ is the reflectance, h is
Planck’s constant (4.135 × 10−15 eV s), ν is photon frequency
(s−1), Eg is the band gap energy, C is a proportionality con-
stant, and q is an exponent that depends on the nature of the
electronic transition, being equal to 1/2 for a direct transition
and 2 for an indirect transition.

Fig. 1e presents the band gap values for Mn–Prussian blue
intercalated layered double hydroxides (Mn-PB@LDHs) with
varying Mn2+ doping levels (Mn-PB@LDHs-1 to Mn-PB@LDHs-
4), aiming to quantify the effect of Mn incorporation on the
electronic band structure. The computed band gaps are 2.55
eV (Mn-PB@LDHs-1), 2.52 eV (Mn-PB@LDHs-2), 2.51 eV (Mn-
PB@LDHs-3), and 2.55 eV (Mn-PB@LDHs-4), collectively indi-
cating that Mn2+ doping exerts a subtle yet discernible regulat-
ory effect on the electronic band structure of the host
PB@LDHs. This minor variability in band gap energy arises
from Mn2+-induced electron density redistribution and altera-
tions to the local coordination environment of the Fe–CN–Fe
bridging motifs, which collectively modify the energy levels of
the valence and conduction bands. Additionally, the Jahn–
Teller effect—characteristic of high-spin Mn2+ (d5 configur-
ation)—may induce localized structural distortions in the octa-
hedral coordination geometry, further contributing to the
observed fluctuations in the optical band gap. This experi-
mental–theoretical correlation underscores the utility of Mn
doping as a precise strategy for tailoring the electronic pro-
perties of PB@LDHs, providing critical insights for optimizing
their light–matter interaction and photothermal performance.

Fig. 2 systematically characterizes the morphological fea-
tures of Mn-PB@LDHs with varying Mn2+ doping levels, high-
lighting their structural integrity and compositional homogen-
eity at the microscale. All samples exhibit well-defined lamellar
stacking architectures, retaining the intrinsic layered mor-
phology hallmark of LDH materials synthesized via the separ-
ate nucleation and aging steps (SNAS) method.46 This structure
confirms the preservation of the layered framework during
Mn-PB intercalation. Elemental mapping analyses via energy-
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dispersive X-ray spectroscopy (EDS) (Fig. 3) reveal the uniform
and homogeneous distribution of both Fe and Mn throughout
the LDH platelets. This uniform dispersion strongly indicates
the successful intercalation of Mn-doped Prussian blue ana-
logues within the LDH interlayer galleries, avoiding significant
surface agglomeration or phase segregation. The effective inte-
gration of Mn-modified PB species into the LDH host matrix is
anticipated to enhance the structural integrity and promote
synergistic interplay between Mn-PB and LDHs, thereby creat-
ing a favorable microenvironment for improved photothermal
conversion efficiency.

Structure stability analysis

Thermogravimetric analysis (TGA) and differential thermogra-
vimetry (DTG) were systematically employed to elucidate the
thermal decomposition kinetics and compositional evolution
of Mn-PB@LDHs and pristine Prussian blue (PB) (Fig. 4 and
Fig. S3). All Mn-PB@LDHs samples exhibited a characteristic
three-stage weight loss profile upon controlled heating, with
distinct derivative thermogravimetric (DTG) peaks corres-
ponding to each decomposition step. The first minor mass
loss (<200 °C) was attributed to the desorption of physisorbed
water and interlayer water molecules.47 The second stage,
spanning 200–310 °C, involved intensive dehydroxylation of
the brucite-like MgAl-LDH layers, manifesting as a prominent
DTG peak in this temperature range. The final and most sig-
nificant weight loss (>310 °C) comprised two concurrent pro-
cesses: further dehydroxylation of the LDH host framework
and the thermal decomposition of intercalated Prussian blue
(PB) analog molecules into iron oxide species.

For comparative insight, pristine PB was also analyzed via
TGA (Fig. S3), displaying a three-step decomposition pathway
with distinct thermal thresholds: an initial mild mass loss
(<180 °C) due to surface water desorption; a subsequent
exothermic event (180–260 °C) associated with the release of

cyanide ligands ([Fe(CN)6]
4−); and a final high-temperature

step (>260 °C) leading to the formation of iron oxide (e.g.,
Fe2O3) as the stable decomposition product.48 Notably, the PB
decomposition exhibited a sharper exothermic DTG peak com-
pared to Mn-PB@LDHs, reflecting more rapid and synchro-
nized thermal decomposition kinetics during ligand release
and oxide formation.49 Interestingly, an unexpected tempera-
ture drop was observed during the decomposition of PB. This
can be attributed to two factors. First, the decomposition
releases a significant volume of gases, whose rapid escape
carries away sensible heat. Second, the decomposition process
also involves endothermic processes that further reduce the
system temperature.

Notably, Mn-PB@LDHs exhibit superior thermal stability
compared to pristine Prussian blue (PB), a critical advance-
ment attributed to synergistic stabilizing mechanisms
inherent to their composite architecture. This enhanced
thermal performance stems from two primary factors: first, the
van der Waals confinement imposed by the LDH interlayers
restricts the structural mobility of PB, effectively delaying their
thermal collapse; second, electrostatic interactions between
the anionic cyanide ([Fe(CN)6]

4−) groups of PB and the posi-
tively charged MgAl-LDH host layers inhibit the dissociation of
cyanide ligands. These combined effects fundamentally alter
the degradation pathway of PB, decoupling its breakdown
from the conventional cyanide release-dominated process50

and thereby stabilizing the material against thermal
decomposition.

To assess the aqueous stability of the optimal Mn-
PB@LDHs-3, its metal leaching behavior was systematically
compared with that of conventional insoluble Prussian blue
(PB).51 Quantitative analysis of Fe leaching concentrations
(Fig. 4c) revealed that the dissolution rate of Mn-PB@LDHs-3
was nearly 50% lower than that of pristine insoluble PB and
significantly reduced compared to soluble PB, which typically

Fig. 2 Morphologies of different Mn doping amounts of Mn-PB@LDHs: (a) Mn-PB@LDHs-1, (b) Mn-PB@LDHs-2, (c) Mn-PB@LDHs-3 and (d) Mn-
PB@LDHs-4; (a1–d1) SEM images and (a2–d2) TEM images.
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exhibit pronounced dissociation in aqueous environments.28

Notably, Mn-PB@LDHs-3 displayed temperature-independent
dissolution behavior across all tested conditions, confirming
the critical stabilizing role of LDH nanoconfinement in miti-
gating PB degradation under aqueous conditions.

To further evaluate the chemical stability of Mn-PB@LDHs-
3 under alkaline conditions, its Fe dissolution behavior was
systematically investigated in NaHCO3–Na2CO3 buffer solu-
tions (pH = 10). The solution was prepared as follows: first,
0.21 g of sodium bicarbonate was dissolved in 120 mL of de-
ionized water. Subsequently, 0.1 mol L−1 sodium hydroxide
solution was added dropwise to this solution under continu-
ous stirring until the pH stabilized at 10. While pristine

Prussian blue (PB) underwent rapid decomposition under
these alkaline environments, forming reddish-brown Fe(OH)3
precipitates via ligand displacement reactions, Mn-PB@LDHs-
3 maintained its structural integrity with no visible reddish-
brown precipitation observed (Fig. 4d). Quantitative analysis
via inductively coupled plasma atomic emission spectrometry
(ICP-AES) revealed a dissolved Fe concentration of 25.92 mg
L−1, demonstrating exceptional alkaline stability. This
enhanced robustness stems from two synergistic stabilization
mechanisms: (i) spatial confinement of PB within the LDH
interlayer galleries, which physically restricts ligand exchange;
and (ii) electrostatic anion shielding by the positively charged
MgAl-LDH host layers, which effectively inhibits the release of

Fig. 3 (a1–c1) TEM images and (a2–c3) EDS elemental mapping of Mn-PB@LDHs: (a) Mn-PB@LDHs-1, (b) Mn-PB@LDHs-2, (c) Mn-PB@LDHs-3, and
(d) Mn-PB@LDHs-4.
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PB species. Collectively, this dual stabilization strategy not
only enhances the environmental compatibility of Prussian
blue-based materials but also establishes a generalizable
design principle for developing hydrolysis-resistant coordi-
nation polymers through host–guest nanoconfinement
engineering.

Photothermal conversion property analysis

Table 1 summarizes the experimentally quantified Mn doping
concentrations in Mn-PB@LDHs, revealing critical insights
into the doping behavior and its dependency on precursor
feed ratios. The data demonstrate a positive correlation
between Mn doping levels and the increasing MnCl2 precursor
ratio, where higher feed ratios initially lead to proportional
enhancements in Mn incorporation. Notably, however, a satur-
ation effect emerges beyond a critical doping threshold of
2.46‰: further increasing the Mn precursor feed ratio by over
2.5-fold results in only a negligible rise in the actual Mn
content integrated into the composites. This plateau in doping
efficiency is attributed to interfacial interactions between the
PB guest and LDH host: the strong electrostatic attraction

between anionic cyanide ligands ([Fe(CN)6]
4−) in PB and the

positively charged MgAl-LDH layers creates a steric and elec-
tronic barrier that impedes additional Mn2+ coordination,
thereby limiting further doping and preserving the structural
integrity of the Mn-PB@LDH hybrids.

The photothermal conversion performance of Mn-
PB@LDHs under 808 nm near-infrared (NIR) laser irradiation
was systematically evaluated to elucidate the influence of Mn2+

doping on light-to-heat conversion efficiency (Fig. 5a). As
shown in Fig. 5b, Mn-PB@LDHs-1, Mn-PB@LDHs-2, and Mn-
PB@LDHs-3 (with increasing Mn doping levels) displayed a
monotonic temperature rise over 4 minutes of continuous
808 nm NIR laser irradiation (0.5 W cm−2), reaching maximum
surface temperatures of 87.4 °C, 91.4 °C, and 99.0 °C, respect-
ively. This trend confirms that moderate Mn doping signifi-
cantly enhances the photothermal response of the PB@LDH
composites. However, further increasing the Mn doping ratio
(beyond the optimal threshold) led to a diminished heating
effect, with the maximum temperature plateauing at only
88.3 °C. This non-monotonic behavior indicates that excessive
Mn2+ integration disrupts the intra-Prussian blue electron
transport dynamics, impairing the efficient conversion of
absorbed light energy into heat. In contrast, the LDH host
layers contributed minimally to NIR light absorption due to
their inherently weak optical activity in this spectral range,
suggesting that the photothermal enhancement primarily orig-
inates from the Mn-modified PB moieties.

To further elucidate the photothermal behavior of the
optimal Mn-PB@LDH hybrid (Mn-PB@LDHs-3), its tempera-
ture evolution under varying near-infrared (NIR) laser power
densities was systematically investigated to quantify the

Fig. 4 (a) TG curves and (b) DTG curves of Mn-PB@LDHs under an air atmosphere and heating rate of 10 °C min−1. (c) Concentration of Fe dissolved
from Prussian blue/Mn-PB@LDHs-3. (d) Digital image of Prussian blue (left) and Mn-PB@LDHs-3 (right) after exposure to an alkaline environment
(pH = 10) for 60 minutes.

Table 1 Concentration of Mn doped into PB@LDHs

Concentration of Mn
(mg L−1)

Ratio of Mn in
LDHs (‰)

Ratio of Mn
in PB (‰)

Mn-PB@LDHs-1 — — —
Mn-PB@LDHs-2 0.16 0.62 2.21
Mn-PB@LDHs-3 0.63 2.46 8.76
Mn-PB@LDHs-4 0.77 2.82 10.05
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relationship between light intensity and photothermal con-
version efficiency. As illustrated in Fig. 5c, the equilibrium
surface temperature of Mn-PB@LDHs-3 increased monotoni-
cally with rising laser power density, reaching 40.4 °C,
55.1 °C, 68.8 °C, 87.2 °C, and 99.0 °C under irradiation
intensities of 0.1, 0.2, 0.3, 0.4, and 0.5 W cm−2, respectively.
This linear dependence of temperature on laser power
density conclusively demonstrates the efficient and controlla-
ble photothermal conversion behavior of the Mn-PB@LDH
composites. Notably, this observation underscores that
optimal Mn doping enhances photothermal efficiency by
optimizing the electronic configuration of the Prussian blue
framework—facilitating more effective light absorption and
electron–phonon coupling—while the LDH host matrix pro-
vides critical structural integrity without undermining the
NIR photothermal activity.

To comprehensively evaluate the photothermal conversion
efficiency (η) of Mn-PB@LDHs and elucidate the influence of
Mn2+ doping on light-to-heat performance, we conducted
quantitative analyses using characteristic time constants (τs)
and steady-state temperature measurements. As shown in
Fig. 5d and Fig. S4, moderate Mn incorporation significantly
enhances η: values increase from 61.97% for pristine
PB@LDHs to 66.15% for Mn-PB@LDHs-2, peaking at 75.10%
for Mn-PB@LDHs-3. This non-monotonic trend—where exces-
sive Mn doping (Mn-PB@LDHs-4) reduces efficiency—con-
firms the existence of an optimal doping concentration that
maximizes photothermal conversion. Further characterization
reveals the robustness of Mn-PB@LDHs-3: its η remains nearly
unchanged across varying laser power densities (0.1–0.5 W
cm−2, Fig. 5e and Fig. S5), demonstrating consistent perform-
ance under diverse irradiation intensities. To assess oper-

Fig. 5 The photothermal conversion properties and electron transport performances of variously Mn-doped PB@LDHs. (a) Schematic diagram of
the photothermal conversion setup. (b) The temporal temperature variation of variously Mn-doped powders of PB@LDHs. (c) The temporal–temp-
erature variation of Mn-PB@LDHs-3 at different power densities. (d) The photothermal conversion efficiency of variously Mn-doped powders of
PB@LDHs. (e) The photothermal conversion efficiency of Mn-PB@LDHs-3 at different power densities. (f ) Photothermal profiles of Mn-PB@LDHs-3
over five cycles under 808 nm irradiation (0.5 W cm−2). (g) CV curves and (h) EIS curves of variously Mn-doped PB@LDHs.
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ational stability, cyclic photothermal tests were performed via
repeated laser on/off cycles (808 nm, 0.5 W cm−2, 4 min
irradiation + 4 min cooling). As illustrated in Fig. 5f, the
sample exhibits no significant degradation in heating/cooling
profiles over five consecutive cycles, confirming excellent
photothermal reversibility and long-term durability under
practical conditions.

To decipher the mechanistic origin of the enhanced photo-
thermal conversion efficiency (η) in Mn-PB@LDHs, we con-
ducted electrochemical characterizations—including cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS)—on samples with graded Mn doping levels. As illustrated
in Fig. 5g and h, the charge transfer resistance (Rct) exhibits a
non-monotonic dependence on Mn content: it first decreases
to a minimum at moderate doping (Mn-PB@LDHs-3) and then
increases with excessive Mn incorporation. This trend ident-
ifies Mn-PB@LDHs-3 as the optimal variant for efficient
charge transport within the series. Mechanistically, Mn2+ ions
initially occupy cyanide (CN−) vacancies in the PB@LDHs
lattice, creating additional pathways for electron delocalization
along the CN− bridging networks and thus reducing Rct.
However, beyond the optimal doping threshold, excess Mn2+

preferentially substitutes Fe2+ sites in the brucite-like layers,
disrupting the Fe3+/Fe2+ redox couple dynamics across the CN−

coordination framework and impeding long-range electron
transfer. Concurrently, high Mn2+ concentrations induce struc-
tural distortions via the Jahn–Teller effect: although Mn2+ (3d5)
typically adopts a near-regular octahedral geometry with sup-
pressed distortion, partial oxidation of Mn2+ to Mn3+ (or
higher valence states) leads to uneven population of the eg

orbital set (dx2−y2 and dz2). Specifically, the remaining electron
preferentially occupies the lower-energy dz2 orbital, strengthen-
ing its shielding of the Mn nucleus, while the higher-energy
dx2−y2 orbital remains less shielded. This electronic asymmetry
reduces the symmetry of the Mn–N6 coordination polyhedron,
causing localized contraction of the octahedral units.
Furthermore, the contraction of Mn–N bonds within the xy-
plane intensifies repulsion between the N 2p orbitals and Mn
dxy orbitals, elevating the energy of the dxy orbital while stabi-
lizing the dxz and dyz orbitals. This electronic reorganization
destabilizes the crystal lattice, impedes charge transport by
increasing interatomic resistance, and ultimately diminishes
photothermal conversion efficiency at excessive Mn doping
levels.40,52

Solar water generation property measurement

The photothermal water evaporation performance of Mn-
PB@LDHs under solar irradiation was systematically investi-
gated to elucidate the effect of Mn2+ doping on evaporation
efficiency. As shown in Fig. 6a and b, the water evaporation
rate exhibited a monotonic increase with moderate Mn
doping, rising from 1.56 kg m−2 h−1 for Mn-PB@LDHs-1 to
1.59 kg m−2 h−1 for Mn-PB@LDHs-2 and reaching a peak of
1.60 kg m−2 h−1 for Mn-PB@LDHs-3. However, further increas-
ing the Mn doping level (Mn-PB@LDHs-4) resulted in a slight
performance decline, with an evaporation rate of 1.59 kg m−2

h−1. The surface temperature evolution of the evaporation
system was investigated under simulated solar irradiation
(1 kW m−2, Xe lamp, AM1.5G filter) for 6 min, with the temp-
erature monitored by an infrared (IR) thermal camera (Fig. 6c).

Fig. 6 (a) Mass loss curves, (b) evaporation rate comparison, (c) the time-dependent surface temperature of Mn-doped PB@LDHs, (d) IR camera
images of Mn-PB@LDHs-3 under 1.0 Sun irradiation and (e) solar-to-vapor conversion efficiency of Mn-PB@LDHs.
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Upon irradiation, the top surface rapidly absorbed incident
photons and converted them into heat, leading to a sharp
temperature increase. As shown in Fig. 6d, the temperature of
Mn-PB@LDHs-3 rose steeply within 1 min and reached a
stable equilibrium after approximately 2 min, reflecting its
excellent photothermal conversion capability.

The solar-to-vapor conversion efficiency (η) was calculated
using the following equations:53

η ¼ mðHLV þ QÞ=Ein ð5Þ

HLVðTÞ ¼ 1:91846� 106½T1=ðT1 � 33:91Þ�2 ð6Þ
Q ¼ cðT1 � T0Þ ð7Þ

where m is the water evaporation rate (kg m−2 h−1) corrected
for dark evaporation (0.18 kg m−2 h−1), HLV is the latent heat of
vaporization (J kg−1) at equilibrium temperature T1, Q rep-
resents the sensible heat (J kg−1) required to raise water from
ambient temperature T0 to T1, Ein is the incident solar energy
(J m−2 h−1), and c is the specific heat capacity of water (4.2 J g
K−1).

As shown in Fig. 6e, the solar-to-vapor conversion efficiency
(η) values of Mn-PB@LDHs-1 to Mn-PB@LDHs-4 were deter-
mined to be 95.22%, 97.24%, 97.93%, and 97.22%, respect-
ively. This trend closely follows the water evaporation rates.
The non-monotonic variation is attributed to excessive Mn2+

incorporation, which perturbs the electronic structure of the
Prussian blue framework, partially inhibits electron tran-
sitions, and thereby reduces photothermal conversion
efficiency. Although the performance differences among the
four samples are modest due to the low overall Mn doping
content, a clear doping-dependent trend is observable. These
results demonstrate that precise Mn doping modulation serves
as an effective strategy for tailoring electron transport
dynamics within PB@LDHs, enabling targeted optimization of
their photothermal water evaporation performance.

Conclusions

In summary, this comprehensive study establishes that the
synergistic integration of Mn2+ doping and layered double
hydroxide (LDH) host confinement represents a powerful strat-
egy to enhance both the photothermal conversion efficiency
and environmental stability of Prussian blue (PB)-based
materials. The optimally engineered Mn-PB@LDHs-3 exhibits
exceptional performance metrics, including a record-high
photothermal conversion efficiency of 75.10% under 808 nm
laser irradiation and a solar-driven water evaporation rate of
1.60 kg m−2 h−1 and solar-to-vapor conversion efficiency of
97.93%—outperforming many reported PB-based composites.
Systematic structural, spectroscopic, and electrochemical ana-
lyses reveal that moderate Mn2+ doping fine-tunes the elec-
tronic structure of the Fe–CN–Fe bridging framework, reducing
interfacial charge transfer resistance and optimizing light-to-
heat conversion kinetics. Conversely, excessive Mn incorpor-

ation induces lattice distortion and localized electronic localiz-
ation, which degrade photothermal efficacy by disrupting
coherent charge transport. Critically, the LDH host layers play
a dual stabilizing role: their nanoconfinement geometry phys-
ically restricts PB framework degradation, while electrostatic
interactions between the positively charged LDH layers and
anionic cyanide ligands in PB suppress metal leaching and
structural disintegration under aqueous and alkaline con-
ditions. Although the photothermal performance of the
material is still limited by the intrinsic instability of the Fe–CN
structure and relatively narrow absorption bandwidth, these
findings not only advance the development of high-perform-
ance photothermal materials but also open new avenues for
designing next-generation solar energy conversion systems,
such as solar-driven desalination and photocatalytic reactors,
where durability and efficiency are equally critical.
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