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double hydroxide (LDH), which is representative of inorganic
pillared clays, has shown promising applications in catalysis,[7]
adsorption,[8] anticorrosion,[9] and membrane separation.[10]
Moreover, our recent study indicated that LDH buffer layers could
serve as competent heterogenous nucleation center facilitating in
situ growth of a series of well-intergrown metal-organic framework
(MOF) membranes (including ZIF-7,[11] ZIF-8,[12] ZIF-67,[13] and
HKUST-1[14]), relying on their rich surface functionality and flexible
chemical composition. Very recently, this approach was also
proven effective in preparation of well-intergrown COF (e.g.,
COF-LZU1) membranes with excellent gas separation
performances.[15]

Abstract: Prussian Blue (PB), which was first discovered as robust
blue-colored pigment in the year 1706, has shown promising
prospects in disease treatment, energy conversion, water splitting,
and sensing. Relying on the uniform 3.2 Å-sized pore channels as well
as high stability in aqueous environments, in this study, we pioneered
in situ preparation of polycrystalline PB membranes to justify their dye
rejection and metal ion discrimination ability in aqueous environments.
Among various factors, the introduction of calcined NiFe layered
double hydroxide buffer layers on porous α-Al2O3 substrates was
found to play a paramount role in the formation of continuous
polycrystalline PB membranes, thereby leading to excellent dye
rejection efficiency (>99.0%). Moreover, prepared PB membranes
enabled discriminating different monovalent metal ions (e.g., Li+, Na+,
and K+) depending on their discrepancy in Stokes diameters, showing
great promise for lithium extraction from smaller-sized metal ions.

Prussian Blue (PB), which was first discovered as robust bluecolored pigment in the year 1706, represents a coordination
compound formed by combining mixed-valent iron ions with
cyanide anions, while monovalent metal ions (e.g., K +) are
inserted into the voids of the crystal lattice.[1] At present, PB and
PB analogues (PBA) have been extensively studied and shown
potential applications as oxygen evolution reaction (OER)
catalysts[2], electrode materials,[3] supercapacitors,[4] and gas
adsorbents.[5] As shown in Figure 1, PB built from Fe(II)–C≡N–
Fe(III) sequences has a regular pore size of 3.2 Å, making them
superb candidates for size-based molecular sieving. Combined
with the long-term structural robustness in aqueous environments,
PB in the form of polycrystalline membrane is anticipated to show
promising applications in nanofiltration (like dye rejection) and
metal ion discrimination (like discrimination of larger-sized Li+
with Stokes diameter (SD) of 0.48 nm from smaller-sized Na+ and
K+ with SDs of 0.37 nm and 0.25 nm, respectively) in aqueous
environments.[6] However, to date there has been no report on
the fabrication of well-intergrown polycrystalline PB membranes
due to excessively fast nucleation rate of PB grains in the bulk
solutions and therefore, relatively low heterogenous nucleation
density on substrate surfaces.
Surface modification of substrates with functional buffer layers
represents an effective approach to enhance the heterogenous
nucleation density of polycrystalline PB membranes. Layered

Figure 1. Schematic illustration of the fabrication of continuous polycrystalline
PB membrane.

In this study, we developed a facile in-situ growth method for
preparing continuous polycrystalline PB membranes on porous αAl2O3 substrates. Surface modification of the substrates with
calcined NiFe-CO3 LDH buffer layers, which could be facilely
prepared by in situ hydrothermal growth, played a vital role in the
formation of well-intergrown PB membranes. Owing to the
appropriate pore aperture, prepared PB membranes exhibited
excellent performances towards dye rejection and monovalent
metal ion discrimination.
Initially we attempted to prepare PB membranes on bare porous
α-Al2O3 substrates via in situ hydrothermal growth. Nevertheless,
it turned out to be very difficult to form continuous PB membranes.
PB crystals were only sparsely distributed on the substrate
surface even under optimized synthetic conditions (shown in
Figure S3), which could be attributed to the weak affinity
interaction between PB grains and bare substrate surface.
Therefore, surface modification of substrates with chemically
active buffer layers has become indispensable. NiFe-CO3 LDH is
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considered as an ideal candidate considering the chemical
composition similarity with PB as well as the ease of fabrication.

belonged to pure LDH phase. Moreover, the interlayer spacing
was calculated to be 7.6 Å based on (003) peak position in the
XRD pattern, thereby implying that carbonate anions had been
intercalated in the interlayer galleries.[17]
It should be noted that addition of LAA in precursor solutions was
indispensable for effective morphology control of NiFe-CO3 LDH
buffer layers in terms of effective reduction in surface energy of
the (001) facet as revealed in previous studies. [18] As a
comparative experiment, we also tried preparing NiFe-CO3 LDH
buffer layers in the absence of LAA. Corresponding results
indicated that although large-sized NiFe-CO3 LDH aggregates
were formed in bulk solutions, only loosely packed amorphous
particles instead of crystalline NiFe-CO3 LDH crystallites were
attached to the substrates (shown in Figure S4).
In the next step, prepared NiFe-CO3 LDH buffer layers were
immersed in PB precursor solutions and kept in an oven at 120 °C
for 6 h. XRD and SEM results indicated that after the reaction,
continuous PB membranes had been formed. Nevertheless, the
SEM image at higher magnification indicated that some voids and
grain boundary defects remained clearly visible in the membrane
(shown in Figure S5). Fortunately, this morphological imperfection
could be solved by calcinating the NiFe-CO3 LDH buffer layers
under controlled conditions. XRD and SEM results indicated that
after calcination, although surface morphology of the buffer layers
remained largely unchanged (Figure 2c), all diffraction peaks
derived from pristine NiFe-CO3 LDH phase had disappeared
(Figure 3b), implying that the buffer layers had lost their original
crystallinity. Instead, a weak diffraction peak at 43.2o, which
corresponded to the (200) plane of NiO phase, appeared. After
hydrothermal treatment of calcined NiFe-CO3 LDH buffer layermodified substrates in aqueous solutions containing PVP, HCl
and Na4Fe(CN)6·10H2O, well-intergrown PB membranes with an
average grain size of 0.4 μm and a thickness of 0.6 μm had been
formed (Figure 2d-f), and all the peaks in the XRD pattern (Figure
3c) were consistent with the simulated ones (Figure 3d).
The large morphological discrepancy between PB membranes in
situ grown on pristine (Figure S5) and calcined (Figure 2d) NiFeCO3 LDH buffer layer-modified α-Al2O3 substrates inspired us to
explore further the dominant factors determining their morphology.
To further exclude the interference from porous α-Al2O3
substrates in the XRD pattern, NiFe-CO3 LDH powders
sedimented at the bottom of the vessel after the hydrothermal
reaction were collected and calcined under the same condition.
Relevant TEM image (Figure 2g) demonstrated that plateletshaped NiFe-CO3 LDH powders had been converted to 5-10 nmsized metal oxide nanoparticles after calcination. The XRD
pattern of calcined NiFe-CO3 LDH powders (shown in Figure 2h)
indicated that the diffraction peaks derived from pristine NiFe-CO3
LDH powders had completely disappeared; alternatively, new
diffraction peaks located at 37.3° and 43.2°, which could be
further indexed to the (111) and (200) planes of NiO phase, were
clearly resolved. The above results were in good accordance with
those reported in the literature.[19]
In addition, FT-IR tests were performed to identify surface
functional groups of pristine and calcined NiFe-CO3 LDH powders,
respectively (Figure 2i). Our experimental results indicated that
compared with pristine NiFe-CO3 LDH powders, there existed
almost no absorption peaks for the calcined counterpart,[20]
implying that it was mainly metal oxide nanoparticles (i.e., FeOx
and NiO) rather than surface functional groups that contributed to
the formation of well-intergrown polycrystalline PB membranes,

Figure 2. SEM images of the (a) top and (b) cross-sectional view of NiFe-CO3
LDH buffer layer, (c) SEM image of calcined NiFe-CO3 LDH buffer layer, SEM
images of the (d, e) top and (f) cross-sectional view of polycrystalline PB
membrane, inset shows the optical photo of PB membrane on α-Al2O3
substrates; (g) TEM image of calcined NiFe-LDH powders, (h) XRD patterns

and (i) FT-IR spectra of pristine (red line) and calcined (blue line) NiFe-CO3 LDH
powders (● denoted diffraction peaks of NiFe-CO3 LDH phase; ■ denoted
diffraction peaks of NiO phase).

Figure 3. XRD patterns of (a) NiFe-CO3 LDH buffer layer, (b) calcined NiFeCO3 LDH layer, (c) PB membrane, and (d) simulated PB powders (● denoted
NiFe-CO3 LDH phase, ◼ denoted NiO phase,◆ denoted PB phase, and ▽
denoted α-Al2O3 phase, respectively).

NiFe-CO3 LDH buffer layers could be facilely in situ grown on
porous α-Al2O3 substrates via simply immersing in aqueous
solutions containing Ni(NO3)2‧6H2O, FeCl3‧6H2O, L-ascorbic acid
(LAA) and urea. As shown in Figure 2a, after hydrothermal
reaction at 120 °C for 24 h, uniform and closely packed 0.4 μmthick NiFe-CO3 LDH buffer layers had been formed. Crosssectional SEM image (Figure 2b) indicated that a majority of
platelet-shaped LDH grains were vertically grown on the
substrates, which could be explained by the evolution selection
principle developed by van der Drift.[16] The XRD pattern (Figure
3a) convincingly confirmed that prepared buffer layers indeed
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which was due to their high reactivity derived from high surface
free energy and dangling bond density which referred to the
number of bonds with unsaturated electronic coordination
environment per unit area on relevant crystal plane.[21] Moreover,
after calcination, accompanying with the destruction of the
layered structure of NiFe-CO3 LDH buffer layers, the surface
areas were estimated to be ~2.5 times that of the pristine samples
(Figure S6), which was anticipated to provide more sufficient
exposure of active nucleation sites to precursor solutions.
It should be addressed that precisely controlling the
concentrations of HCl and PVP in precursor solutions was of vital
importance to tailor the morphology of polycrystalline PB
membranes. On the one hand, addition of PVP surfactants in
precursor solutions was necessary for maintaining an appropriate
grain size.[22] An excessive amount of PVP would inevitably
reduce the PB grain size, thereby leading to the generation of
grain boundary defects (shown in Figure S7); on the other hand,
introduction of HCl, which served as a catalyst for the hydrolysis
of [Fe(CN)6]4- anions, was indispensable for maintaining perfectly
cube-shaped surface morphology. An excessive amount of HCl in
aqueous precursor solutions would result in severe etching of
membrane surfaces (shown in Figure S8).[23]

surfaces and dye molecules. There was no doubt that PB
membrane surfaces were negatively charged in aqueous
environments, while the ζ-potential of CA, CR and MB in aqueous
solutions followed the sequence: ζCA (-33.2 mV) < ζCR (-0.55 mV)
< ζMB (2.14 mV). Since the electrostatic repulsive force between
PB membranes and CA molecules was the highest,
correspondingly, the surface coverage of CA molecules on PB
membrane surfaces was the lowest, resulting in effective
avoidance of the blockage of PB pores and therefore, higher
water permeances. In contrast, the electrostatic attractive force
between PB membranes and MB molecules was the highest so
that the surface coverage of MB molecules on PB membrane
surfaces was highest, causing severe blockage of PB pores and
therefore, lower water permeances.[24] Besides, the effect of
operation pressure on CR molecule rejection test was
investigated. As shown in Figure S9, the rejection and water
permeances did not obviously change as the operation pressure
increased from 1.5 to 3.5 bar. Furthermore, PB membranes
showed remarkable stability during the long-term rejection test.
As shown in Figure S10, no obvious decline in permeances and
rejection was observed over 120 hours of operation. In addition to
porous α-Al2O3 discs, we further succeeded in the preparation of
well-intergrown PB membranes on tubular porous α-Al2O3
substrates (Figure S11), thus demonstrating the generality of this
route. The cross-flow filtration test results indicated that prepared
PB membranes exhibited a stable rejection to CR molecules of
99.5% with water permeances of up to 26.16 L m-2 h-1 bar-1 (Figure
S12), which exceeded those of most membranes with
comparable dye rejection in the literature (Table S2). In order to
further validate the grain boundary defects of prepared PB
membranes, the rejection ability towards PG molecules with
smaller molecular dimensions (ca. 0.81 nm × 0.34 nm) was
evaluated. The resulting membranes still exhibited rejection
efficiency of 98.6%±0.15 towards PG molecules, which
convincingly indicated that there existed few mesoscopic defects
in prepared PB membranes. The above experimental results
further inspired us to explore their potential in precise
discrimination of monovalent metal ions with various SDs such as
Li+ (0.48 nm), Na+ (0.37 nm) and K+ (0.25 nm).[6b-e] For this
purpose, polycrystalline PB films were further fabricated on
stainless steel plates in the same manner (Figure S13), and cyclic
voltametric (CV) measurements were conducted in a threeelectrode system with the PB film-modified stainless steel plates
serving as working electrodes. All electrodes were sequentially
immersed in a EC-DEC (1:1) binary solvent containing LiPF6,
NaPF6 or KPF6 electrolyte.
The redox peaks of the CV curve indicated the occurrence of
oxidation-reduction reaction during the mutual conversion of
Fe2+/Fe3+ in the case that monovalent cations could enter the PB
framework as compensating ions.[25] We kept all the starting PB
films the same in all cases, but screened with three possibly
insertable cations of Li+, Na+ and K+ with different SDs. By doing
so, the nature of the host PB framework solely accounted for the
variation in the redox behavior. Figure 5a to c illustrated the CV
behavior of Li+, Na+ and K+, respectively. By simply exchanging
the cation from Li+ to K+ in the electrolyte, we observed the strong
dependence of cation effects on the electronic environment of the
Fe2+/Fe3+ redox center.[26] In case of the Na+ and K+ electrolytes,
the CV curve exhibited strong and symmetrical redox peaks
centered at around 0.75 V and 0.90 V vs RHE, respectively, which
indicated that Na+ and K+ were able to be readily

Figure 4. Dye rejection performance of PB membrane. Three different types of
dyes, i.e., CR, CA and MB with the same concentration (100 mg/L) were applied

in the feed side under a pressure of 2.5 bar at room temperature. Values
represent means ± standard deviation for three replicates.

In the next step, rejection test was conducted to evaluate the
ability of prepared PB membranes in removing different types of
dyes in view of its intrinsic framework robustness in aqueous
environments and small pore size (3.2 Å). Three dye molecules
with similar molecular weight but different chemical structure, i.e.,
calcein (CA, ζ-potential: -33.2 mV), congo red (CR, ζ-potential: 0.55 mV) and methylene blue (MB, ζ-potential: 2.14 mV), were
deliberately selected and subjected to dye rejection test. Our
experimental results (shown in Figure 4) indicated that prepared
PB membranes maintained excellent rejection rates of above
99.0 % for all types of dyes; moreover, it seemed that the
discrepancy of separation efficiency between these dye
molecules was dominated by size-exclusion effect since the
values of rejection were in good agreement with their molecular
sizes: MB＜CA＜CR (shown in Table S1). In addition, we noticed
that water permeances were strongly dependent on the ζpotential of dye molecules in aqueous solutions, which could be
attributed to electrostatic interactions between PB membrane
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molecular sieve membranes enabling precise discrimination of
monovalent metal ions has been rarely reported in the literature.
Simultaneously, lithium extraction performances of the PB
membranes were also comparable with the other state-of-the-art
pristine 2D membranes and polymer membranes (Table S3).
To summarize, in this study we pioneered the production of
continuous polycrystalline PB membranes through facile in situ
hydrothermal growth on calcined NiFe-CO3 LDH buffer layers.
Owing to its intrinsic framework robustness in aqueous
environments and appropriate pore size, prepared PB
membranes exhibited excellent rejection rates of above 99.0% for
all dye molecules, irrespective of the ζ-potential values. Moreover,
ion permeation test results indicated that the membranes enabled
precise discrimination of various monovalent metal ions based on
their discrepancy in SDs (i.e., Li+ removal from Na+ and K+),
thereby showing great promise for efficient lithium extraction from
smaller-sized metal ions.
Figure 5. CV curves of PB films in (a) LiPF6, (b) NaPF6 and (c) KPF6

Acknowledgements

electrolytes, respectively; (d) ionic permeation rate and monovalent ions
selectivity of different ions through the polycrystalline PB membranes in single
and mixed salt solution systems.

The authors are grateful to Prof. Guang Ping Hao from State Key
Laboratory of Fine Chemicals, Dalian University of Technology for
the beneficial discussion on the CV experiment. This work was
supported by National Key Research Development Program of
China (2019YFE0119200), National Natural Science Foundation
of China (22078039, 21176231), Science and Technology
Innovation Fund of Dalian (2020JJ26GX026), Fok Ying-Tong
Education Foundation of China (171063), Science Fund for
Creative Research Groups of the National Natural Science
Foundation of China (22021005) and the Technology Innovation
Team of Dalian University of Technology (DUT2017TB01).

embedded/dislodged in the pore channels of PB. In sharp contrast,
the behavior of PB with Li+ during CV scan was more complex,
with two visibly weak and broad reactions appeared in CV curves,
implying that Li+ suffered from much higher diffusion resistance
during the intercalation/deintercalation process. Based on the
above results, we speculated that the distinct differences in the
kinetic properties of different insertable monovalent metal ions
should be directly relevant to the different SDs of the cations. For
Li+ with SD of 4.8 Å that was much larger than the pore aperture
of 3.2 Å, its diffusion in the PB channels was more sluggish as
compared to Na+ and K+.
It is worth mentioning that although the SD of Li+ was much larger
than the pore aperture of PB, the CV redox peak of Li + electrolyte
did not completely disappeare, which could be attributed to the
following factors: 1) On a mesoscopic scale, intercrystalline
defects in PB films would inevitably appear, resulting in inevitable
diffusion of Li+ through these defects and therefore, the
generation of redox peak; 2) On a microscopic scale, more or less
there existed lattice defects within the framework of PB, which
would have an adverse effect on the SD-based discrimination of
monovalent metal ions. To sum up, the CV results vividly
confirmed that polycrystalline PB membranes held great potential
for discriminating monovalent alkali cations based on their
discrepancy in SDs.
Aiming at more accurate evaluation of the actual separation
performances of Li+ from other monovalent ions (e.g., Na+ and K+),
herein ion permeation test of prepared PB membranes was
conducted in a permeation cell. Figure 5d showed the permeation
rates of different monovalent ions through PB membranes, where
the permeation rates of K+, Na+, and Li+ ions were 7.16, 6.69, and
1.77 × 10-3 mol·m-2·h-1, respectively; moreover, the single ion
selectivity of Na+/Li+ and K+/Li+ reached 3.78 and 4.04, thereby
clearly indicating the dominance of size-based ion sieving
mechanism. Additionally, although the Li + permeation rate was
slightly lower than its single-ion permeation rate (Figure 5d and
Figure S14), prepared PB membranes still showed modest Li+
selectivity in relevant binary (Na +/Li+=2.14 and K+/Li+=3.09) or
ternary (Na+/Li+=3.12 and K+/Li+=6.31) mixed metal ion systems.
To the best of our knowledge, the preparation of polycrystalline

Keywords: Layered double hydroxide • Prussian blue •
Membrane • Dye rejection • Ion sieving
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For the first time, we prepared continuous polycrystalline Prussian blue (PB) membrane showing precise dye rejection and monovalent
ion discrimination ability. The introduction of a calcined NiFe-CO3 layered double hydroxide buffer layer on the substrate was found to
play a paramount role in the formation of PB membrane with desirable microstructure and performance.
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