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Abstract: Studying electron properties of liquid water in the frame of band theory shows that obtaining its
non-stoichiometric state is a simple way to vary physical and chemical properties, and changing a Reduction—Oxidation
(RedOx) potential of any aqueous solution. In this connection, Fermi level in the band gap, as a measurable characteristic of
non-stoichiometric liquid water, is the most convenient energy for monitoring and managing its RedOx potential. The
hypo-stoichiometric state, H,O,_,, of liquid water is realized when the position of Fermi level is shifted to the bottom of
conduction band. This state can be fixed by micro emulsifying gaseous hydrogen in liquid water or by electro-reducing the
alkaline solution (catholyte) with possible forming alkaline (A) nanohydrides (AHH,0),. As strong reducers, they can be
quasi-stable in the aqueous solution and be an effective means for holding the negative RedOx potential of liquid water.
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1. Introduction

In contrast to the generally accepted picture of liquid
water as an ensemble of hydrogen-bonded tetrahedrons,
there are found [1,2] many  asymmetrically
hydrogen-bonded molecules with only two well-defined
H-bonds donating and accepting a proton. At the same time,
free electrons do not exist in aqueous solution because it is a
dielectric with a broad band gap, &,. An electron lost by one
species (Red,) is gained by another (Ox,) immediately in the
reaction: Red; + Ox, —» Ox; + Red,.

Therefore it is useful for liquid water as a compound of
variable composition to define a quantity called Fermi level,
€r[3, 4], as the electrochemical potential which indicates the
tendency of liquid water to donate or accept the proton. If &g
is low, there is a strong tendency for this condensed matter to
donate protons, i.e. it is reducing.

Opposite, if Fermi level in liquid water is high, there is the
strong tendency for it to accept protons when this matter is
oxidizing.

Variation of & by an external effect (for example,
electrolysis) can facilitate forming a non-stoichiometric
state, H,O14,, of liquid water and, obviously, change its
physical and chemical properties as well as the
Reduction—Oxidation (RedOx) potential of any aqueous
solution.

Such the aspects of liquid water in hypo-stoichiometric
state as the reduced one in electrochemical cell (catholyte)
are the subjects of this paper.

2. A Band Model for Liquid Water

Fermi level is the most energy orbital occupied by
electrons at zero temperature. The lower energy ones of
atoms and molecules are combined and form a band called
the valence band, and the higher energy orbitals are
combined to form a band called the conduction band. Fig. 1
shows the experimental data of band structure in liquid
water[5].

One can see that Fermi level is exactly in the middle of
the band gap, €, =4.5¢V, between the conduction and
valence bands. The value of & =2.25 eV corresponds to
the stoichiometric state, H,O, of liquid water.

The hypo-stoichiometric state, H,O,_,, is realized when
the position of Fermi level in the band gap is shifted to the
bottom of conduction band, for example, by
nano-emulsifying gaseous hydrogen in liquid water [4].

Opposite, the hyper-stoichiometric state, H,O,.., of liquid
water can be realized by shifting Fermi level in the band gap
down to the top of valence band in emulsifying water with
oxygen nano-bubbles.
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Figure 1. The mixed Brillion bands of liquid water in stoichiometric state
(Fermi level, &, in the middle of the band gap, &,); zero electron energy at
the top of the valence band.

Thus, Fermi level is the very important electrochemical
characteristic of aqueous solutions as an indicator showing
how allowed energy states are occupied by electrons in
liquid water[4]. It is illustrated by Fig. 2 where such the
electron occupation is shown for assumed hydronium (b)
and hydroxide (c) levels in the band theory as a function of
Fermi level in the band gap of liquid water.

Fig. 2a shows that the hydroxide levels are all occupied
and the hydronium ones are all vacant when Fermi level is in
the middle between them. Electrons occupy the assumed
hydronium energy state (Fig.2b) when Fermi level
approaches this state since liquid water becomes
hypo-stoichiometric (H,O,_,) as a result of decomposition
reaction

H:0" + OH + H,0 - (122) 02" + 2H;0 (1)
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Figure 2. Electron energy diagrams for liquid water in the stoichiometric
state (a), the hypo-stoichiometric one (b) as a catholyte with Fermi level, &g,
and the hyper-stoichiometric state (c) as an anolyte (&,); the blue boxes are
energy levels occupied by electrons and white boxes are unoccupied energy
levels.

The reaction (1) decreases the concentrations of
hydronium and hydroxide ions ([H;O'],JOH]) in liquid
water against to them in it for the stoichiometric state[6]:

[H30+]IOH-] = Kw O 10-14 at 300 K.  (2)

Indeed, the number of electrons per allowed quantum
state, €30, of donors (H;O0 —»H3O++e’) and goy of accepters
(OH+e - OH") in liquid water is given by Fermi—Dirac
distribution which can be simplified to Maxwell-Boltzmann
one [7]:

[H30] = ([H30] + [H30+]) KH30/ (1+ KH30), (3)
[OH] = ([OH]+[OH-])KOH/(1+ KOH), @)

where Kuso = exp ((€r—€muszo0)/ksT), Kou = exp ((Eon—€r)/ksT),
T is Kelvin temperature, and kg is Boltzmann constant.

At room temperature, kg7 is about 0.025 eV therefore
Ko 02007 for (gy30—€r) = 0.615 eV, that is only 20 of
trillion hydronium ions are activated as electron donors,
H;O, in stoichiometric water (g = 2.25 eV, see Fig. 1).

For non-stoichiometric water, H,O,.. (see Fig. 2b, ¢) with
z defined by equation [4]

z= (1 +JKoy ! Kio )" = (1 + exp (ep/ksT)) " (5)
the correlation (2) is transformed to
[H;O"JOH ] = K,/(1+Kp30)(1+Kon) (6)

It means that the strongly reduced (€r > €y30) pure water
practically should not include hydronium ions as well as the
strongly oxidized (€r < €oy) one not include hydroxide ions.
Therefore the first medium as quasi equilibrium phase
consist of clusters (H;0), that are hydrogen nano-bubbles in
fact. Respectively, the second one is nano-emulsified
oxygen in oxidized water by the clusters, (OH),.

It is known [8] that the RedOx potential, E};, of the pure
water decomposition on reaction

H30+ + 2e—- H2t + OH- )

is equal to —0.41V at pH=7 and is determined by the
hydrogen electrode[9]. An alternative decomposition
reaction

H20 + OH-— (1/2) 021 + H30+ + 2e— (8)

occurs at £, = 0.82 V at the same conditions.

It is clear that the half-difference of these RedOx
potentials, (En,—FEpn)/2=0.615V, defines the position of
Fermi level in the stoichiometric water (see Fig.2a).
Therefore these RedOx potentials correspond to assumed
electron levels, €30 and £oy, in the band gap of liquid water.

In order to occupy the first, it is necessary shifting Fermi
level to €430 = 2.9 €V. In order to vacate the second, it is
necessary shifting Fermi level down to oy = 1.6 eV.
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3. The Bands of Alkaline Solution

For an alkaline base, AOH, completely ionized in water,
its band structure will include a vacant metal state, A", near
the bottom of conduction band as it is shown in Fig.3.
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Figure 3. Band structure of alkaline solution with energy level, &, for
alkali-metal (A) electron donors in liquid water; the blue boxes are energy
levels occupied by electrons and white boxes are unoccupied energy levels.

In this case, the equation (6) is to take a correction of the
dissolved metal cations into account the concentration of
electron donors [H30] under the conditions:

[H30+] << [A+] O [OH-]. )

The concentration of donors [A] in alkaline solution is
given by distribution [7]:

[A] = ([A] + [A+]) KA/ (1+KA), (10)

where K, = exp((e—€4)/kgT) and €, is the assumed
electron energy level in the band gap of liquid water for the
alkali metal (A) as a base impurity in the aqueous solution.
In combining equations (2)—(4), (9), and (10) for the
reduced aqueous solution of AOH, we can obtain the

concentrations of hydronium states occupied and
unoccupied by electrons:
[H30] = [H30+]-KH3O0, (11)
[H30+] O [A+]'Kw/ (1+KH30) (1+KA), 12)
that are simplified at €30 < €f < €x:
[H30] O [A+]Kw, (13)
[H30+] = 0 14)

when all hydronium states are occupied by electrons. It
means that the strongly reduced alkaline solution has no
free protons for cathode generating gaseous hydrogen in the
electrochemical cell with this solution.

4. The Polarization of Galvanic Cathode

It is known that two phases are in equilibrium if their
electrochemical potentials are equal. If they are different,

charge redistribution between metal electrode and aqueous
solution is required in order to equilibrate the directly
contacting phases. In this case (see Fig.4), the aqueous part
of the electric double layer (DL) always is negative at the
interface between any metal electrode and liquid water.

free-electron energy level

liquid water

Figure 4. Band structure of separated metal electrodes and liquid water: X,
is a work function of electrodes; X, is work function of liquid water, & is its
band gap and & is Fermi level; &. is energy level of vacant hydronium level
(H;0") and & is energy level of occupied hydroxide level (OH ).

Indeed as seen in Fig. 1, the work function, Xy, of liquid
water (in the stoichiometric state) approximately is equal to
9.8 eV which is more than the work function, X,,, of all the
metal electrodes because the most work function of platinum,
Xpi, only is equal to [6.4 eV.

Therefore the band structure of electrodes and aqueous
electrolyte in the broken electrochemical cell will be as is
shown in Fig.5. The negative DL part on the side of liquid
water is formed by concentrating hydroxide ions (OH") near
the metal electrodes and strongly deforms the band structure
of liquid water near the electrodes.
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Figure 5. Band structures of the metal (Pt) electrodes and liquid water as
the electrolyte in direct contact between them: @y is the value of DL
potential; vertical dotted line is the boundary of the negatively charged DL
electrolyte part.
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One can see that the hydronium energy state, €30, is
occupied by electrons in the liquid part of double layer since
here Fermi level is higher than the hydronium one when
Fermi levels of contacting phases (the metal electrode and
liquid water) are equating in equilibration of their
electrochemical potentials. Therefore the concentration of
hydronium ions practically is equal to zero in this layer.

In this connection, we think that an applied external
potential to the electrochemical cell with stoichiometric
water in the closed circuit will strongly polarize its cathode.

Indeed, the negative charge formed by high density of
hydroxide ions in aqueous DL part near the cathode inhibits
their generation in possible catholic reactions:

H30 + e-— H2t + OH-, (15)

(16)

It increases Fermi level in aqueous solution to the bottom
of conduction band (as it is shown in Fig.6) in order to
decrease the value of DL potential, ¢4, and, consequently,
the balanced concentration of OH near the cathode by
means of the half-cell reaction (16) and diffusion of H;0
radicals into the bulk of liquid water.

In using the anode of such the electrochemical cell with
an area essentially less than the catholic one, we will get a
high anode polarization and as much as possible the anode
over potential A; >A;. It will hold the high gradient of
Fermi level in this space of the electrochemical cell (see
Fig.6) and facilitate the anodic reaction

2H20 + e——- H30 + OH-

H20 + OH-- (1/2) 021 + e— + H30  (17)
A1 "' |l """"""""
Az ---------------------- 1 -
A3
Fermi level ,"- ------------ \‘l cathode
anode i
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Figure 6. Band structure of electrochemical cell with strongly reduced
alkaline solution as a liquid electrolyte: 4, is the cathode over potential; 4,
is IR drop in electrolyte; 4; is the anode over potential.

5. Conclusions

For facilitating the half-cell reaction (17), it is practical to
use an alkaline solution in order to have high concentration
of hydroxide ions in the hypo-stoichiometric water as it
should be from equation (9).

Then the mode of electrochemical reduction of alkaline
solution considered above may be effective method for
obtaining a stable catholyte in the hypo-stoichiometric water
where it is possible to develop the half-cell reaction (16) into
gathering nanohydrides (AHMH,0), by accessory cathodic
reaction

nA+ + nH30 + ne—— (AH[H20)n (18)

It is very important reaction since the free radical, H;O,
is the species with unpaired electron and therefore is highly
reactive [10].

In order to start up the half-cell reaction (18), it is
necessary organizing the electrochemical process for
electro-reducing the alkaline solution so that Fermi level has
been shifted to the bottom of conduction band by (4.5 eV
(see Fig. 1) and aqueous solution could be the strongly
hypo-stoichiometric. Then the hydride ion (H) as a good
proton acceptor and H;0 as electron donor will be mutually
complementary in aqueous solution.

Thus, the hypo-stoichiometric state, H,O;.,, of liquid
water is realized when the position of Fermi level, &, is near
the bottom of conduction band. In this state, the pure liquid
water can be lightly converted into nano-emulsified
hydrogen solution and the alkaline solution — into aqueous
colloid of hydrides. The stronger reducing alkaline solution
is the smaller hydride particles are in it[11].
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