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nonpolar) to affect solute—solvent interactions and therefore favor a particular ,," ° . ar anti-Pb0
reaction product. Using a different isotope of the same solvent to select the Loe T \l\\

product, however, is uncommon. We find that water and heavy water (D,0) can Q\ @ ,© brucite
select different products in the hydrothermal syntheses of iron-containing solids. a @ ,," ?
Under hydrothermal and anaerobic conditions, water oxidizes iron to evolve O Ty : AR T
hydrogen gas and a mixture of Fe**- and Fe’*-containing solids. When we replace el 1, "

D,0 for H,O under identical hydrothermal conditions, we can select b e ar/ay=1.22 for perfect heterolayer

thermodynamic products in our syntheses of iron-containing solids, whether it

be oxides or chalcogenides. To explain this remarkable difference in product selectivity, we discover an unexpected difference in a
fundamental property between H,O and D,O: their standard reduction potentials. Through electrochemical measurements and
under strongly basic conditions (pH = 14), we find that the reduction potential of D,O is 109 mV lower than that of H,O. This
difference in the reduction potential cannot be explained by the simple Nernst formulation. The unique product selectivity of D,O

over H,O allows us to prepare iron chalcogenides with structures relevant to the iron-based superconductors.

B INTRODUCTION

Since Harold Urey isolated deuterium,’ scientists have
continuously discovered physical, chemical, and biological
differences between normal water and heavy water, D,O. Due
to its heavier mass, D,O displays the kinetic isotope effect,”
which can even cause toxicity in organisms.” In studying
chemical syntheses, chemists have elucidated reaction mech-
anisms by using the kinetic isotope effect." However, up until
now, no one has ever selected the thermodynamic product of a
chemical reaction using D,O instead of H,O. If one could
target products by choosing either H,O or D,O as the solvent,
then a new avenue for synthesis becomes available for the
materials chemist. This selectivity would be especially relevant
for hydrothermal syntheses and many other reactions in the
“universal solvent”.

To our knowledge, no one has reported the differences
between H,O and D,O under hydrothermal conditions to
either prepare compounds or grow crystals. One can
synthesize, dissolve, and crystallize a variety of inorganic solids
through the hydrothermal technique, which heats water above
100 °C at pressures above 1 bar. This method gains its potency
by changing several of water’s properties such as its density and
dielectric constant and therefore its solubility properties.
Water’s exceptionally large dielectric constant diminishes in
size when heated beyond its boiling point and reaches that of a
nonpolar solvent past its critical temperature. Given the
difference in such physical properties (e.g., density) between
D,0 and H,O, pursuing hydrothermal synthesis with D,0
could reveal new inorganic solids previously inaccessible.
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In earlier work’ we had prepared an iron-based super-
conductor hydrothermally in both H,O and D,O for neutron
measurement purposes. Specifically, we had prepared a
deuterated version of the novel superconductor (Li;_,Fe,OH)-
FeSe.” This heterolayered material separates (FeSe)®™ layers by
(Li,_.Fe,OH)’* layers, exhibits a critical temperature (T.) of
43 K, and displays interesting physics due to the proximity of
superconductivity with magnetism.®”® We used D,O to form
(Li,_,Fe,OD)%" layers in order to diminish incoherent
scattering and absorption by hydrogen during the neutron
scattering measurements. Unexpectedly, we found that the
hydrothermal reactions with D,0O above 140 °C diminished
the amount of Fe’ oxide impurities, while using H,O
generated a significant amount of magnetic impurities such
as Fe;0,.

We expand on our earlier hydrothermal work through
systematic hydrothermal syntheses of iron-containing selenides
in D,0. The resulting products are also heterolayered materials
that are obtained phase pure with D,O but not H,0. To
understand the underlying cause for the differences seen in the
products recovered from H,O and D,O, we have carried out a
series of electrochemical studies on D,0O and H,O. We obtain
the reduction potential of both solvents at different pH levels.
Since we carry out our hydrothermal syntheses under strongly
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basic conditions, these pH studies are key to understanding the
product selectivity afforded by D,O over H,O. We also briefly
describe the unique crystal chemistry that arises from
interleaving layered metal hydroxides with FeSe layers and
report their magnetic properties.

B EXPERIMENTAL SECTION

Hydrothermal Syntheses in H,0 and D,O0. For this work, we
carried out hydrothermal syntheses of iron selenide layers intercalated
by metal hydroxide sheets. We used KOH as the base and mineralizer,
iron metal powder for the Fe" source, and selenourea as the SeH~
source for the formation of the FeSe layer; a variety of transition
metals plus aluminum and zinc were used for the formation of the
layered double hydroxides. We heated our hydrothermal autoclaves
between 180 and 200 °C for 3—4 days using both H,0O and D,O. For
a typical synthesis of the target [(M,_,Al,) (OH),]FeSe phases (where
M include the metals Zn, Mg, Co, Nj, Fe, and Mn), approximately 10
mmol of Fe powder, 7—8 mmol of M powder, 4—5 mmol of granular
Al, 15 mmol of selenourea, and 1.6—2 g of KOH were mixed with 25
mL of deionized (DI) water or D,O (99%).

Both the H,0 and D,O for the hydrothermal syntheses were
degassed before use in order to remove any dissolved O, gas. The
mixtures were transferred into a 45 mL Teflon-lined stainless steel
autoclave under air-free conditions. Once sealed, the autoclave was
heated to 180 °C for 4—5 days. Afterward, the content in the
autoclave was washed and centrifuged several times under air-free
conditions until the supernatant was clear. The remaining product was
collected, vacuum-dried, and stored in an Ar-filled glovebox.

For the synthesis of pure KOD, potassium cubes (0.98 g, 25 mmol)
were loaded in a Schlenk flask with a stirring bar in a glovebox. The
flask was then transferred to a Schlenk line under Ar flow where it was
loaded with about 20 mL of anhydrous tetrahydrofuran (THF). By
use of a cold bath of a liquid nitrogen/ethanol mixture, the solution
was cooled to —30 °C. Excess H,O (about 4 g) was then added to the
flask dropwise. After the K cubes were completely dissolved, the
solution was allowed to warm up slowly to room temperature and
stirred for 1 h. White powders were obtained upon the removal of
THF and residue D,O at room temperature by vacuum. The white
powder was further degassed under vacuum at 180 °C for S h to
remove any residual solvents.

Structural Studies. Powder X-ray diffraction (XRD) data were
collected using a Bruker D8 X-ray diffractometer with Cu Ka
radiation, 4 = 1.5418 A. Microscopic images were examined on a
Hitachi SU-70 SEM field emission scanning electron microscope
(SEM), and their elemental compositions were determined by energy
dispersive X-ray spectroscopy (EDS) using a BRUKER EDS detector.
Electron diffraction patterns were obtained using a JEM 2100 LaBy
transmission electron microscope (TEM) at an acceleration voltage of
200 keV. Electron diffraction patterns were analyzed using the
software Image].

Reduction Potential Measurements. A Hg/HgO electrode in
20% KOH/H,O (0.098 V) and a Hg/Hg,Cl, electrode in saturated
KClI solution (0.241 V) were used as reference electrodes (RF) for
basic and acidic conditions, respectively. Solutions of 1 M KOH in
H,0 and 1 M KOD in D,0 were prepared by dissolving
stiochiometric amounts of anhydrous KOH or KOD using H,O or
D,O0, respectively, in volumetric flasks. The solutions of 1 M HCl and
DCI were prepared by diluting 35% of concentrate HCI or 35% DCI
in D,0 (Sigma-Aldrich) with H,0O or D,O, respectively. All
experiments were performed using a Pt foil as a working electrode
and a Au foil as the counter electrode at a scanning rate of S mV/s.

Physical Properties Measurements of Layered Iron Sele-
nides. To check for superconductivity and characterize any long-
range magnetic ordering, magnetic susceptibility measurements of the
iron selenides were performed using a quantum design magnetic
properties measurement system (MPMS).

770

B RESULTS AND DISCUSSION

Water as Oxidizing Agent under Anaerobic Hydro-
thermal Conditions. We first elucidate the special role water
plays beyond that of a solvent in the reaction scheme of this
study. Highly basic conditions established by saturating an
aqueous solution with LIOH (or LiOD) can oxidize iron metal
according to the Pourbaix diagram.” We draw a useful analogy
to the formation of rust. In electrochemical corrosion, iron acts
as the anode, air as the cathode, and the salt water as the
electrolyte. In the present case, however, we rigorously exclude
all oxygen from the hydrothermal apparatus. In place of
oxygen, water itself must necessarily be the oxidizer. We
therefore propose that the hydrothermal process is equivalent
to electrochemical corrosion of iron. The anode here is the
half-reaction FelFe(OH), and the cathode is H,OlH,. The
high amount of LiOH (aq) acts as the mineralizer and
electrolyte.

To help understand the redox chemistry under hydro-
thermal conditions, we expand the half-reactions FelFe(OH),
and H,OIH, fully in eqs 1 and 2. The overall cell reaction is
then given by eq 3. The respective standard potentials'® are
included for all three reduction equations.

E° =089V
(1)

Fe(s) + 20H (aq) = Fe(OH),(s) + 2e~

2H,0(1) + 2¢” = H,(g) + 20H (aq) E® = —0.828 V
2

Fe(s) + 2H,0(1) = Fe(OH),(s) + H,(g) E® =0.062V
(3)

The overall cell reaction of eq 3 reveals a small yet positive
value for the standard potential E®. Despite a small driving
force, we can further push the equilibrium toward the products
by increasing the temperature, which we do so under
hydrothermal conditions where T > 180°. First, the Fe metal
is gradually digested to Fe’* (aq) in the form of Fe(OH),.
Next, Fe(OH), reacts with SeH™ (aq) produced by the
decomposition of selenourea, to evolve FeSe layers. However,
if the Fe metal is completely converted to Fe(OH), (s), then
we risk pushing the reaction toward the formation of Fe®
oxides instead.

As shown in eq 4, Fe(OH), can also readily reduce water,
and the standard potential E® of this reaction is even smaller
than that of eq 3. Therefore, if Fe?* (aq) species react with
SeH™ (aq) before any Fe(OH), (s) can convert into Fe®'-
containing oxides, then we have a higher probability of forming
phase pure FeSe (s). Indeed, in our earlier work we found that
by simply omitting the source of SeH™ (selenourea), we could
form pure Fe;O, under hydrothermal conditions.” Similar
experiments over the course of 1 and 2 days were also carried
out in this study to understand what happens to Fe metal
without any complexing anions such as SeH™ or SH™ in
solution. We find that the D,O hydrothermal reactions afford
less amounts of Fe’*-containing oxides after 1 d (Figure Sla).
More interestingly, an apparent layered phase arises after 2 d
reaction in D,0O while absent from the same reaction in H,O
(Figure S1b). This layer phase is likely a type of layered double
hydroxide of Fe(OH), consisting of predominately Fe**. These
results clearly demonstrate that the differences between
hydrothermal synthesis in H,O and D,O are beyond simple
kinetic effects but thermodynamic ones as well.

https://dx.doi.org/10.1021/acs.chemmater.9b04121
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2Fe(OH)2(s) = Fe,0,(s) + H,0(1) + H,(g) E® = 0032V
(4)

The Standard Reduction Potential of D,O Is Lower
than H,0 at pH = 14. Once water’s role as both solvent and
reactant is understood, one can formulate a testable hypothesis
on why heavy water should yield a different product during
hydrothermal synthesis. We hypothesize that D,O has a lower
reduction potential than H,O in strong base. In other words,
the standard potential of eq 2 must be significantly lower for
D,0 than H,0 in order to effect the E® of both eq 3 and eq 4.
While electrolysis of D,O has long been known,' only the
standard potential of D* (aq) has been reported. Compared to
the 2H*IH, half-reaction, the 2D*ID, half-reaction is 13 mV
lower."’

We report here for the first time the D,OID, half reaction in
base. We carried out this electrochemical measurement with 1
M KOD in D,0 and 1 M KOH in H,O. Since the reduction
potential is pH-dependent, we also performed the measure-
ment for 1 M HCl and 1 M DCI as a control. Remarkably, we
found the reduction potential of D,O to be 109 mV lower than
that of H,O in alkaline media. Such a large difference is
unexpected since the predicted difference using the Nernst
equation is merely 65 mV (detailed calculation in Supporting
Information). Our result indicates a different and more
complex mechanism for the electrochemical reduction of D,O.

Figure la shows the clear difference between the reduction
potentials of D,O and H,O for high pH, whereas the small
difference found at low pH is consistent with previous reports.
Figure 1b gives the comparison between different iron species
in base with regard to both H,O and D,0. We provide the
standard reduction potential for D,O in basic conditions
below.

2D,0(1) + 2¢~ = D,(g) + 20D (aq) E® = —0935V
(%)

Product Selectivity of D,O over H,0. Now that we have
established that D,O is more difficult to reduce than H,O, we
set out to design a series of hydrothermal syntheses under
basic conditions. We continue our preparation of FeSe layers
but now introduce a different metal hydroxide layer to
intercalate them. Our motivation was twofold: (1) single
layer FeSe deposited on a SrTiO; substrate exhibits a high T,
ranging from 65 to 100 K;'"'* (2) layered double hydroxides
with the brucite-type structure readily intercalate a wide variety
of anionic species from polymers to biomolecules to
organometallic complexes.'® Typically, such layered hydroxides
are formulated (M,_,M.(OH),)’* where M is a divalent metal
and M’ a trivalent metal so that the overall layer is cationic. We
present results for hydrothermal reactions incorporating Mg**,
Fe*, Co**, Ni**, and Zn*".

First, we discuss our results for hydrothermal synthesis with
H,0O. We find that attempts with Co and Ni metal do not yield
any new compounds but instead unreacted metal and reagents.
This result makes sense since the standard reduction potentials
for Co(OH),ICo (—0.746 V) and Ni(OH),INi (—0.716 V) are
too high to be surmounted by water’s reduction potential
(Figure 1b)."" In the case of M = Zn, we find that zinc is
readily digested by water. However, Zn?* is a softer Lewis acid
than Fe®, and it therefore competes for SeH™ groups.
Subsequently, we only formed ZnSe and no iron selenides of
any kind. For the other metals, we recovered samples with a
large amount of magnetic oxide impurities. After removal of
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Figure 1. Electrochemical potentials in base. (a) Hydrogen evolution
potential of H,O and D,O against standard hydrogen electrode
(SHE). The potentials in 1 M base and 1 M acid were measured using
a Hg/HgO and Hg/Hg,Cl, reference electrodes, respectively. The on-
site potentials for H,O and D,O in base were obtained at the point
when their respective first derivate changed. (b) Standard reduction
potentials of metal hydroxide in comparison to H,0 and D,O.

these impurities with a bar magnet, the yield fell by more than
50%. By powder X-ray diffraction (XRD), we found the
remaining product to consist mostly of M(OH),, K,Fe,_,Se,,
and a minor unidentified phase (Figure 2a). We conclude that
reactions in H,O yielded products with a mixture of Fe**/Fe®".

For the same conditions described above when we used D,O
in place of H,0, we found some similarities yet striking
differences in the reaction products. First, the similarities:
When using M = Co, Nj, and Zn metals in D,0, we were also
left with either unreacted metal or the formation of ZnSe. The
major difference came when we incorporated Mg into the
hydrothermal reaction. We recovered samples that consisted of
a new phase by powder XRD (Figure 2a).

From electron microscopy images, this new phase is highly
micaceous and its morphology is that of flat sheets or scroll-like
tubes (Figure 2b,c). We observe lattice fringes of approx-
imately 5.5 A (Figure 2d), which would correspond to
approximately twice the Fe—Fe distance in pristine FeSe,
indicating a superstructure with respect to its tetragonal cell.

https://dx.doi.org/10.1021/acs.chemmater.9b04121
Chem. Mater. 2020, 32, 769—-775
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Figure 2. Structural characterization of [(Mg,_,Al.)(OH),]FeSe. (a) XRD for identical samples synthesized using H,O and D,0, respectively. The
sample prepared using H,O contained mainly K,.Fe,_,Se, and an unknown phase. (b, c) Different morphologies for [(Mg;_,Al,)(OD),]FeSe
showing sheets and scrolls, respectively. (d) TEM image for [(Mg,_,Al,)(OD),]FeSe showing a lattice fringe of about 5.5 A, corresponding to the
[100]-direction. (e) Projection of lattice points from a commensurate heterolayered structure exhibiting both 4-fold and 6-fold symmetries. The

calculated lattice constants are a = 5.58 A, %b = 5.45 A. There is a X2 superstructure along b, and the superlattice reflections are highlighted in red

circles. (f) Simulated electron diffraction pattern for the structure shown in part b, showing a nearly identical pattern to part e.

C (002) |
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== s
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Intensity (arb. units)

R

Figure 3. Structural characterization of [(M,_,AlL)(OD),]FeSe. (a) Projection of lattice points from a commensurate heterolayered structure
exhibiting both 4-fold and 6-fold symmetries. (b) Structure model for [(M,;_,Al)(OD),]FeSe. (c) Powder X-ray diffraction for
[(M,_,AL)(OD),]FeCh. (d, ) Electron diffraction pattern and microscopy image showing a hollow nanotube for [(Fe,_,AlL)(OD),]FeSe. (f)

Electron diffraction pattern of part e.

Both XRD and electron diffraction patterns (Figure 2e) clearly
indicate that this phase is FeSe intercalated by another layer
and more specifically one with pseudo-6-fold symmetry. The
only suitable model to simulate the ED pattern (Figure 2f) was
that of a mineral known as tochilinite, which incorporates FeS
layers isostructural to FeSe with layered double hydroxides. We

term this new phase seleno-tochilinite after the mineral,

772

formulate its stoichiometry as [Mg,;_,Al(OD),]FeSe, and
describe its crystal chemistry in the next section.
D,0-Hydrothermal Stabilization of Seleno-tochilin-
ite. Structurally, seleno-tochilinite consists of the layered
double hydroxide [Mg,_ Al (OD),]%" interleaved between
(FeSe)®™ layers (Figure 3a,b). In our previous work with
iron sulfides,’* we had isolated a similar phase,
[Na,_,Fe,(OH),]FeS. The XRD patterns only show the

https://dx.doi.org/10.1021/acs.chemmater.9b04121
Chem. Mater. 2020, 32, 769-775
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Figure 4. Magnetic susceptibility of [(M,_,AL)(OH),]FeSe. (a, b) Mg at 30 and 1000 Oe, respectively. The transition at 51 K shown in part a is
completely suppressed, suggesting possible filamentry superconductivity in the FeSe layers. (b) With higher applied fields, only paramagnetism is
observed. (c) Likewise for M = Fe, the compound diplays only paramagnetism.

sharp (00!) reflections of seleno-tochilinite for M = Fe**, Mg**
and M’ = AP** since the compound is disordered in the ab-
plane but coherently stacked along the c-axis (Figure 3c). We
also prepared the sulfide-based tochilinite as a reference to the
new compounds. We only extract the lattice constant ¢ from
powder XRD patterns as presented in Figure 3c. The
Fe(OD),-intercalated FeSe exhibits a smaller c-parameter
than the Mg(OD),-intercalated one because the interlayer
spacing in Fe(OH), (4.605 A ") is smaller than in Mg(OH),
(4779 A'°).

The seleno-tochilinite, synthesized for the first time by using
D,O, expresses rare structural chemistry. The double
hydroxide layer adopts the brucite structure and therefore
contains a 6-fold rotational axis. The interleaved FeSe layer,
however, is based on a different structure type with a 4-fold
rotational axis. Nevertheless, we can stack these two disparate
layers in a commensurate manner to form a true bulk
heterostructure as evidenced by transmission electron
diffraction (TED). We examine their (hk0) reflections along
the [001]-axis in TED and clearly see diffraction patterns
consisting of both square and hexagonal arrays (Figure 3d).

We formulate a simple geometrical argument as to why
seleno-tochilinite can form these bulk heterostructures. To
construct the smallest regular unit cell, we inscribe a tetragonal
one and hexagonal one within a larger square cell (Figure 3a).
The larger cell is a /2 X /2 superstructure of the tetragonal
one with lattice constant ar. If the hexagonal cell’s lattice
parameter is ay, then we can define a tolerance factor 7 as
being the simple ratio ar/ay. To form an undistorted
heterostructure, 7 should be /3 /+/2 =~ 1.22. Therefore, the
closer 7 is to 1.22, the more compatible are the hexagonal and
tetragonal the lattices.

With the tolerance factor 7 defined for heterostructures of
square and hexagonal layers, we can now understand how
seleno-tochilinite crystallizes. For the hexagonal parameters ay
of Mg(OH), and Fe(OH),, we calculate 7 to be 1.199 and
1.159, respectively.ls’m They are slightly below the ideal 1.22,
but we remedy this by alloying the M-site with some AI** to
increase 7. Without the inclusion of Al, we cannot stabilize
seleno-tochilinite as the major product. Nevertheless, we do
not form ideal heterostructures since the FeSe’s square lattice
becomes slightly distorted. The symmetry is lowered from 4-
fold to 2-fold, and we now index the TED reflections with a
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J2 X 242 cell. We find the lattice parameters of this cell to
correspond to a = 5.58 A, %b = 545 A for Mg-intercalated

seleno-tochilinite and a = 5.54 A, %b = 5.37 A for the Fe-

intercalated phase. We simulated the TED pattern of our
heterostructured model and found it to match well the
experimental pattern (Figure 2f).

Layered materials such as graphene'” and phyllosilicates'®
can form a diverse array of microstructures. For example, the
phyllosilicate known as chrysotile (i.e., asbestos) rolls up into
fibers instead of stacking into sheets due to lattice mismatch
and resulting strain.'” Seleno-tochilinite also expresses such
microstructural diversity. As seen from TEM images, seleno-
tochilinite can roll into either hollow nanotubes (Figure 3e) or
scroll-like tubes (Figure 2c). Energy dispersive X-ray spectros-
copy (EDS) analysis suggests that particles of both
morphologies, sheets and tubes, exhibit the same chemical
composition (Figure S2). The TED pattern of this nanotube
reveals strong Bragg reflections located at 5.51, 3.87, 2.79, and
1.91 A; we index these spots as the (hki) reflections of (100),
(120), (200), and (240), respectively. The TED pattern,
however, lacks any well-defined (0k0) reflections and displays
streaking of the reflections along the [h00]-direction. There-
fore, the seleno-tochilinite sheets curve along the b-direction,
and the g-direction marks the nanotube axis. Likely, the
distortion of the square lattice discussed earlier, whereby

1 . . .
Eb < a, strains the heterolayers and the curvature relieves it,

much as in chrysotile and related phyllosilicates.

Magnetic Susceptibility of Intercalated Phases. None
of the new intercalated phases where found to be super-
conducting. Instead, we found both [(Mg,_.AL)(OD),]FeSe
and [(Fe,_,AL)(OD),]FeSe to exhibit paramagnetism at
higher applied magnetic fields (H) (Figure 4). For H = 30
Oe, [(Mg,_,Al,)(OD),]FeSe shows a transition at about 55 K
in the zero field cooled (ZFC) curve, which is completely
suppressed by increasing H to 1000 Oe. It is possible that this
transition is indicative of filamentry superconductivity, or it
could simply be due to uncompensated moments the ZFC
curve due to a small applied field of 30 Oe. The absence of
robust superconductivity could be a result of distortion of the
square lattice or from overdoping of electrons from the
cationic [(Mg,_,AL)(OD),]* layer. However, tuning the M/
M’ ratio in these syntheses could lead to the optimal electron
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doping into the FeSe layer while approaching the ideal
tolerance factor 7. Such a compound could lead to the
discovery of a new Fe-based superconductor.

B CONCLUSIONS

Originally developed by geologists to digest and recrystallize
minerals,” the hydrothermal method has matured over the
past 150 years to include the synthesis of a diverse array of
inorganic materials. The hydrothermal and the related
solvothermal techniques”"””* have been extensively used for
the preparation of zeolites,”> metal—organic frameworks,”*
oxides,” nanomaterials,”® other inorganic solids. We show
here that this technique still has the ability to surprise us, and
the unexpected difference between H,O-hydrothermal with
D,O-hydrothermal product selectivity demonstrates that there
is new phase space to explore for materials synthesis. Not only
are pH, temperature, volume, solute concentration, and
pressure knobs to tune for targeting inorganic products but
now also the ratio H,0/D,O in the solvent.

We have demonstrated with empirical evidence that the
reduction potential difference between D,0O and H,O is
significant enough to utilize in chemical syntheses. The
measured reduction potential of D,O was obtained for the
first time under highly basic conditions. For pH = 14, the
reduction potential of D,O is a remarkable 109 mV lower than
that of H,O. We exploited this significant difference for the
hydrothermal synthesis of iron-containing solids with intrigu-
ing heterolayered structures.

While we have synthesized a particular set of compounds
with D,0O that were difficult to isolate with H,O, the
methodology we employ could be used more generally in
hydrothermal synthesis. For example, the unique reduction
potentials of Fe?* and Fe®* could be exploited to carry out
hydrothermal reactions of Fe metal in the presence of anions
such as halides, pnictides, carbonates, carboxylates, and other
ligands at high pH. In the present study we carried out these
reactions in the presence of the anions SH™ and SeH™ to
evolve bulk heterolayered materials that vertically stack
materials with both 4-fold (in FeSe) and 6-fold (layered
double hydroxide) symmetries. We found the cyrstal chemistry
factors (e.g., the tolerance factor 7 ~ 1.22) that allow for such
symmetries to stack and can now design future tochilinite-type
phases. Pure forms of these bulk heterostructures were made
possible using D,O over H,O0.

Finally, our findings cannot currently be explained by the
kinetic isotope effect and should therefore spark mechanistic
studies on why D,0O is so different from H,O under alkaline
conditions. The universal solvent still has new tricks to teach
us as materials chemists for the preparation of functional
materials, and fundamental studies on the solubility of
inorganic species in D,0 and H,0 may lead to novel
approaches for the precipitation and crystal growth of new
phases.
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