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To solve the deterioration of water resource environment, on-site
water production technologies have garnered attention. Here, we
demonstrate the example of pressure-induced water production
using a copper—chromium Prussian blue analog (CuCr PBA).
Applying pressure caused water droplets to generate from the
CuCr PBA. Collecting the water droplets with a pipette revealed
that approximately 240 g of water was obtained per 1 kg of CuCr
PBA. One possible mechanism of the water production could be
the hydrophobization of pores at defect sites based on partial
electron transfer from the oxygen of ligand water to copper upon
pressure application. This article presents a new approach to
water production, which is an important step towards the further
development of the improvement
technology.

water environmental

Introduction

Research on controlling the states and physical properties of
solid materials through external stimuli, such as light, pressure,
and temperature, has been actively conducted. Cyano-bridged
metal complexes have garnered considerable attention as
materials stimulus-responsive
functionalities.'™ Among cyano-bridged metal complexes,
Prussian blue analogs (PBAs), which are hexacyanometallic

exhibiting various external

complexes, have recently become highly regarded materials,
with reported various properties including gas storage,® proton
conductivity,” magnetic functionality,®'3 catalytic properties,'*
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and battery characteristic.’>=2* PBAs are widely used in modern
society due to their excellent chemical stability and low
synthetic cost. 25730 They are commonly used as pigments and
have been used for radioactive cesium recovery,3132 ammonia
adsorption,33 and electrochromical applications.343> PBAs have
two types of crystal structures: 1:1:1 and vacancy types. The
1:1:1 type can incorporate alkali
framework, exhibit battery characteristics, and recover cations

cations into its cubic
such as cesium.?® The vacancy type forms when alkali cations
are not included, and the structure contains lattice defects to
maintain charge balance. Pores that can capture water
molecules exist at these lattice defects.36-38

Recently, water scarcity has become a serious problem,
especially for people living in arid regions. In contrast to
coastal areas, which can use water purification technologies,
inland areas require onsite water production technologies to
address this problem. Various studies have reported the
production of water using hard porous materials, such as
zeolites, silica gels, and metal-organic frameworks.39-43
However, such porous require environmental
controls to generate water droplets, such as temperature
and/or humidity differences.

In this study, we report a copper—chromium PBA (CuCr
PBA) that produces water droplets upon pressure application
without any temperature or humidity differences. The
presence of water molecules in CuCr PBA was investigated
using Infrared (IR) spectroscopy and X-ray diffractometry

materials

(XRD), and the mechanism of release of water molecules was
studied by X-ray absorption and emission spectroscopy.

Results and Discussion
Material

CuCr PBA was prepared by adding 50 cm™3 of an aqueous solution of
CuCl, (45 mmol dm=3) to 50 cm™3 of an aqueous solution of
K3[Cr(CN)¢] (30 mmol dm™), which yielded a green powder.
Elemental analysis of the obtained powder revealed a formula of
Cuy5[Cr(CN)e]-6.4H,0 at 26°C and 27% relative humidity (RH)
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(calculated: Cu, 22.76; Cr, 12.41; C, 17.20; N, 20.07; H, 3.08%;
found: Cu, 23.06; Cr, 12.58; C, 17.36; N, 20.18; H, 2.74%).
Powder X-ray diffraction (PXRD) at room temperature revealed
a cubic crystal structure (space group: Fm3m) with a lattice
constant of 10.3810(2) A (Fig. 1la, Table Sla). The cubic
structure comprised a framework bridged by cyanide ligands
between Cu and Cr (Fig. 1b). The ratio of Cr(CN)g to Cu was 2:3,
and defects were present at one-third of the Cr(CN)s positions
(i.e., existence ratio of Cr(CN)g:defect = 2:1). Water molecules
existed in two forms: ligand water in which oxygen was
coordinated to Cu at the defect sites [O(1) in Fig. 1c] and
lattice water at vacancies [0(2) and O(3) in Fig. 1c].

Water Production
Applying a uniaxial pressure of 1 GPa to a CuCr PBA powder
sample at 24°C and 56% RH caused water droplets to emanate

Atmospheric pressure
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Fig. 1 Crystal structure of CuCr PBA. (a) Crystal structure, XRD pattern, and
Rietveld analysis of CuCr PBA under atmospheric pressure. The green dots,
black lines, and gray dots represent the observed plots, calculated patterns,
and their differences, respectively. The orange bars represent the calculated
positions of the Bragg reflections for the CuCr PBA cubic structure. Si powder
was used as a standard sample to calibrate the XRD patterns. The crystal
structure was cubic, which is common for vacancy-type PBAs. (b) Illustration of
the cubic framework comprising Cu and Cr bridged by CN. (c) Illustration of
oxygen in water molecules positioned in the cubic framework. O(1) indicates
oxygen of ligand water coordinated to copper, O(2) indicates oxygen of lattice
water located at the center of vacancy, and O(3) indicates oxygen located
around the center of vacancy. For clarity, a cubic structure with defects is
shown. In Table S1a, lattice defects are indicated as atomic occupancy.
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from the sample (Fig. 2, Figs. S1-S3 and Supporting
Information §5 and §6). The sample became visibly wet and
was thoroughly soaked with water droplets. The water
expelled from the sample was separated, collected, and
quantified over 10 experimental trials, resulting in an average
of 3.2 + 0.4 mg of water per 13.5 mg of sample. These findings
indicate that approximately 240 + 30 g of water can be
extracted from 1 kg of CuCr PBA through the application of
pressure. IR spectra measured at 25°C and 47% RH before
pressure application showed a broad peak in the range of
2500-3800 cm™, which was attributed to the OH bond of
water molecules (Fig. 3, black). After pressure application, the
intensity of this peak decreased drastically [Fig. 3 (red), Figs. S4
and S5]. We also observed peaks at 2180 and 2115 cm™ in the
IR spectrum prior to pressure application, which we attributed
to the CN stretching frequency bridged to Cu and Cr ions (Fig.
3, black). After pressure application (Fig. 3, red), the intensity
of the peak at 2115 cm™ increased while the intensity of the
peak at 2180 cm™ decreased. This change suggests that the
pressure application modified the Cu—NC—Cr bonding state.
Possible origins for this change include linkage isomerism of
the CN ligand*~*° (Cu—NC-Cr — Cu—CN-Cr) or a charge
transfer between Cu and Cr.

Hydrogen Bonding of Water Molecules and Valence States of
Metal lons

We investigated the hydrogen bonding in the water molecules
using soft X-ray absorption (XAS) and emission spectroscopy
(XES) by using synchrotron radiation. Figure 4a shows the O 1s
(K-edge) XES spectra of the water molecules before and after
the application of 2 GPa of pressure. A broad XES signal was
observed around 520-530 eV, which reflects the hydrogen-
bonded water molecules. The intensity of the XES signal
decreased after pressure application, indicating that some
water molecules were pushed out of the material by pressure.
Figure 4b shows the O 1s (K-edge) XAS spectrum of the water
molecules. Similar to the O 1s XES results, the decrease in the
XAS intensity around 534-550 eV after pressure application
was ascribed to the pressure-induced water expulsion from
the material. In contrast, in the energy region of 530-534 eV,
an absorption peak appeared, which suggests that altered
coordination emerges in the water molecules after pressure
application. Considering that there is no absorption peak
below 533 eV in the XAS spectrum of pure water,’° we
attributed the emerging peak to the formation of O 2p—Cu 3d
hybrid orbitals between the oxygen of ligand water molecules
and the hydrated copper at defect sites, which would induce
partial electron transfer from oxygen to copper.

Next, we investigated the valence state of the metal ions.
Figure 4c shows the Cu 2p (L3-edge) XAS spectrum. Before
pressure application, a strong peak was observed at 931 eV
and a weak peak was observed at 936.5 eV. Both peaks
indicated that the valence state of copper was Cu(ll) because
the peak position for Cu(l) is 933.7 eV.>152 After pressure
application, the peak intensity at 931 eV decreased and the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Pressure-induced water production by the CuCr PBA. Powder samples (a) were placed into molds (b). A uniaxial pressure of 1 GPa was applied for 10 min to the sample (c). Upon

release of the pressure, water was expelled out from the sample (d). The photographs were captured from above the sample. The expelled water was subsequently collected and
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Fig. 3 IR spectra before (black line) and after (red line) pressure application of 2 GPa.
The region marked by the asterisk (3050-2750 cm™) indicates the signal from liquid
paraffin.

peak intensity at 936.5 eV increased. These changes reflected
the partial electron transfer from oxygen to copper due to the
formation of O 2p—Cu 3d hybrid orbitals, as observed in the O
1s XAS spectrum (Fig. 4b). Figure 4d shows the Cr 2p (L-edge)
XAS spectra with peaks observed at 578.5, 586, and 588 eV.
The spectra did not change significantly before and after
pressure application, which indicates that the valence state of
chromium remained at Cr(lll) regardless of pressure.

Cubic Framework and Water Molecules after Pressure

Finally, we investigated the crystallographic changes induced
by pressure. The XRD patterns before and after pressure

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 XES and XAS spectra of the CuCr PBA before (black line) and after (red line)
pressure application. (a) XES spectra for O (1s) of water molecules. (b) XAS spectra for
O (1s) of water molecules. (c) XAS spectra for Cu (2p). (d) XAS spectra for Cr (2p).

application revealed no drastic changes in the diffraction peak
positions and intensity ratios, which indicates that the CuCr
PBA maintained its cubic framework (Fig. 5a). The lattice
constant after pressure application was 10.378 A, which was a
0.03% contraction from the lattice constant of 10.381 A before

J. Name., 2013, 00, 1-3 | 3
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Fig. 5 (a) XRD pattern and Rietveld analysis after application of 2 GPa of
pressure. The green dots, black lines, and gray dots represent the observed
plots, calculated pattern, and their difference, respectively. The orange bars
represent the calculated positions of the Bragg reflections for the CuCr PBA
cubic structure. Si powder was used as a standard sample to calibrate the XRD
patterns. (b) lllustration of the cubic framework and the oxygen of water. For
clarity, a cubic structure with defects is shown. In Table S1b, lattice defects are
indicated as atomic occupancy.

pressure application (Table S1b). Regarding the oxygen of
water molecules in the crystal structure, Rietveld analyses
suggested that the oxygens of the ligand water and lattice
water of O(2), located at the center of vacancy, were still
present, but the oxygen of the lattice water of O(3), located
around the center of vacancy, was absent after pressure
application (Fig. 5b).

Mechanism of Pressure-Induced Water Emitting

Based on the measurements before and after pressure
application, several insights were obtained: (i) The CuCr PBA
generates water droplets upon pressure application. (ii) The
CuCr PBA maintains its cubic framework before and after
pressure application. (iii) Pressure application expels lattice
water located around the center of vacancy, while ligand
water and lattice water located at the center of vacancy
remains. (iv) Pressure application causes partial electron
transfer from the oxygen of the ligand water to copper. (v)
Pressure application changes the Cu—NC—Cr bonding state, but

4| J. Name., 2012, 00, 1-3
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the valence states of Cu and Cr remain unchanged. Based on
these insights, we proposed the following mechanism for the
pressure-induced water producing of CuCr PBA (Fig. 6).
Pressure application strengthens the interaction between
copper and the oxygen of ligand water molecules, which
induces a partial electron transfer from oxygen to copper. This
decreases the electron density around the oxygen of the ligand
water, which in turn decreases the polarization of the ligand
water. The hydrogen bond between the ligand water and
neighboring lattice water weakens, and the lattice water is
removed from the crystal. The pressure-induced
hydrophobization of the originally hydrophilic pores at lattice
defect sites may explain the expulsion of lattice water from the
crystal. The changes in the IR spectra of the CN stretching
frequency can be attributed to the linkage isomerism of the
cyanide group because the valence states of Cu and Cr
remained unchanged by pressure application.

Conclusions

In this study, we demonstrated the production of water
droplets by applying pressure on CuCr PBA. We propose that
the hydrophobization of pores at defect sites due to partial
electron transfer from the oxygen of ligand water to copper
during pressure application is a possible mechanism of
pressure-induced water production. The electron transfer is

Il Il
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Water pushed out

Fig. 6 Schematic illustration of the proposed mechanism for the pressure-
induced water production of the CuCr PBA. Pressure application induces a
partial electron transfer from oxygen to copper. The electron density around
the oxygen of the ligand water decreases, which decreases the polarization of
the ligand water. The hydrogen bond between the ligand water and
neighboring lattice water weakens, and the lattice water is pushed out of the
crystal.
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interpreted as inducing cyanide linkage isomerism. To gain
further insight into the phenomenon of pressure-induced
water production, we investigated whether PBAs other than
the CuCr PBA would exhibit similar behaviour. Nine reference
PBA samples containing Cr(CN)e or Co(CN)s were synthesised
and examined (Figs. S6—S9, Tables S3 and S4, and Supporting
Information, §9). The results indicated that neither the amount
of water encapsulated in the samples nor the particle size
correlated with water production. Furthermore, Cr(CN)g is
suitable, whereas Co(CN)g is not, as a cyanide-centered PBA
metal for use as a pressure-induced water production
material. Regarding the reusability of the CuCr PBA, even after
exposure to high humidity for several hours (80% RH for 4 h),
the material did not easily reabsorb water. However, when the
CuCr PBA was immersed in water, the IR spectra indicated that
this material readily reabsorbed water. The application of
pressure to the CuCr PBA that had reabsorbed water lowered
the intensity of the IR peak of water, indicating the potential
for reusability via immersion in water. However, further
optimisation of the experimental conditions using a trial-and-
error approach combined with validation would be necessary
to confirm practical reusability.

The present work provides insights into the design of
pressure-induced water production materials, which require
the following three characteristics. (i) The crystal structure
must contain pores capable of accommodating water; (ii) the
crystal framework should be maintained under pressure; (iii)
the pores that accommodate the water must become
hydrophobic upon the application of pressure. The first two
characteristics are satisfied by numerous reported materials,
such as porous metal-organic frameworks. Imparting the
functionality described in (iii) to materials presents a
significant challenge in the design and development of
materials that exhibit pressure-induced water production. In
the case of the CuCr PBA studied in this work, the application
of pressure induced partial electron transfer between Cu and
O led to the hydrophobisation of the pores.

Water production in arid regions remains an urgent global
challenge. Proposing a method in which water is produced by
applying pressure represents a significant advancement in
water production technologies for operation under diverse
environmental conditions, beyond those based solely on
temperature and humidity controls. Inducing temperature or
humidity variations artificially requires specialized equipment
such as temperature/humidity regulators and an external
energy source. Moreover, using natural environmental
changes often involves prolonged waiting periods and can be
challenging owing to fluctuating conditions. In contrast,
pressure variations can be manually induced using simple
equipment such as a press, yielding immediate results less
susceptible to external influences. As a separate point,
Prussian blue analogs, with their three-dimensional rigid open
framework and high theoretical specific capacity, are
promising electrode materials for sodium-ion batteries.>3>*
However, defects and coordinated water molecules generated
during synthesis negatively affect their electrochemical
properties.>>>® This study presents a mechanical method to

This journal is © The Royal Society of Chemistry 20xx
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apply pressure and release water, potentially reducing water
content and enhancing electrochemical performance.>”>8 This
approach shows potential as a complementary method for
enhancing energy storage applications.
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