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1. General Introduction
1.1 Water Splitting

. . . | T z O, + ay-
Currently, various alternative energy sources ~2F : e e : =" T
Q, Hz
. . . . 2 o °
are being discussed with the goal of escaping  “f:° | of c| =,
= E OH ° h -
fossil fuels. Renewable energy includes o8 et

Electrolyte Electrolyte

o
(a) (b)
Figure. 1.1 (a) Schematic illustration of electrical process

for water splitting system, (b) Pourbaix diagram for
are also various types of energy carriers, one of ~Water.

methods of generating electricity using wind

and solar power, as well as nuclear power. There

them is hydrogen. Generating electric in some OER  Adtivity of Various Catalysts after 2 h at 10 mA cm®

way, the electric energy is converted into

(ele000a0
(alagogao

chemical energy as hydrogen, then transporting

and storing it. The one of the simplest methods

Overpotential at 10 mA cm?

of converting electrical energy into hydrogen

Figure. 1.2 Various catalysis and its overpotential for
Oxygen Evolution Reaction and Hydrogen Evolution
Reaction in acid and base electrolytes.

energy is water splitting. During water splitting,
oxygen is generated at the positive electrode and
hydrogen is generated at the negative electrode, as shown in Fig. 1.1a." Although thermodynamical
principle predicts that the voltage difference between the two electrodes is 1.23 V (Fig. 1.1b), excess
energy is required to proceed with the reaction at a certain rate, which is called as overpotential. The
overpotential includes energy loss during electron transfer at the electrode interface, energy loss
associated with material transfer when moving from the vicinity of the electrode to the electrode
interface, and due to solution resistance, which behaves similarly to the resistance of an electric
circuit. Most recent water splitting studies have focused on how to reduce these energy losses. Fig.
1.2 shows the overpotential required to reach to 10 mA cm™ for various catalysts.> Research has
been conducted on a wide range of pH solutions but the most notable are Pt, Ir, and Ru. These metals
are highly active, but are also rare, so using these materials for industrial water splitting would
require huge costs. Materials have an activity comparable to that of precious metal catalysts have
also been developed using inexpensive alloys of nickel and iron and so on.

On the other hand, water splitting using light energy has also been studied in the past. Domen et al.
have carried out large-area photochemical water splitting in outdoor tests using natural sunlight.?
Furthermore, research has been conducted on water splitting using both electrical energy and light
energy, where light energy was used to reduce iron ions and generate oxygen, and electrical energy
in the other cell was used to oxidize iron ion and generate hydrogen. Here, the net balance before

and after the reaction of iron ions was zero. The electrical energy used in this case was 0.9 V.4



1.2 Oxygen Evolution Reaction (OER)
Electrochemical OER is the anode (= positive (a)|
electrode) reaction in the water splitting. In the SO

recent trend of hydrogen society to realize -,

carbon neutrality, OER cannot be ignored if the .

hydrogen source is water. The following five ...

elementary reactions are considered in the OER. _ _:’ :F = ‘”Ox@ :\ <
M+H0 — MOH+H"+¢" (1) Flg:;e 13- h(a)- UO;;potentizl Viﬁlcanq plot versus
MO — MO* 11+ ¢ DR s G S i
MO* + H,O — MOOH + H* + ¢~ 3) elementary step.
MOOH — MOO* + H" + e~ 4) a
MOO* — M+ 0, (5)

OER proceeds through these elemental gs:::;me

© Other oxide

reactions. Currently, various electrode materials
have been proposed, but the overpotentials are

still large.®

AGgoy (€V)

According to theoretical calculations,® the
important intermediates in OER are said to be

MO* and MOOH (2nd or 3rd step of elementary

reactions), and the step where MO* is generated
from MOH or MOOH is generated by H,O
*0%s 00 05 10 15 20

attack on MO* is said to determine the OER AGgy (V)

Figure. 1.4. 2D Volcano image for OER, OOH versus OH
adsorption energy. White line indicates linear relation of
OOH and OH adsorption energy.

overpotential. Fig. 1.3 summarizes the
overpotential of each metal oxide and the free
energy change in each elementary reaction step. There is a large free energy difference in the MO*
step between MOH and MOOH. In other words, the difference between AGon and AGo represents
the overpotential in many catalysts. In these metal oxide catalysts, a volcano-type relationship is
observed. If AGo is larger than AGon and smaller than AGoon, the overpotential is only about 0.3 V,
which is on the top of volcano .

Fig. 1.4 shows a two-dimensional plot of the adsorption free energies of OH and OOH, AGon and
AGoon. From this figure, the adsorption free energies AGon and AGoon follows linear relationship
(AGoon = AGou + 3.2+ 0.2 [eV]), and it is completely located at the pale orange region showing
desired optimum activity. To reduce the overpotential of the entire reaction, materials or catalysts
design that breaks this linear relationship are needed .

There are various metals based OER catalysts, including chalcogenides (especially oxides), nitrides,

and phosphides. Among them, oxides have attracted attention for the following reasons. (1) Metal



oxides are thermodynamically stable, inexpensive, and easier to produce commercially than other
compounds. (2) In an oxidizing atmosphere and aqueous solution, non-oxidized metals are easily
oxidized to produce oxides and hydroxides. (3) The oxidation numbers of metal oxides vary and can
be changed depending on the structure and environment of the metal atom. As a result, the OER

activity and stability can be tuned.

Currently, the absorbate evolution mechanism (a) Hove wecimn  (b) ‘M aswep d
(AEM, Fig. 1.5a) and lattice oxygen mechanism ) Q\Me /; \w»o'e“
(LOM, Fig. 1.5b) are proposed as possible M-OOH Gl 1 S
mechanisms of OER.” In AEM, the source of O "\ ( H} ?\H-+e
is only water. In contrast, in LOM, oxygen in the HONS y-0 Hove o — RS

o%

crystal is involved in the reaction mechanism, Figure. 1.5. OER molecular mechanisms of catalytic

. . . cycles, (a) AEM, (b) LOM.”
and this has been confirmed in experiments b? (@ c(s)

using '80. In LOM, the formation of O-O bonds
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occurs directly (lattice oxygen and water
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oxygen), so it is more advantageous than AEM  “smiiimiion i i g s v i s
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in terms of kinetics and overpotential.® Because ¢ e o) I ”

of that reason, this reaction mechanism has a & » [l 2%

potential to fall the over potential below its . w "
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pH PH pH

lower limit of 0.37 V in AEM, and the
theoretical limit is 0. Actually, the overpotential Figure. 1.6. Pourbaix diagram for various transition metal.
can be reduced to 0.17 V. Furthermore, a shift in the volcano plot due to the transition of the reaction
mechanism from AEM to LOM has been observed in the La perovskite system, suggesting the
possibility of breaking through the theoretical limit in new materials. However, metal cations are
generated due to oxygen defects during the LOM reaction. In this case, the rate at which oxygen
defects are generated is faster than the rate at which they are filled, so the cations remain for a long
time. These cations are very unstable and change to a higher oxidation number or dissolve into the
solution, which causes the catalytic cycle stopping. In addition, the cations dissolved into the solution
may form bonds with cation in the solution and deposit on the catalyst surface again, causing the
surface to become amorphous and filling the active sites.

Stability under OER conditions is also an issue for metal oxide catalysts. Fig. 1.6 shows the
Pourbaix diagrams of metals (Mn, Fe, Co, Ni, Ir, Ru) used as OER catalysts. Many metals form
complex ions at potentials higher than 1.23 V, which means that there are limitations to the selection
of materials even when searching for new materials, and there are limitations to the selection of

materials using existing methods.



1.3 Hydrogen Evolution Reaction (HER)
HER is the cathode reaction of water splitting,

Adsorption Desorption

and various studies have been conducted since @ %3 @@9 Ql)"z
it was reported by Tafel in 1905.° The half- e \__’Had e‘C 5 —
reaction is generally written as equation below. | Heyrovsky step |

2H' +2¢ — H» (6) HO +M—M-H+OH  [HQLMH

There are three considerable elementary steps )

(Fig. 1.7): the Volmer step (discharge step), in %
which H in the solution near the catalyst M-H + M-H — 2M + H,

receives e  and adsorbs onto the catalyst Figure 1.7. Schematic illustration of physicochemical
molecular processes of HER on an electrode.

surface. The Heyrovsky step (electrochemical )

desorption step), in which adsorbed H on the

catalyst surface receives e and combines with

Overpotential 7/ V
—
%1
g
Overpotential 7/V
S
;
3
2
-
,

H™ in the solution to produce H,. The Tafel step el =

loglj/mAcm? | log| j/mA cm ? |

(chemical desorption step), in which two

adsorbed H on the catalyst surface combine to ’ ¢ I

produce Ho.

Overpotential I V
—

First, the Volmer step proceeds, after that the

reaction proceeds as the Heyrovsky step or the pyyps—

Figure 1.8. Theoretical Tafel plot for HER and coverage
Tafel step. of electrode surface for its rate-determining step.

According to Tafel, when the logarithm of the current in the HER is plotted against the potential (it
is called Tafel plot), almost all metals show a similar slope except for platinum, which has a smaller
slope compared to other metals. The slope of the Tafel plot in HER usually indicates the rate-
determining step, which is Volmer step at 120 mV dec™!, Heyrovsky step at 40 mV dec™! (in high
potential 120 mV dec™'), and Tafel step at 30 mV dec™! (Fig. 1.8).!°

Because H" is the reactant, the concentration of H in the solution relying on the pH affects kinetics
and activity of HER. In alkaline solutions with a very low H* concentration, the H* source is H>O.
The elementary reactions in an acidic solution are shown as follows, where M represents the

adsorption site.

Volmer step: M + H +¢- — MH @)

Heyrovsky step: MH + H" + e— — H» 8)

Tafel step: 2MH — H» )
In contrast, in an alkaline the processes are following:

Volmer step: M + H,O + e~ — MH + OH™ (10)

Heyrovsky step: MH + HoO + e~ — H, + OH™ (11)

Tafel step: 2MH — H» (12)



In addition, in alkaline solutions, as can be seen
from equation (10) or (11), the overpotential
increases because additional energy is required
to generate H" from H>O (Fig. 1.9)."" It was
proposed that the Volmer step can be divided
into more detailed categories based on the
hydroxyl group adsorption properties of the
catalyst surface. If it is easy that hydroxyl
adsorption occurs on surfaces of catalysts

(oxophilic), the reaction process is expressed as

follows.
2M + H,O — MH + MOH (13)
MH+ MOH + ¢ — MH + OH™ (14)

Alternatively, if it is difficult that hydroxyl
adsorption occurs on surfaces of catalysts
(oxophobic), the reaction process is expressed as
follows.

M+H;0 +e¢" — MH + OH" (15)
As shown above, it can be predicted that the
HER reaction rate on an oxophilic surface
depends on the adsorption energy of OH and H.
Markovic et al. have proposed a bifunctional
mechanism in which H is adsorbed on Pt and
OH is adsorbed on Ni(OH)., and the split H and
OH are adsorbed on different types of active
sites, based on the improvement in HOR and
HER activity when Ni(OH), is supported on
Pt(111) compared to Pt(111).'? In addition, in a
solution of pH 13, The positions of Au and Cu
are reversed in the volcano plot (Fig. 1.10a, b).
If the bifunctional mechanism is used, it is clear
that at pH 13, the adsorption of OH cannot be
simply explained by the adsorption energy of H
alone. This mechanism also explains the
reversal of the HER activity of Au and Cu at pH
13 and pH 1 in terms of OH adsorption (Fig.
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Figure. 1.10. (a) volcano plot in acid and (b) base, (c)
proposed reaction of bifunctional mechanism.



1.10c). In other words, Cu is more likely to (a)
dissociate H and OH. The same thing happens
between Pt and Ir. When comparing the activity
of various metals with Ni(OH),, the reversal '
between Au and Cu disappears. By making OH

adsorption site, the volcano plot of metal-

Ni(OH), at pH 13 approaches the volcano plot

of the single metal at pH 1, strongly suggesting

that H is adsorbed on the metal and OH is

adsorbed on Ni(OH),.!® It has also been found (b)
that when the metal that causes OH adsorption
is Ni(OH),, Co(OH), Fe(OH),, or Mn(OH)g,
the HER activity decreases depending on the
strength of OH adsorption. In particular, it is
thought that the activity decreases with Fe and
Mn as adsorption energy between the metal and

OH is too large, so that it is difficult for OH to

be desorbed and catalysis cycle is slow.'* In

.. . . Figure. 1.11. (a) OER activity order in Pt/Ni or Pt/Co,
addition to the change in the reaction pyFe PyMn and OER molecular mechanism. (b) HER

. . activity order in Pt/Ni or Pt/Co, Pt/Fe, Pt/Mn and HER
mechanism due to the pH change mentioned pifunctional molecular mechanism.

above, the change in the electric field at the electrode-solution interface is dependent on the pH. This
results in a change in the energy of water reorganization on the electrode surface. In acidic solutions,
the potential of zero charge (PZC) and maximum entropy potential (PME) are close to the region of
hydrogen adsorption in underpotential deposition (UPD), whereas in basic solutions, the PZC and
PME are very far from the hydrogen region. This is related to the fact that in basic solutions, a huge
amount of energy is required for OH to pass through the electric double layer. Various experimental
results support this. In fact, an experiment was conducted in which the pH-dependent overpotential
was measured, and it was found that the HER overpotential increases as the base becomes higher. In
other words, from the viewpoint of overpotential, the more base in the solution, the more
disadvantage the HER becomes .!> When this was investigated by impedance measurement, it was
shown that H adsorption is slower in base solutions not only in the overpotential deposition (OPD)
region but also in the UPD region. Furthermore, when the Tafel plots were taken for the Pt electrode
at pH 1 and pH 13 and the electrode combining Pt and Ni(OH) at pH 13, the slope was 120 mV
dec™! for the Pt electrode at pH 13, and about 40 mV dec ™! for the Pt/Ni(OH), electrode at pH 1 and
pH 13.'5 From this, the rate-determining step of the reaction elementary step changes in the

bifunctional mechanism even if the pH is the same. Furthermore, when comparing the hydrogen



~~
()
N

adsorption charge transfer rate in the UPD . PLATINUM

:;_' GOLD
region of H, it is clear that adsorption rate is 2 K", Cs*
higher in Pt and Pt/Ni (OH), at pH 13 than in I I
Pt/Ni (OH).. As another evidence, a correlation local eation'concentration
was found between the OER and HER activities - ‘% 09.0% - ? ond g
of Pt supported with Ni, Co, Fe, and Mn, which SNp Sp» \ p &‘

are OER active catalysts. This suggests that OH (b),,

L. . . . 18] QCs’ COR activity experimental| [l o -
adsorption is also important for HER in alkaline ; Ba?* ko) 19
16 o
. . 900 =2
solutions (Fig. 1.11).1 14] o z W
) < 12] e 135
On the other hands, ions such as K*, Cs", and 75, g -
: . . A 650 Z 5
Li*, which are used as so-called supporting 081 L Mg” s B
0.6 O
. . = i 4
electrolytes, do not react directly with HER, but 04 Be O AP E
T T T 400 & 1
. g o 0.00 0.05 0.10 0.15 0.20
some of them promote or inhibit the approach of cation acidity / Z* ¥
. C b C
H* to the electrode surface (Fig. 1.12a).'¢ © v 0 p%- o[ bt
A
. . ~ 2 ~ o
According to these results, the promotion or + o ofa
24 $ 2 S
. ey & E £
inhibition effect of HER also depends on the ~. wou |~ =3
cation type and concentration, c.g., K* prOl’nOteS EXBETI a; 01 B35 025 o015 005 005 015 01 005 0 005
d V-IR vs. RHE e V-IR vs. RHE f V-IR vs. RHE
the HER as the concentration increases at low ' cu e [ Au

3 5

)
)
~
)

concentrations but show inhibition at high

disic

2
2
disic
2
disk

Bl

| (mA/em
i (mA/em?,

concentrations. In the HER under acidic

-9

Conditions, protonS react directly, so the cation 97 0% 0% o4 035 03 o7 05 05 04 08 o7 05 05 o4

V-IR vs. RHE V-IR vs. RHE V-IR vs. RHE

dependence does not emerge. In contrast, in the Figure. 1.12. (a) HER activity in base solution with cation
) . ) ) concentration on Pt or Au electrode'¢, (b) higher charge
HER in alkaline solutions, H,O is reduced, so cation effect in HER and CO reduction and 2D i image of
) ) activity with cation radius and acidity, (c) cation effect on
the state of water solvated with the cation noble metals and platinum group metals. These have
) ) o inverse trend because the difference of surface energy.

becomes important. Focusing on the acidity of
the cation, Koper et al., investigated monovalent cations (Li*, Cs") to trivalent cations (A13*, Nd**),
and found that there was a clear selectivity for CO, reduction and H>O reduction.!” In Fig. 1.12b,
MD calculations were also included, and the dependence of the distance to the outer Helmholtz layer
formed by H>O and the dissociation energy of HO-H, which depend on the acidity of the cation, was
also discussed. On the other hand, it is known that the cation effect in alkaline solutions depends on
the electrode material. For monovalent cations, the order is Li* < Na* < K* < Cs* for noble metals
(Cu, Ag, Au), whereas the order is Li* > Na* > K* > Cs* for platinum group metals (Ir, Pd, Pt),
showing the opposite trend. Fig. 1.12¢.'® The presence of cations reduces the intermediate energy in
both noble metal and platinum group metal. The degree of reduction is smallest for Li* and largest
for Cs*. However, for platinum group metals, which originally had suitable intermediate energy, the

free energy change increases. So, activation energy is required higher. As a result, it is thought that



Cs™ has the smallest activation energy among noble metals, while Li* has the smallest activation
energy among platinum group metals.

There are also articles that discuss the interaction between hydrogen (proton) and metal surfaces,
and the first example is the famous volcano plot based on Sabatier's principle. However, in the early
reports, only the binding energy between hydrogen and metal surfaces have been discussed. After
that, various theoretical calculations showed that a good catalyst requires the following three
things.!

- According to Sabatier's principle, the free energy change of adsorption is 0.
- The Fermi level exists within the d band.
- The d band of the metal has a strong interaction with the 1s orbital of hydrogen over a wide range.

The wide range is quite severe, and the electron transfer to hydrogen is about 0.5 A.

From these viewpoints, most metals can be classified into three groups. They are sp metals, coinage
metal group, and d metals. The first sp metal group includes metals such as Pb and Hg, and the d
band exists at a low energy level. Therefore, the interaction of the d band with the s orbital of
hydrogen is very small, making it difficult to adsorb and desorb hydrogen. In the next coinage metal
group, the d band does not exist at the Fermi level, but it exists at a nearby 1s orbital of hydrogen.
From these factors, the change in the free energy of hydrogen adsorption is small. However, the
spatial extent of the d band is small, so the interaction with the 1s orbital of hydrogen is small.
Therefore, the rate of HER is small. Finally, the d metal group is explained by the fact that the d band
is located near the Fermi level, except for Ni and Co. Among them, they can be divided into two
types: those that cause UPD and others cause OPD depending on the degree of mutual adoption with
hydrogen atoms, but metals cannot be simply classified into either type. Ni is one of the metals
whose surface has a close-packed structure and causes spin polarization. Many metals with a close-
packed surface and spin polarization eliminate the 1s spin polarization of hydrogen at about 2.4 A.
In contrast, in Ni, it disappears at 0.9 A, so the spin polarization of Ni and H can interact, making it
highly active. As mentioned above, even if it is simply discussed about the interaction between
hydrogen and the metal surface, also it is necessary to consider each other's orbits and their spins,

etc. Various factors are involved in HER. Until A + 2H* + 2¢- _EI> A+ 2H* + e B, 2 O

now, it has not unveiled what interaction affects PT - P} - -
to what extent yet. Because of the above, we are \ 4 ET\ ET\
AH* + H* + 2¢" - » AH+H*+e ——— AH +H*

not yet at the stage to discuss overall so that we
i i ; PT N PT N PT
need to discuss each interaction carefully. CPET CPET

' A
ET

AH2" +2e —EL  AH,*+e ———p AH,

In chemical reactions, the change of Gibbs free

energy is an important factor. Applying this to

Figure. 1.13. Reaction pathways of HER, considering
concerned of proton and electron transfer or decoupled
pathways (now A is Metal and last A-H2 bond strength is
Z€ro).

multi-electron transfer reactions to optimieze

catalysis, conditions that the change of free

10



energy in each step is nearly zero are necessary. In case of HER, reaction pathways are shown in Fig.
1.13. In proton coupled electron transfer (PCET), there are concerned reactions or decoupled
reactions of proton and electron. In a concerned reaction, electron transfer (ET) and proton transfer
(PT) occur at the same time. That is called concerned proton-electron transfer (CPET). On the
contrary, in a decoupled reaction stepwise processes of ET and PT occur. In detail, there is a pathway
in which ET proceeds first and PT proceeds later or reverse of it. The energy level of the
intermediates in these three pathways are different. This is the situation in the first step and similar
pathways exist in the second step. Because of the above reason, an ideal catalysis is needed to have
the free energy changes of all intermediates which are close to zero. However, considering concerned
and decoupled pathways and due to various factors, for example different charges, it is very difficult
to develop optimal catalysis. In a particular catalysis, the reaction may proceed along the lower free
energy changed path, but the above discussion is based on only thermodynamics and does not discuss

kinetics. From this perspective, multi-electron, multi-proton reactions are complex reactions.

1.4 Quantum effect

The difference between H and D is one neutron, but the difference of mass is twice. So that

Hydrogen is sensitive element for isotope effect. As shown in Fig. 1.14,2° there is a difference in

zero-point energy between H and D, so D>0O has a slower reaction rate than H>O. Therefore, when a

mixture is reacted, there is a clear difference in the reaction rate between H>O and D,O. The HER in

a mixture of H>O and D>O has been investigated for a long time, and the separation factor (Sp),
expressed by the following formula, has long been a subject of interest in the mixture.?!

_dH/H _ ([H]/IDD),

7 dp/D " ([HI/[DD)

In the above formula, [H] and [D] are the

(16)

concentrations of hydrogen and deuterium, and —— activated
the subscripts g and I indicate the gas and liquid el
states, respectively.

In 1975, Enyo reported that the HER of Pt, Au,

separation factor was determined using a Ni £ f

electrode.?? The results confirmed that the Sp £V

. o . . . 0

increases with increasing overpotential, and it £
reactants

was reported that hydrogen (Hz) is mainly

roduced when the overpotential is large
produ v Verp & products

because of changing of mechanism with

overpotential. ; 3
reaction coordinate

1 i 23 5 . . . .
In previous research in our laboratory,* it was Figure. 1.14. Schematic diagram of the reaction
coordinate of H and D.

11



known that the Sp ratio responds sensitively to factors such as the geometric structure of the electrode
surface and the mixture ratio, and there are many unclear points regarding the factors that can achieve
arbitrary Sp control.

In the isotope effect, equilibrium isotope eftect (EIE) and kinetic isotope effect (KIE) are discussed.
EIE is a thermodynamic effect involving the bond strength of hydrogen and oxygen in zero-point
vibration. The equilibrium changes due to isotope substitution, which changes the standard potential
of PCET.>* On the other hand, KIE is about the reaction rate, and since it depends on the reaction
mechanism and the nature of the transition state, it is evidence that the transfer of hydrogen and
oxygen atoms is the rate-determining step. In this case, there are two possibilities: the transfer of
hydrogen and electrons is stepwise or concerted. In stepwise PCET, if the proton transfer proceeds
quickly and the electron transfer limits the reaction rate, KIE is not observed regardless of the nature
of the proton (H or D). However, it is thought that KIE is observed if the proton transfer restricts the
reaction rate. On the other hand, in concerted PCET, tunneling between the two bodies is required
for both electron and proton transfer. Considering that the reaction proceeds through a transition state
with a high energy, concerted PCET is an energetically suitable reaction mechanism. Experimental
studies have shown that in stepwise PCET, the reaction rate is inverse proportional to the difference
in the acid dissociation constant between the two substances. In other words, when the difference in
the acid dissociation constant is large, the concerted reaction becomes relatively favorable. And
because the acid dissociation constants of heavy water and light water are different, KIE is observed,
which has a strong influence in stepwise PCET.

The relative position of the zero-point vibration level changes in the equilibrium between the
reactants and the products. Also, EIE does not depend only on the energy of the zero-point vibration,
but can be divided into the translation, rotation, vibration, etc. of the molecule. According to this
way of thinking, it is expressed by the following formula.

EIE = SYM x MMI x EXC x ZPE 17)
SYM represents the number of symmetries of the molecule, and MMI represents the moment of
inertia. EXC is the excitation term that takes into account the vibration, and ZPE is the energy of the
zero-point vibration.

When PCET in quantum tunneling effect progresses, the wave function at the vibrational level in
the potential well becomes important.>> When comparing the lower vibrational level with the upper
vibrational level, the upper level has a larger overlap of the wave function and lower gas a small
overlap. Since the vibrational level is temperature dependent, it can be seen from this viewpoint that
there is a temperature dependence in quantum tunneling as well. However, it is not enough to simply
raise the temperature. In the case of vicinity of the zero-point vibration and the high level, the overlap
is negligibly small near the zero-point vibration. And it can be seen that the shape of the wave

function at the upper level is not suitable for tunneling. In this case, the shape of the potential surface
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is different between H and D, so when the distance between the hydrogen donor and acceptor is
equal, the overlap of the wave function is different even at the same vibrational level, and the
probability of quantum tunneling is different. The isotope effect has also been confirmed when the
distance between the acceptor and donor is changed, and the distance at which tunneling is most

likely to occur is different for H and D. For

a Radiative decay Non-radiative decay

example, H is 0.046 nm and D is 0.040 nm. /_\ /‘\
There have been various research examples, but 6
\Vk o

all have concluded that D is shorter.

It is known that in noble metal nanostructures

B
with a particle size of several tens to several //// +

hundreds of nm, incident light of a specific g:0nd
wavelength resonates with free electrons in the Figure. 1.15. Surface plasmon decay and hot electron-hole
generation.

metal structure, inducing collective oscillations
Potential

of the free electrons. In particular, it is known (v vs-AglAsCh

40|
that in nanostructures of Au, Ag, Cu, etc., it is

0.0 }—
possible to adjust the resonant wavelength from

+1.0

the visible to the near-infrared region by

controlling the particle size and shape. This

phenomenon, called as localized surface
plasmon resonance, has two deactivation
pathways during decay: radiative and non-
radiative deactivation. In the non-radiative
deactivation case, the energy of the collective
oscillations of electrons is used to generate
excitons. It is known that the generation of Figure 1.16. schematic image of plasmon induced charge
electron-hole pairs is induced during this Separationand plasmonic photocatalysis.
relaxation process (Fig. 1.15).26

When a noble metal nanostructure that exhibits plasmon resonance is in contact with an n-type
semiconductor, excited electrons generated in the metal, and they are injected into the semiconductor
beyond the Schottky barrier of the semiconductor. On the other hand, holes accumulated in the metal
due to the electron injection are consumed by oxidation reactions at the semiconductor-metal
interface(Fig. 1.16).2” Research using this system, called a plasmonic photoelectric conversion
system, has been progressing, including efforts on water oxidation using near-infrared light.”® In a
system proposed by Moskovits et al., Pt, a hydrogen generation catalyst and electron capture agent,
was supported on a metal nanostructure to perform water splitting reactions only by light

irradiation.”’ Recently, Tatsuma et al. have conducted a detailed discussion on charge transfer
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efficiency by modulating the mean free path and localization of holes using a structure that exhibits
different plasmon modes depending on the direction side of light incident, which is a nanostructure
with a large aspect ratio.>* Meanwhile, Minamimoto has succeeded in determining the absolute
electrochemical potential of excitons in the plasmon charge transfer process and visualizing the
reaction site by deposition of poly-pyrrole by changing the electrode potential using the
polymerization reaction of pyrrole monomers on a plasmon-active substrate.3! In addition, the
reaction proceeds more efficiently with excitons generated in plasmon bound to the surface states at
the semiconductor/metal interface.

In 2018, Atwater et al. studied a cathode plasmonic electrode that uses excited electrons from a p-
type semiconductor for a direct reduction reaction to promote the reduction of CO,.3? This research
has demonstrated the possibility that plasmonic electrodes can be applied to both oxidation and
reduction reactions. However, there is still insufficient research on the specificity of molecular
processes at the solid-liquid interface of metal structures and the reaction specificity that depends on
solution conditions for these systems.

The plasmonic photocatalyst is a system that uses hot electrons or holes generated in the
deactivation process of localized surface plasmons, so in terms of energy, the system converts light
energy into electrical energy and then into chemical energy.

On the other hand, an important phenomenon of plasmon-polaritons is the formation of a strong
coupling by the interaction with materials. In this strong coupling, when the energy level of the
plasmon and the energy level of the material (regardless of vibrational excitation or electronic
excitation) are similar, the two levels interact to form a new energy level (Fig. 1.17).3* The energy
level at this time is divided higher and lower than the original level. The higher level is called the
upper polariton, and the lower one is called the lower polariton. The importance is that the value
becomes different from the original energy level of the material. Theoretically, if a reaction proceeds
through the lower polariton, the chemical reaction rate can be modulated. In fact, many optical
studies of energy levels in a strong coupling state between plasmon and material have been

confirmed. In addition, in a system using a

mirrored cavity, which is not a plasmon system, Molecular  Hybrid states Cavity
. . . . transition — resonance
it has been successful in expressing reaction A—|P+)
selectivity of the functional groups of organic S, B S M€y ) ho,
compounds by forming a strong coupling state A —[P-)
> ) i

between the optical mode of the cavity and the S '

. & v
material . '

S, =)

Figure 1.17. Scheme of strong coupling between
molecular transition energy and cavity resonance energy.
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Furthermore, theoretical predictions suggest
that reactions in strong coupling can take new
paths through newly created energy levels,
making it possible to pass through two reaction
paths: one in a non-strongly bound state and one
in a strongly bound state (Fig. 1.18).34 33

A system combining plasmonic metals and
catalytic metals to reduce formic acid has been
reported.3® This system uses a structure in which
Au nanoparticles (AuNPs) with a diameter of
about 20 nm are arranged between which Pt
nanoparticles with a diameter of about 2 to 3 nm
are arranged (Fig. 1.19). In this system, the
amount of hydrogen generated did not change
with the presence or absence of light in the
results for AuNPs alone. In contrast, when
PtNPs were present, the amount of hydrogen
generated was about twice as much when
irradiated with light. As a result of measuring
the action spectrum, enhanced electric field,
transient absorption, etc. of this system,
hydrogen generation activity similar to the
absorption spectrum of metal nanostructures
was observed, and a strong enhanced electric

field was also confirmed between AuNPs and

PtNPs. Furthermore, it is noteworthy that the

D,0

AG,

Figure. 1.18. Theoretically expected energy landscape for
strong coupling state.

[ r—

. l I

Dark Light Dark Light

Figure 1.19. SEM image of AuNP and PtNP substrate and
activity of these nanoparticle w/ and w/o light.

results suggest that there is no electron transfer from Au, which is induced by plasmons by transient

absorption, to the catalytic metal Pt. This system shows that plasmon-induced chemical reactions are

not simply reactions using plasmon-excited electrons, but that the field generated by plasmons

modulates the chemical reaction.

1.5. Fabrication of nanostructures for the realization of quantum effect

To realize the mentioned substrates in section 1.4, one of the straightforward ways is to fabricate

nano sized structures on substrates. Here, it is discussed that two representative methods of

fabricating metal nanostructures.

The layout of two-beam interference exposure is shown in Fig. 1.20a.3” Two laser beams that can
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interfere with each other are exposed onto the substrate. In this case, the laser has width, but it is a

coherent light. The two lights interfere with each other, and the light strengthens where the phases

match, and weakens where the phases do not
match. This forms an intensity distribution of
interference fringes on the resist surface as

shown in the following equations.

27X+ Sin (Ag/2)
cos =, (18
A
" 2nsing (19)

I and 1> are the intensities of the incident light,
P is the period of the interference fringes, # is
the refractive index of the space through which
the light propagates (usually in air, son =1), A
is the wavelength of the light, 4 is the angle of
incidence of the light, and ¢ is the term for the
phase of the interference fringes, and if the
interference screen does not change during
exposure, A¢ = 0. In other words, the pitch
width can be changed by adjusting the angle of
incident light. Also, as can be seen from the
pitch width formula, the resolution limit of
exposure is A/2n.

If there is reflection between the resist and the
substrate, this reflected light can also cause
interference, and for substrates with high
reflectivity, an anti-reflection layer may be
placed to reduce the effects of reflection. Fig.
1.20b shows a schematic diagram of the
interference exposure equipment. With this
equipment, the angle of incident light can be
changed by adjusting the angle of the mirror

above the substrate. Electron beam lithography

(@)

LY A B

HE

(b)
A=325nnm mirror
laser > »
v
Aperture —¥—
A 4

Diffraction grating

mirror

substrate
(@) (b)

Figure 1.20. (a)The state of light near a surface during

interference exposure, (b) schematic image of utilized
interference exposure system.
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Figure 1.21. (a) Beads orientation on surface of NSL
method, after this one can fabricate structures using EB
deposition or spatter and so on, (b) AFM image for NSL
method nanostructures.
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(EBL) is one of the useful methods to form fine resist patterns. In contrast of (EBL), interference
exposure has the advantages of being able to expose a large area all at once and using a simple
exposure system.

In addition to interference exposure, there is also a template method called nanosphere lithography
(NSL).? In this method, beads with uniform size are arranged on a substrate in a two-dimensional
closest-packed manner. As a result, gaps are created between the beads (Fig. 1.21a). By deposition
of metal on the substrate by sputtering or other methods and removing the beads, it is possible to

fabricate a periodic nanostructure (Fig. 1.21b).

1.6 Purpose in this study

It is possible to modulate the reactivity of plasmon coupling chemical reactions utilizing metal
nanostructures. However, there are few examples that applying nanostructures substrate to
electrochemical systems, especially HER which is thought as an archetype of electrochemistry.
Doing experiments and resulting from this, it is possible to discuss the reactivity modulation of HER
by quantum effect utilizing nanostructures. The purpose of this study is to investigate what properties
of metal nanostructures (metal species, size, mode volume, coherence, localized electric field)
modulate the reactivity of chemical reactions and what kinetic parameters (concentration, activation
energy, binding energy, etc.) accelerate chemical reaction rates by metal nanostructures, how
modified reaction molecular mechanism by modulating kinetic parameters.

In Chapter 2, I investigated the activity of HER using localized surface plasmon resonance by metal
nanostructures in the mm range on a p-type semiconductor, depending on the solution pH, and
confirmed the reactivity modulation due to the interaction between plasmon polaritons and the
material system. This revealed that it is possible to modulate reactivity and demonstrated the
controlling electron transfer reactions using polaritons.

In Chapter 3, in order to compare the activity of various types of metal nanostructures, I developed
a method to calculate the current value from HER bubbles on the electrode surface. The bubble
observation on the electrode surface was recorded as a video synchronized with a potential and the
bubble formation and growth were obtained. The current value at the observation site was calculated
from the bubble growth rate. The validity of this method was also discussed by comparing the current
value calculated from the bubbles with the results of classical electrochemical measurements and the
actual current, and it was confirmed that this method can measuring the local current of the electrode.

In Chapter 4, I fabricated various metal nanostructures on a glassy carbon electrode, and by
applying potential, I simultaneously performed HER on multiple types of metal nanostructures to
investigate their activity in a screening. For this activity investigation, I used the method in Chapter
3 to calculate the current value from bubbles. The polariton mode of each metal nanostructure was

discussed using the finite-difference time-domain method. By closely examining the activity and
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polariton mode of each metal nanostructure, I found the possibility of activity modulation depending
on the polariton mode. Furthermore, I found the possibility of elementary process modulation as a
result of the emergence of a new reaction pathway due to quantum effects. I guessed that this is due
to the modulation of electron transfer reactions at the electrode interface and the special environment
of the material system around the electrode surface. This revealed that it is possible to control the
reactivity by controlling the metal nanostructure without changing the electrode material.
Furthermore, by fabricating a highly active metal nanostructure over a large area and performing
electrochemical measurements, I demonstrated that it is more active than a normal metal electrode.

Through these experiments, I have demonstrated the reactivity different from that of ordinary
electrode materials in HER using localized surface plasmon resonance. To discuss the polariton mode
dependence of the reactivity modulation, I developed the method to indirectly obtain HER activity
by observing HER bubbles. Using this method, I proceeded with HER in metal nanostructures, each
of which had a different plasmon mode, and by comparing the activity in a screening manner, I found
that the reaction was highly active in a specific plasmon mode. Furthermore, I found that the
influence of this polariton may affect not only the electrode interface but also the materials in its
vicinity.

In conclusion, this doctoral thesis proves that polariton states could be applied to control electron
transfer reactions, and I proposed a guideline for controlling the reactivity of chemical reactions by
introducing quantum effects, particularly strong coupling. As a result, it enabled to control the
reactivity of specific elementary steps in multi-electron transfer reactions, which are difficult to
control with normal approach to design electrode catalysis, thus breaking through the limitations of

electrocatalytic chemistry.
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2 Plasmon Induced Hydrogen Evolution Reaction
2.1 Introduction

The efficient use of the light energy is still a big challenge for the realization of the sustainable
society. From this point of view, photo-induced chemical reactions using semiconductor electrode
could be regarded as the promising approaches for the photo-energy storage. Until now, various
photocatalytic systems using the wide-band gap semiconductors have been established. However, its
wide band gap energy often limits the efficiency because the visible light cannot be used for chemical
reactions.? As the breakthrough for it, several systems, such as the dye synthesized solar cell or
perovskite solar cell, has been proposed for improving the photo-response ability in the visible
wavelength region.>* In addition to them, recently, the usage of the metal nanostructures which lead
to the excitation of the localized surface plasmon resonance (LSPR) has been received much
attention.>® By supporting the plasmonic structure, the visible light response ability is added to the
system beyond the limitation of the band gap energy of semiconductor electrodes.”® Previously
reported various type of the plasmonic photoconversion system is mainly composed of the n-type
semiconductor electrode with the plasmonic metal nanostructures. Several types of the mechanism
for the chemical reactions, such as plasmon-induced resonance energy transfer or plasmon-induced
metal-to-semiconductor interfacial charge transfer transition, have been suggested.”!® One of well
accepted mechanism is that the electrons excited in the metal structures were injected into the
conduction band of n-type semiconductor and the remained holes are consumed through the
oxidation reaction at the metal-semiconductor interface.»!' As to this plasmon-induced charge
transfer process, various type examinations have been attempted to understand the detail reaction
process.'? In previous study, I have not only visualized the reaction active sites but also determined
the absolute electrochemical potential of the reaction active species by the introduction of the
polymerization reaction of the conductive polymer.'3> The point for it is that the excited holes
generates at much positive than the Fermi level of the metal nano-particles, and are trapped at the
metal-semiconductor interface for the efficient multi-electron reactions.

Regarding to the reduction reaction on the plasmonic catalyst, various types of demonstration have
been reported.!*!> Among them, the prevail system is to control the reduction reaction on the counter
electrode as the side reaction of the oxidation reaction at metal semiconductor interface by
introducing the noble metal. Up to date, the high efficient water splitting reaction or the ammonium
synthesis have been achieved using this system. '®!7 On the other hand, very recently, the
combination of the p-type semiconductor electrode with the plasmonic Au nanoparticle have been
proposed as the plasmonic cathode.'®!° The plasmonic cathode system shows the high selectivity for
CO; reduction reaction through the efficient accumulation of excited electrons at the metal surface.
From such backgrounds, although various attempts have been carried out, the systems need further

investigations for the discussion about the detail molecular process and the charge transfer
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mechanism to clarify the characteristics of the plasmonic cathode systems.

Based on above backgrounds, I have attempted to establish the visible light-induced hydrogen
evolution system by the introduction of the plasmonic structure onto the surface of the p-type
semiconductor electrode. Because it is known that unique molecular process or the intermediate state
appear at the plasmonic surface, the detail investigation of the reactivity of the system should be
important. In this study, photochemical measurements adopting distinct pH conditions have been
conducted and, as the results, I have confirmed the unique characteristics of the pH dependence on

the plasmonic cathodic reaction.

2.2 Experiments

At the present experiments, the single crystal p-type gallium phosphide ((111), Zn-doped: 4.8 %
10" ¢cm™®) (p-GaP) was purchased from E&M Corporation Itd. and used as the photo-cathode
electrode. Plasmonic nanostructures were prepared by the nano-sphere lithography method.?’ The
diameter of the polystyrene bead used as the template was 350 nm. Prepared structures were
examined through the atomic force microscopy (AFM) measurements. The photocurrent
measurements have been performed using the three-electrode cell. The plasmonic p-GaP electrode,
Pt plate, and Ag/AgCl electrode were used as the working, counter, and reference electrodes,
respectively. For the photocurrent measurements, the electrode potential was set to —0.6 V vs.
Ag/AgCl. The plasmonic p-GaP electrode was contacted to a stainless plate with an In-Ga ohmic
contact. The photocurrent measurements were performed with Xe lamp for the illumination of the

light wavelength in 550-900 nm region.

2.3 Results and discussion
First of all, | have defined the photocurrent density as iagcar as indicated in Fig. 2.1. The iagcar Values were

corresponding to the difference between the photocurrents obtained at the initial and end of light illumination.
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Figure 2.1. | Photocurrent measurements using plasmonic p-GaP electrodes under neutral condition. The electrolyte
solutions was 0.5 M Na2SOaaq. The electrode potential was kept at —0.6 V. The incident wavelength was A > 550 nm.
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Fig. 2.2a and b show the AFM image of Ag dimer structures and the polarized extinction spectra
of it, respectively. From AFM measurements, | have confirmed the successful preparation of the
uniform well-defined Ag dimer structures on the entirely surface of p-GaP electrode. Extinction
spectra obtained with the incident parallelly and vertically polarized to the long axis of the dimer
(Fig. 2.2c). With the polarized direction parallel to the long axis direction, the Ag dimer structures
show the absorption in the visible to near infrared region. The resonance peak is derived from the
dipole-dipole interaction between the Ag nanostructures.?* This optical character is good agreement
with the results in previous report.22 As shown in the left panel of Fig. 2.2d, by using this electrode
and p-GaP without Ag dimer structures, | have carried out the photocurrent measurements in the
neutral solution under visible light illumination (4 > 550 nm). Due to the wide band gap of p-GaP
(Eg = 2.3 eV (4 = 540 nm)),? the p-GaP electrode did not show the photocurrent response against
the visible light illumination with the photon energy of less than 1.9 eV. Slight increment of the
photocurrents would be originated from the surface state of GaP. In addition, | have examined the
stability of the system by the multi time light illuminations and confirmed the stable light current
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Figure. 2.2. (a) 3D AFM image of prepared Ag nanostructures. (b) Polarized extinction spectra of Ag dimer
structures on glass substrate. The polarized directions were parallel (solid) and vertical (broken) to the long axis
of Ag dimer structures. (c) Schematic illustration of the three-electrode photoelectrochemical cell. (d)
Photocurrents of p-GaP electrodes without/with Ag dimer structures (left). Photocurrents on the p-GaP with Ag
dimer structures under the visible light illumination (550 < A <900 nm) polarized to parallel (solid) and vertical
(broken) direction (right). The electrode potential was kept at —0.6 V in an aqueous electrolyte solution of 0.5
M Naz2SOx4 (neutral).
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generations. At the present experiment, the Ag structures were kept at the negative potential. Thus,
the surface would be prevented from the oxidation or dissolution reactions.

On the contrary, in the case for the plasmonic photoconversion electrode, the photocurrent
generation was clearly observed under the visible light illumination (left panel of Fig. 2.2d). In
addition, |1 have also observed the dependence of the light polarization dependence on the
photocurrent. The parallelly polarized incident light to the long axis of the Ag dimer structures results
in the two times higher photocurrent than that obtained at the vertically polarized light illumination.
This result reflects the optical property of the plasmonic Ag-dimers as shown in Fig. 2.2b. Based on
these results, observed photocurrent is attributed to the plasmon-induced hydrogen evolution system
by visible light illumination on p-GaP. Regarding to the reaction mechanism of it, in this system, the
hydrogen evolution reaction is triggered by the excited electrons in the metal nanostructures while
the generated holes were injected into the valence band of the p-GaP. The flat band potential of p-
GaP is located at 0.3 V vs. Ag/AgCl at pH = 7.2 Thus, considering the energy of incident photons
from 1.4 eV to 2.3 eV (550 nm < A< 900 nm), plasmonically excited electrons with estimated
minimum electrochemical potentials from —1.1 V to —2.0 V vs. Ag/AgCl could contribute to the
hydrogen evolution reactions in the present system.

To discuss about the characteristics to the plasmonic cathode system, | have investigated the pH
dependence on the hydrogen evolution reaction. Fig. 2.3a shows the results of the photocurrent
density (iagicap) Using plasmonic p-GaP electrodes with Ag dimer structures under different pH
conditions. The solution conditions were defined as acid, neutral, and base. It should be noteworthy
that iagicap Show highest values at neutral condition than those at acid and base. Fig. 2.3b shows the
not only iagcar Values, but also the photocurrent density of p-GaP without Ag dimer structures (icap)
obtained in the same electrolytes under band gap excitation condition (4 > 380 nm illumination) for
the comparison. As can be seen in figures, the photocurrent values were different from that in Fig.
2.2. As reported in previous report, the photocurrent density for the plasmonic system is sensitively
affected by the surface defect sites of semiconductor substrate.?® Thus, this could be derived from
not only for the inhomogeneous plasmonic structures but also the surface state of p-GaP. | have
confirmed that the difference depending on the electrode was within the range of about 2 times at
maximum. Obviously, the icap Value in the acidic solution is highest while the basic condition shows
lowest one. Generally, the hydrogen evolution reaction under the acidic condition shows kinetically
higher rate compared to those under neutral or basic condition, because the hydrogen evolution is
the proton-coupled process.?® The redox potentials of hydrogen are at around —0.3 and —0.9 V. vs.
Ag/AgCl under acidic and basic condition, respectively. Therefore, observed pH dependence of igap
is quite reasonable both in the kinetics and the thermodynamics point of views. In spite of these

principles, as indicated in Fig. 2.3, the observed iagcar Obtained in the neutral solution was larger
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Figure 2.3. (a) Photocurrent measurements using plasmonic p-GaP electrodes under different pH conditions. The
electrolyte solutions were 0.01 M NaOH with 0.5 M Na2SO4ag. (base), 0.5 M NazSOaaq. (neutral), and 0.05 M
H2S04 with 0.5 M Na2SOasaq. (acid). The electrode potential was kept at —0.6 V. (b) The iagcar and icap values
obtained at respective pH values. The illuminated light wavelength for the iagcar and icar measurements were 4 >
550 nm and A > 380nm. respectivelv.
than that in the acidic. This would imply that the visible light induced plasmonic hydrogen evolution
reactions proceed via the unique surface molecular process, especially under the neutral condition.
It is well known that the hydrogen evolution reactions proceed via multiple surface molecular

processes including three steps; (20) Volmer, (21) Tafel, and (22) Heyrovsky reactions.?®

H*+e  — Hau (20)
Had + Had - H2 (21)
Haa+ H" +&° — Hp (22)

The initial step which forms the adsorbed hydrogens (Volmer step) depends on the metal species,
surface morphology, or the crystal plane of the surface while the Tafel and Heyrovsky are determined
by the hydrogen coverage.?” In the acidic solution, due to the relatively faster process of the Volmer
process, the Kinetics for it is generally faster than that under other condition. It has been reported that
the rate constant of the VVolmer step in the acidic media is at least ten times faster than that under the
basic condition.?®2® Considering the fact that the photocurrents value in the neutral solution was
higher than that under the acidic condition, it can be expected that, at the surface of the plasmonic
Ag structures, the surface process, such as the Volmer or Tafel process, would be accelerated by the
plasmonic field. In recent previous study, it has been reported that the characteristics intermediate
as the consequence of the reaction acceleration at Au nanostructures on n-type TiO: electrode,
resulting in the improvement in the water oxidation, appears especially under the neutral condition.%°
Therefore, the results in Fig. 2.3 would imply that the similar effect for the decrease of the
overpotential specifically express on the plasmonic cathode system. As the future work of this study,

I am going to examine the kinetic isotope effect on the reaction to probe the detailed surface
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molecular processes. Consequently, it can be said that this finding is useful information for the design
of the further efficient plasmonic photoconversion devices.

2.4 Conclusions

In summary, by the combination of the p-GaP and Ag dimer structures, visible light induced
hydrogen evolution reaction system has been successfully achieved. The photocurrent generations
depending on the polarized direction of the incident light were observed, resulting in the excitation
of the LSPR. Through the electrochemical photocurrent measurements under different pH conditions,
I have confirmed the improved reactivity of the reaction, especially under the neutral condition. This
fact proves the unique molecular process triggered by LSPR. | am sure that the insight proposed
through current experiments would open the further possibility for the future plasmonic cathodic

system.
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3 Bubbles Observation for Evaluation of Hydrogen Evolution Reaction Activity
3.1 Introduction

HER is the important reaction for next green energy society.!* The HER activities are routinely
investigated by relationship between current density and electrochemical potential. >!'! However, it
is still challenging to investigate the high current density region. '>!5 In case with the high current
density region, evaluation of electrochemical activity can be problematic due to the bubble formation
at the electrode. '®!7 These bubble formation can be related to the nucleation and growth of the
bubbles. Takanabe et al. reported the use of the electrolyte engineering for the attenuation of the
bubble formation.!® Koper et al. reported the use of the bubble with the relation to the Hoffmeister
effect in intermolecular interaction of electrolyte solution.!” Therefore, there is still difficulty for the
understanding of the bubble formation process from the electrode—electrolyte interface.

Here, 1 would like to propose that the utilization of the bubbles growth as descriptor of the
electrocatalytic activity. Ag was selected as the nominal electrodes in the HER experiments.?0-23
Hydrogen bubble evolution behavior was evaluated from electrochemical measurements and the
video observation under electrochemical potential control. The growth processes were monitored by
image-analysis as the descriptor for the HER. I discuss the utilization of the bubble growth process

as a descriptor of the electrocatalytic activity.

3.2 Experiment

The video camera was set above the working electrode for the bubble observation (Fig. 3.1a). The
telecentric lens, TPC6-MS65D, was utilized as the objective lens for observation of the bubbles
without the defocusing based on the orthographic view of the bubbles from the Ag working electrode.
Electrochemical cell with hydrostatic pressure component, obtained from the Syn corporation Ltd.,
Japan, was utilized for the evaluation of pressure dependent HER behavior. Electrochemical cell
vessel was introduced in the high-pressure chamber inside the electrochemical cell (Fig. 3.1b). Due
to the high hydrostatic pressure application in the experimental cell, I avoided to use conventional
reference electrode such as the Ag | AgCl | KC1 with glass jacket or glass flits components. Therefore,
Tused a Au wire as a quasi-reference electrode. The electrochemical potential for the quasi-reference
electrode was calibrated based on the onset potential of the HER in the same electrolyte condition.
Hereafter, all the electrochemical potential was referenced to the reversible hydrogen electrode
(RHE). In order to investigate the water electrolysis at neutral condition, [ utilized the 0.25 M Na>SO4

as electrolyte.
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Figure 3.1. (a) Schematic structure of the video observation of H2 bubble observation system under electrochemical
potential control. (b) Schematic structure of the cell vessel inside the high-pressure chamber.

3.3 Results and discussion

I evaluated the HER activity of the Ag electrodes from electrochemical measurements. Fig. 3.2
shows the linear sweep voltammograms of the Ag in 0.25 M Na>SO4 aqueous electrolytes under
different hydrostatic pressure conditions. Slow scan rate, 5 mV s~! was adopted for the evaluation of
the steady state experiments'>* and to minimize the pH drift during the potentiostatic polarization.?
The experiments were conducted by the setting the potential at 0 V versus RHE then cathodically

sweeping of the potential to induce the HER. Video observation of the evolved H» bubbles were
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Figure 3.2. (a) Linear sweep voltammograms and (b) Tafel plots of Ag electrode in 0.25 M Na2SO4 aqueous solution
electrolyte. Sweep rate was 5 mV s—1. Black trace represents 0.1 MPa as hydrostatic pressure. Red trace represents 75
MPa as hvdrostatic nressure.
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conducted during the electrochemical measurements as described afterwards. From the linear sweep
voltammogram, the double-layer region was observed. Then cathodic currents were observed from
around — 0.7 V versus RHE at 0.1 MPa. Similarly, in case with the 75 MPa, cathodic current was
observed from — 0.8 V versus RHE as shown in Fig. 3.2a. For example, the overpotential of the — 5
mA cm™ 2 was — 0.86 V (0.1 MPa) versus RHE and — 0.91 V versus RHE (75 MPa), respectively. In
both cases, the oscillation of the current behavior was observed in high overpotential region. In
particular, the oscillation of the current density induced by bubble formations was observed from the
— 0.9 V versus RHE at 0.1 MPa. Whereas the oscillation of the bubbles was observed from the — 1.3
V versus RHE at 75 MPa. These oscillations are due to the intensive H, bubble formation and
detachments from the electrode. The Tafel slopes were analyzed by plotting the logarithm of current
density and electrochemical potential of the working Ag electrodes (Fig. 3.2 b). The Tafel slope of
HER from Ag in for 0.1 MPa was analyzed as the — 130 mV per decade. The Tafel slope of HER
from Ag in for 75 MPa was analyzed as the — 110 mV per decade. The shown Tafel slopes of Ag are
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Flgure 3.3. Representative snapshotsof the bubble formation from Ag electrode in 0.25 M NaZSO4 aqueous solution
with different pressure condition. (a) —0.05 V versus RHE, (b) —0.77 V versus RHE, and (c) —0.84 V versus RHE under
0.1 MPa. (d) —0.05 V versus RHE, (¢) —1.25 V versus RHE, and (f) —1.55 V versus RHE under 75 MPa.
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consistent with the Volmer step, where hydrogen atom transfer occurred from water molecules to
bare Ag surface, as the rate-limiting step.?

The bubble formation was continuously tracked from the video observation in 0.1 MPa. The
electrochemical potential was controlled during the video observation. Representative images of
hydrogen bubble formation behavior were shown in Fig. 3.3a—c. The hydrogen bubbles start to grow
around — 0.8 V. The size of the hydrogen bubbles range between 200 pm and 300 pum as the diameter.
The detachments of the bubbles were also observed afterwards. Since the size of the bubbles was
large, few bubbles were observed with the lower overpotential region. Many bubbles were observed
in the high overpotential region. Continuously, large bubbles were formed. I also observed the bubble
formation process in 75 MPa. Representative images of hydrogen bubble formation behavior in high
pressure condition were shown in Fig. 3.3d—f. The hydrogen bubbles start to grow around — 1.25 V.
The size of hydrogen bubbles grows up to 20 um. The detachments of the bubbles were also observed
afterwards. Since the size of the bubbles are small in high pressure conditions, many bubbles were
observed even from the high-pressure condition. Apparently, the growth behavior of bubbles was
dependent on the pressure conditions.

The bubble growth processes of H, were analyzed from the image analysis (Dipp-Macro II,
DITECT). The time and size of the individual bubbles were tracked from the binarization of the
image data of the video. The diameter of the bubble was analyzed from the area of the bubble as
two-dimensional images. Then, the number of molecules by assuming the sphere on the bubbles. As
discussed later, the exponential behavior of the number of H, molecules were also observed. Then,
current density was calculated as differential of the number of H> molecules to time by assuming the
two-electron Faradaic process.

Fig. 3.4 shows the HER bubble analyses with the different hydrostatic pressure conditions. The
onset potentials of bubbles were dependent on the hydrostatic pressure conditions (Fig. 3.4a,d). In
case with the 0.1 MPa, the onset potential for the bubble observation was around — 0.8 V versus
RHE. On the other hand, in case with the 75 MPa, the onset potential for the bubble observation was
around — 1.25 V. From the electrochemical measurements, the onset potential for the HER was
comparable; —0.86 V for 0.1 MPa and — 0.91 V for 75 MPa. The difference between electrochemical
measurements and bubble observation is probably due to the high solubility of H2 in high pressure
condition. Due to the Henry’s law, the solubility of H> was increased from 0.5 mM (0.1 MPa) to 0.4
M (75 MPa) by increasing the hydrostatic pressure.?’->° The higher solubility of the H, in aqueous
electrolytes probably inhibits the nucleation of the bubbles by influence on the surface energy of the
bubbles. The diameter of the bubbles were converted to the total amount of H» gas (Fig. 3.4b,e) by
considering the density of the H, gas at given hydrostatic pressure condition®. The differential plot
of the amount of H» gases can be converted to the current density from the bubble (Jyubbic). The plot

of logarithm of Jpubble and electrochemical potential gives the Tafel plots.
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Figure 3.4. Quantitative analyses of HER behavior of Ag electrode in 0.25 M Na2SO4 aqueous solution with different
pressure condition at (a, b, ¢) 0.1 MPa and (d, e, f) 75 MPa. (a, d) Growth of the diameter of the individual bubbles at
given electrochemical potential. (b, ¢) Total volume of the bubbles at given electrochemical potential. Red dotted line
represents the fitting to the experimental data. Inset shows the difference between the experiments and fitting. Yellow
background region was used for the fitting. (c, f) Tafel plots from the current density calculated from the bubble. Red
dotted lines represent the line adopted from Fig. 3.4b and e.

The Tafel analysis was conducted by following. By differentiating the volume per time gives the
corresponding kinetics in the HER. However, due to the small difference in the size increments for
the video observation, the noises in the Juuwble are relatively large for the linear fit. Therefore, I
conducted the fitting to the dependence of the volume to the electrochemical potential, which
corresponds to the Tafel fitting in the integrated form. The equation was shown in following.

n = ny+ Aexp(—FE/aRT) (23)

Where, n [mol] represents the amount of hydrogen, E is the electrochemical potential [V], F is the

34



Faradaic constant, and 7 is the absolute temperature. no, 4 and a are fitting parameter. « is related to
the Tafel slopes: the observed Tafel slope is calculated as the — 60 x a mV per decade.

The Tafel fitting was conducted for both ambient pressure and high-pressure conditions. The fitting
was conducted between — 0.81 V and — 0.84 V for the HER in 0.1 MPa as shown in Fig. 3.4b. Inset
in Fig. 3.4b shows the difference in experimental and fitting volume divided by the experimental
volume. The difference in the fitting is within 5 %. The corresponding Tafel line was shown in Fig.
3.4b and c. The corresponding Tafel slope was calculated to be — 116 mV per decade. Similarly, the
fitting was conducted between — 1.41 V and — 1.44 V for the HER in 75 MPa as shown in Fig. 3.4 e
and f Inset in Fig. 3.4e shows the difference in experimental and fitting volume divided by the
experimental volume. The difference in the fitting is within 5 %. The corresponding Tafel line was
shown in Fig. 3.4e and f. The corresponding Tafel slope was calculated to be — 120 mV per decade.
In both cases, the fitting region is narrow in the range. In case with the lower overpotential region,
the bubble nucleation process can influence on the analysis. In case with the higher overpotential in
the range, the bubble detachments and intensive evolution can be problematic for the Tafel analysis.
Interestingly even in the different pressure condition, the Tafel slope showed the — 120 mV per
decade (Fig. 3.4c and f). This is typical value for the HER with the Volmer step as the rate-limiting
step in the net reaction of HER. Importantly, these analyses can be both conducted around — 0.8 V
and — 1.4 V versus RHE. Similar analyses were conducted for the flat Pt electrode The observed
Tafel slopes were 34 mV per decade, which can be also typical behavior for the Tafel steps as a rate-
limiting step.2® These results showed that variation of pressure condition can modulate the bubble
growth behavior leading to the good fit of the Tafel plots even from the video observation.

It has been reported that the bubble behavior is related to the bubble growth behavior is also related
to the various processes.*!-** Control over the bubble growth rate have been generally described in
the form of following.

R = btBR (24)

Where R is the bubble radius, t is the actual residence time of bubble. Here, 4 is the dimensional
growth coefficient whereas f is the scaling exponent. The scaling exponent can be 1/2 or 1/3
depending on conditions. The condition fulfills the active electrode surface area, Ae, with the
diameter of the bubbles at the detachment, Rd. (i) Surface-reaction-controlled growth for relatively
small active electrode surfaces, A4e/Rd> < 1, where R = bt'3.3%34 (ii) Diffusion-controlled growth
for relatively large active electrode surface, A4e/Rd*> > 1, where R =b¢'2. 333* In my experiment, |
utilized the flat electrode therefore Ae/Rd*> > 1. In this case, diffusion-controlled growth behavior
can be observed. Fig. 3.5 shows the comparison of the Tafel plot in the case with the simulation. I
cannot observe the similarity from the bubble growth data.

The diameter of the bubbles can be described with the following equation in case with the diffusion-

controlled reaction, R = bt'2. The volume of the gas can be calculated as following.
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Figure 3.5. Quantitative analyses of HER behavior of Pt electrode in 0.25 M Na2SOs at 75 MPa. (a) Growth of the
diameter of the individual bubbles at given electrochemical potential. (b) Amount of the total bubbles at given
electrochemical potential. (c) Linear sweep voltammogram from the bubbles. (d) Tafel plots from the current density
calculated from the bubble. Red line represents the fitting to the experimental data.
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(25)

In case with the linear sweep voltammogram, the potential can be proportional to the time. The
current density can be proportional to the volume of gases. Therefore, current density can be
described as following. Therefore, the current density for the diffusion-limited region shows
dependence on the time.

av _ b3
at ~ 4

1/2

Jx (26)

In case with the derivation with the Tafel plot, the equation can be described as following.
27)

The plotted data were compared with the experimentally obtained data as shown in Fig. 3.6.

log|/| = constant + %log(t) = constant + %log |E|

The formation of bubbles can be thought as the sequential process. First, there are no hydrogen
molecules around the Ag electrode—electrolyte interface. Due to the cathodic HER, the hydrogen
molecules were produced around the electrode—electrolyte interface. Since the solubility of the

hydrogen molecules is limited to the 0.5 mM in electrolyte solution at 0.1 MPa at room
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Figure 3.6. Tafel plots of Ag electrode in 0.25 M NaxSOs4 electrolyte from linear sweep voltammogram (solid lines).
Tafel plots from the current density calculated from the bubble (filled circles). Black trace represents 0.1 MPa as
hydrostatic pressure. Red trace represents 75 MPa as hydrostatic pressure. Sweep rate was 5 mV s !. Green line
represents the diffusion-controlled growth process.

temperature?’-3336, the solubility limits induce the faster nucleation of the hydrogen bubbles. On the
other hand, higher solubility of the hydrogen molecules at 75 MPa, the slower nucleation leads to
the multiple bubble nucleation process leading to the narrower size distribution of the bubbles. The
bubble was attached to the electrode and local hydrogen was transferred from the liquid phase to gas
phase to grow the size of the bubbles. The hydrogen bubbles were grown upon the increase of the
rate of the electrode reaction, which can be analyzed with the Tafel analysis as shown in Fig. 3.4c

and f. The hydrogen bubbles can be detached due to the unbalancing the buoyancy and aerophobic

force at the electrodes.

The bubble behavior is still discussed based on the gradients around the bubbles.!® Koper et al.
explained about the solute-dominant regime or thermal dominant regime for the bubble formation.
Usually, high current density region is dominated by the thermal dominant region for the bubble
formation. The thermal dominant region can be difficult to analyze the bubble behavior due to the
difference in the surface tension at the local bubbles. However, by applying the high pressure, the
bubble behavior can be attenuated. I assume that bubble behavior can be solute-dominant regime.
This can be the reason why I can analyze the Tafel plots even in the range of high overpotential.

Finally, I would like to discuss about the use of the methodology for the evaluation of the
electrochemical behavior at high overpotential region. Fig. 3.7 shows the correlation of the current

density from the electrochemical measurements and bubble observation. Faradaic efficiency of the
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Figure 3.7. Correlation of the current density from the electrochemical measurements, J, and bubble analysis, Jbubble.
Black symbols and red symbols represent the 0.1 MPa and 75 MPa respectively. Current densities were plotted from
—0.81 V to —0.84 V for 0.1 MPa. Current densities were plotted from —1.36 V to —1.46 V for 75 MPa. Faradaic
efficiency (F.E.) for the bubble production was plotted for the eye-guide.

bubble formation is below 100 % in general. This is probably due to the diffusion of the H, from the
electrode surface without the bubble formation. For example, under the hydrostatic pressure of 0.1
MPa, the Faradaic efficiency of was between the range of 5 % and 8 %. On the other hand, under
the hydrostatic pressure of 75 MPa, the Faradaic efficiency of was between the range of 0.5 % and
17 %. The increase of Faradaic efficiency can be probably due to the intensive HER behavior for
higher overpotential range. At ambient pressure condition, it can be useful to track HER behavior
with similar Faradaic efficiency. On the other hand, high pressure condition can be useful for the
evaluation of the electrocatalytic behavior in high overpotential conditions. These unique
characteristics can be useful for the evaluation of the electrocatalytic behavior in different

overpotential range.

3.4 Conclusions

In this study, I developed the methodology for the evaluation of the HER activity from the bubble
observation under electrochemical potential control. I used Ag electrode with different pressure
conditions. I successfully observed the bubble growth of the H, bubbles under electrochemical
potential control. The image analyses were utilized for the evaluation of the HER behavior even for
the Tafel plots. The data analyzed showed 120 mV per decade as a Tafel slope, which was typical
value for the Volmer mechanism as the rate-limiting step. This study opens the opportunity for the

utilization of bubble observation as the descriptor for the evaluation of electrocatalytic activity as
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the rapid analytical methods for new material discovery.
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4 Polaritonic Modification of Hydrogen Evolution Reaction under Dark
4.1 Introduction

Physicochemical properties of molecules can be modulated through the polariton formation under
strong electromagnetic field. Recent advances in polaritonic chemistry have been demonstrated with
the modification of chemical landscape.! Recently, theoretical prediction on the electron transfer
reaction under strong electromagnetic confinements.>® In case with the electrode surface, it is
expected that the vacuum field can be quantized upon the structuring of electrode in nanoscale, which
is known as plasmonic excitation under light illumination condition.** There are several reports on
the enhancement of electron transfer reaction at nanostructured electrode system.%” However, due to
the lack of the systematic demonstration, it is still hard to quantify the effect of nanostructure on the
electrocatalytic behavior. Here, I studied systematic study of the effect of Ag nanostructure on the
electrocatalytic activity on hydrogen evolution reaction. The Ag nanostructures were prepared by
electron beam lithography. The electrocatalytic HER behavior was investigated from the bubble
analysis from the imaging of evolved hydrogen from the nanostructured electrodes. I investigated
that the overpotential of the HER can be enhanced over 0.4 V. In addition, from the detailed analysis
on the Tafel slope of the bubble behavior the Tafel slope was decreased to the even 30 mV per decade,
which cannot be explained by the classical mechanism of HER. Upon the consideration of
microkinetic model under strong electromagnetic field condition, the behavior can be explained in
the context of the modification of the reaction pathway. In addition, the isotopic experiment revealed
that the tunneling effect can be even enhanced associated with the quality factor of the resonance in

nanostructured electrode.

4.2 Experiments
Fabrication on substrates

A glassy carbon electrode (GC) was immersed in aqua regia with a volume ratio of 3:1 hydrochloric
acid and nitric acid for 1 hour for cleaning, then rinsed three times with ultrapure water and boiled
three times. It was then polished with diamond slurry (diameter = 1 um) for 5 minutes. The electrode
was further cleaned in ethanol under ultrasonic treatment for 10 minutes to remove the residual
diamond slurry. The electrode was polished again with diamond slurry (diameter = 0.25 pm)) for
5 minutes. The electrode was further cleaned in ethanol under ultrasonic treatment for 10 minutes to
remove the residual diamond slurry. The electrodes were stored in fresh ethanol. The GC was placed
on a hot plate kept at 130 °C, and the ethanol was completely removed. A resist solution of ZEP520A
and ZEP-A mixed at a ratio of 2:1 was applied by spin coating at 300 rpm for 3 seconds and 4000
rpm for 60 seconds. Nanopatterns were then drawn using electron beam lithography (ELS-F130,
ELIONIX). The substrate was then immersed in ZED-NS50 for 60 seconds, and then swung in ZMD-

B at a speed of one round trip per second over a space of about 3 ¢cm for 10 seconds. The rinse

42



solution was then immediately removed with N, gas. Ag was deposited on the developed substrate
at a deposition rate of 0.1 nm s™! using an electron beam evaporator. The resist was removed by
immersing the substrate in N,N-dimethylacetamide solution. If the resist could not be sufficiently

removed, ultrasonic cleaning was performed in the solution at a reduced output.

Electrochemical measurement
A three-electrode inner cell was constructed using the substrate (Fig. 4.1d) prepared above as the
working electrode, an Au wire as the counter electrode, and an Au wire as the quasi-reference
electrode. 0.25 M Na»SOsaq. was used as the electrolyte solution. This inner cell was placed in a
high-pressure chamber, and the pressure in the system was set to 75 MPa by injecting silicone oil
using a hydraulic valve. At this time, the pressure in the high-pressure chamber was transmitted to
the inside of the inner cell through a silicone tube at the top of the inner cell. A camera for video
recording was placed on top of the high-pressure electrochemical cell constructed in this way. The
electrochemical conditions were Linear Sweep Voltammetry (LSV) with a sweep rate of =5 mV s,
and the occurrence and growth of bubbles on the surface linked to the electrochemical information
was observed with the camera at the same time as the electrochemical measurement (Fig. 4.1a,b).
Isotopic mixture aqueous solutions were used as the solvent this time. The D,O concentration were
0%, 10%, 90%, and 100% by weight.

Ag (diameter = 7.0 mm) was immersed in perchloric acid for 30 minutes, rinsed three times with

ultrapure water, boiled three times, and polished in the same way as for GC. It was then washed
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Figure 4.1. (a) Schematic image of bubble observation system, tine three electrode cell was in high pressure chamber,
(b) Image of bubbles formation and growth on Pt plate, nano-structured Ag and Ag plate. From upper Pt plate, high,
middle, low nano-Ag, Ag plate in 0.25 M Na,SO,aq. Content of D,O was 0%. (c) Flows of bubble analysis, bubble
image and binarization between bubble and background, bubble diameter, amount of H, gas and Tafel plot ~under
LSV measurement using bubble analysis (d) SEM images of nano structures on GC electrode, gray was Ag and black
was GC.

again with perchloric acid to obtain a mirror-like Ag plate. An inner cell was constructed using this
Ag plate as the working electrode and Au as the counter electrode and pseudo-reference electrode.

Linear sweep voltammogram (LSV) and video of bubble generation under high pressure were
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obtained. A Pt (¢ = 7.0 mm) plate was also immersed in a 1:1 volumetric mixture of sulfuric acid
and nitric acid for 30 minutes. It was rinsed three times with pure water, boiled three times, polished
in the same way, and washed again with the mixed acid. The same experiment as for the Ag plate
was conducted using this substrate as the working electrode. In addition, as a method of potential
correction for the pseudo reference electrode, a similar LSV measurement was performed with an
Ag wire as the working electrode, and an LSV measurement was performed using a similar
electrolyte solution by constructing a three-electrode electrochemical cell at normal pressure with an
Ag wire as the working electrode, a Pt black wire as the counter electrode, and a handmade Ag/AgCl
sat. KClI as the reference electrode. The potential of the pseudo reference electrode was determined
by comparing the fall potential of the HER from the two experimental results.

The C2 structure (¢ = 600 nm, a = 750 nm) was fabricated by EBL over an area of 1 mm X 1 mm.
A three-electrode cell was constructed with this substrate as the working electrode, Pt black as the
counter electrode, and Ag/AgCl as the reference electrode. 0.25 M Na,SO4 aqueous solution was
used as the electrolyte solution. The isotope mixing ratio was 0%. LSV was performed with the
sweep rate of =5 mV s™!. For comparison, a GC substrate with Ag evaporated over the entire surface,
an Ag plate, was used. In addition, a rotating disk electrode was used for the LSV measurement to

remove evolved bubbles (1200 rpm).

Analysis of bubble videos

Bubble generation and growth are not caused by electron transfer alone, but are governed by various
factors such as bubble nucleation from surface saturation, changes in interfacial energy depending
on bubble size, and diffusion of hydrogen molecules generated near the electrode due to time
changes.® In this experiment, in order to confirm that bubble growth is caused by electron transfer
reaction, image analysis was performed on the bubble growth video. Fig. 4.1c (see Appendix) shows,
from the left, a snapshot of the video, a binarized version of the snapshot, the bubble size obtained
from the binarized data, the number of moles in the bubble calculated from the bubble size (the total
value if there are multiple bubbles), and the current value was calculated by differentiating this
approximation curve with respect to time. This allowed us to obtain a Tafel plot that shows the
relationship between the logarithm of the current and the potential. The slope of the Tafel plot is
important as an index of electrochemical activity and as an index of the reaction mechanism, so I
also calculated it. The electron transfer reaction at the electrode can be described by considering the
potential dependence of the rate constant, and the current value increases with exp against the
overpotential. In this result, if the change in the number of moles on the nanostructure surface
depends on electron transfer, the amount of change is considered to be exp with respect to the
potential. In fact, the plot of the number of moles in the center of Fig. 4.1c can be divided into three

regions. (i) The initial region where bubble nucleation does not cause bubble growth and remains
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flat. Here, the surface energy and (ii) the middle region where the number of moles change to exp
according to the theory of bubble nucleation. (iii) The late region where physical phenomena other
than electron transfer reactions occur, such as bubble association, diffusion of hydrogen molecules,
interfacial energy due to large bubble size, solution removal due to increased bubble size, and
convection. In this case, it follows exp in the middle region. In this case, since it follows exp in the
middle region, an approximation curve was drawn in this region (about 20-40 mV) using the

following formula.

n [mol] = n, + Aexp (— E ;E()) (28)

4.3 Results and discussion

The image analysis results of Fig. 4.1c were performed for each metal nanostructure, and the
results are summarized as current-potential curves in Fig. 4.2. Each number indicates the DO ratio.
In addition, letters such as Al in the graph indicate each metal nanostructure (structures where no

bubbles were generated during video recording or where image analysis was impossible have been
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excluded). Furthermore, the left and right black lines in all graphs are the results for Ag plate and Pt
plate with 0% isotope mixing ratio, respectively. It has long been known that H,O and D,O show
different reactivity in electrochemical HER on a flat electrode.® However, this is simply because the
overpotential is larger because additional energy is required for the reaction of D,O compared to the
reaction of H>0.1 In other words, the current-potential curve simply shifts in the potential direction.
When HER occurs with an isotope mixed solution on a normal electrode, the activity decreases in
the order of 0% > 10% > 90% > 100%. First, the 1-V curves vary depending on the metal
nanostructure, and it is clear that there is a difference in activity depending on the metal nanostructure.
It is also clear that the activity is greater in all metal nanostructures compared to the Ag Plate. This
is true not only for the 0% result, but also for 100%. It can be said that the modulation of activity
due to the metal nanostructure is greater than the modulation of activity due to the isotope. For
example, in terms of energy, the energy change due to the strong binding state with the metal
nanostructure is greater than the energy difference of the zero-point energy of the isotope. Compared
to a normal electrode, the electrode using this metal nanostructure shows a different order of activity
for each metal nanostructure under each isotope mixing condition. For example, the five most active
structures are C2>B2>A1>C1>D2 at 0%, D2>C2>C3>E2>D3 at 10%, C2>B3>C3>D4>C4 at 90%,
and B2>A2>C2>B3>A4 at 100%. The reason for this change in order is thought to be that the
molecules, intermediates, or transition states that resonate with the metal nanostructure are different.
At present, it is unclear which state is resonating, but we can make some assumptions about this, as

I will explain next.

Microkinetic modeling under strong cavity coupling

Microkinetic modeling is useful for understanding multiple proton-coupled electron transfer
reactions.!" We used it to study the impact of strong coupling on the hydrogen evolution reaction.
Case 1 : hydrogen evolution reaction without strong coupling

The half reactions for hydrogen evolution from metal M under basic or neutral conditions are

M+HO+e — M-H+OH" (29)
M-H+H,O+e¢ - M+ H,+OH" (30)
M-H —- M+ 0.5 H, (31

The metal surface can react with water molecules to produce surface-adsorbed hydrogen, M—H
(Volmer step; Eq. 29). Surface-adsorbed hydrogen can react with water molecules to produce H>
(Heyrovsky step; Eq. 30) or recombine to produce H» (Tafel step; Eq. 31). In general, the kinetic

constants for the forward (kr) and backward (k) processes of the adsorption reaction can be written

F(E-E
ke = k®exp |- LEE) (32)
1-a)F(E—E
ky, = KOexp [L-0EE-E0)] (33)
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where the abbreviations are defined as follows: k°, kinetic constant for exchange reaction; a,
symmetry factor; E, electrochemical potential; Eo, equilibrium potential; R, ideal gas constant. The
forward and backward reactions of reversible single electron transfer are described by the Butler—

Volmer equation

i=Js {exp[ omF(E EO)] [(1—(1);";E—E0)]}, (34)

where j is the current density, jo is the exchange current density, and » is the number of electrons
involved in the electrode reaction. When the surface adsorption reaction is at equilibrium, the surface
coverage, 6, of hydrogen is given by

KCHZOexp[ FE- EO)]

(E EO)] > (35)

RT

- 1+KCH20exp[
where Chyo is the concentration of water and K is the equilibrium constant.

The reaction kinetics of the Volmer, Heyrovsky, and Tafel steps can be calculated using
microkinetic modeling. Since the Volmer and Heyrovsky steps are electrochemical reactions, the
corresponding kinetic constants should be dependent on the electrochemical potential (Egs. 32 and
33). Being a chemical reaction, the kinetic constant of the Tafel step does not on the electrochemical
potential, but the surface coverage does. The reaction kinetics for the Volmer (7v), Heyrovsky (rn),

and Tafel (rr) steps are given by

k{}CHzoexp[ M}
1y = kyCyzo(1—6) = T KCroex] F(};'TEO)] (36)

k]?[KCEquXp [_(1+ll)F(E—E0)

F(g—TEO)] (3 7)

RT

1y = kyCy00 =
H H™H20 1+KCyyoexp [—

Keizoexp|-"E-E0)] }

(38)

(E— Eo)

rr = kng = kT{

1+KCH20eXp[—
where kv, ku, and kt are the reaction kinetic constants for the Volmer, Heyrovsky, and Tafel steps,
respectively, and kv°, and kn®, and k10 are the corresponding exchange reaction kinetic constants.

Under the strong coupling conditions, the rate of the kinetic rate can be expressed as following.

2m (—AGy—2)? (—AGy—A-hw¢)?

ke = {|HDA|26XP [— W] + |Evac - tipal?exp [— W]} (39)

4TTAKgT

Where abbreviation are represented as following, respectively : 4 : Dirac constant, 4 : reorganization

energy, kg : Boltzmann constant, 7 : absolute temperature, H : Electronic coupling matrix, AGo (=
—nFn) : free energy differences, n : overpotential, Evac (= /%) : vacuum electric field strength,
0

e : elementary charge, w. : cavity frequency, €o: vacuum dielectric constant : transition dipole

moment.
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Under the strong coupling condition, the reaction kinetic constants for the forward (kgs.) and

backward (kosc) processes can be written (hayashi)

2aF(E—Eq)
kf,sc = kf,sc,OeXp [_ %] (40)

(2-2Q)FE
kb,sc = kb,sc,OeXp [%:Ia (41)

where kfsc,0 and kb sc0 are the kinetic constants for the forward and backward reactions, respectively,
under strong coupling. By utilizing the microkinetic description, multiple electron transfer reactions
can understood using hydrogen evolution as a model reaction.
Case 2: strong coupling with the surface electronic species

In the case of coupling with M, Eq. 40 can be used for the microkinetic modeling. The equilibrium
between the forward and backward reactions can be expressed as K¢s.Chao(1—0) = k6.

Therefore, the surface coverage can be written

1+a)F(E-E
_ KCupoexp _(LOF(E-Fo) a)R(T 0)] (42)
1+KCH20exp[—i(ua);f_%) )

We assume that the forward reaction step (adsorption of hydrogen) can be modified by strong cavity

coupling. Therefore, rate equations can be written
F(E-E,
k\(}CHzoeXp[—iza (RT 0)]
—_(A+®)F(E-Eg (43)
RT

V,sc V,sc HZO( ) 1+KCH20exp[

1+2a)F(E-E
k‘OyI(Clzlzoexp[—i( 2Ll o)
(1+a)F(E—E0)] ( )

RT

Ty se = kuC =
H,sc HY“H20 1+KCH20exp[—

KChzo€xp|— RT

—_(A+®)F(E-Eg)
RT

(1+a)F(E—E0)] 2
} (45)

Trsc = kr0® = kr {1+KCH20eXp[
Case 3: strong coupling with the surface-adsorbed species

In the case of coupling with the M—H, Eq. 41 can be used for the microkinetic modeling. The
equilibrium between the forward and backward reactions can be expressed as kiCp,o(1—0) =

ky,sc0. Therefore, the surface coverage can be written

—a)F(E-E
_ KCupoexp| -2 E=E0)) (46)
1+KCH20exp[—i(z_“):f_%) )

We assume that the backward reaction step (desorption of hydrogen) can be modified by strong

cavity coupling. Therefore, each rate equation can be expressed as the following equations.

F(E-E
k\(}CHzoexp[—%}

rv = kyC 1-6)= — 47
\% \% HZO( ) 1+KCH20eXp[—(2 a);;E EQ)] ( )
ke (o g KK Chyoexp[ L5 48)
H H,sc~*H20 1+K Crip0exp _(Z—a);;E—EO)]
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2—-a)F(E-E 2
=k 92 —k Kanoexp[—i( a)R; o) (49)
T T T 1+KCHzoeXp[—(2_a)£(TE_E°)

Case 4: strong coupling with both M and M-H
In the case of coupling with both M and M—H species, Eqs. 40 and 41 can be used for the
microkinetic modeling. The equilibrium between the forward and backward reactions can be

expressed as kgscChpo(1 — 0) = ky, 5.0. Therefore, the surface coverage can be written

_ KCHzoexp[——ZF(i;EO) (50)
1+KCH20exp[—@] ’

We assume that both forward and backward reaction steps (adsorption and desorption of hydrogen)

can be modified by strong cavity coupling. Therefore, the rate equations can be written

k\(}CHzoeXp[—izaF(E_EO)]
Ty = kyCyzo(1—6) = P ED (51)
1+KCH20exp[—T]
i = ke iz = —iCizoel = ] (52)
H H,sc“H20 1+KCH20eXP[—(Z_a)Z(TE_EO)]
2F(E-Eg)] \2
1y = ey = ey |~z ] (53)
T T T 2F(E-Eq)
1+KCH20exp[—T]

By considering all three cases, Tafel behavior can be described as follows. In every case, onset of
Tafel behavior occurs at potentials close to the hydrogen adsorption potential, Eo. Therefore, Tafel
behavior can be explained by considering either the low- or high-overpotential regions. In all the
cases the high-overpotential region for the Volmer step is not considered because it generally applies
to the adsorption process, and therefore a high hydrogen surface coverage disturbs the hydrogen
adsorption kinetics. A summary of the Tafel slope for Cases 1-4 is shown in Table 1. In general, the
Tafel slopes are smaller than those usually obtained for the hydrogen evolution reaction system. This
is intriguing because a small Tafel slope requires a small overpotential to achieve a high catalytic
current density during the electrochemical reaction.

Table 1. Summary of the Tafel slope (mV/decade) for Cases 1-4.

Volmer Heryrovsky Heryrovsky Tafel Tafel

Low Low 7 High # Low 7 High 5
Case 1 120 40 120 30 0
Case 2 60 60 120 20 ©
Case 3 120 30 120 20 0
Case 4 60 30 120 15 0
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As mentioned above, when comparing heavy water mixing ratios in a normal electrode, the activity
is 09%>10%>90%>100%. In comparison, when comparing the curves with the highest activity for
each isotope mixing ratio in Fig. 4.2, the order is 90%>0%>10%>100%. This is thought to be due
to the hydrogen bond network structure between the water molecules at the interface as shown in
Fig. 4.2 At 0% and 100, there is 100% H>O and 100% D0, so without thinking too hard about it,
the network of water molecules on the surface is as shown in Fig. On the other hand, at 10% and
90%, the following equilibrium is established, so it is no longer just H.O and D-0.

H,0 4+ D,0 s 2HDO (54)

This equilibrium constant is 4,2 so in a 10% solution, the actual ratios of H-O, D0, and HDO are
81% H,0, 18% HDO, and 1% D0, respectively. In contrast, in a 90% solution, the opposite occurs,
with 1% H,0, 18% HDO, and 81% D0. Let us consider how HDO molecules form a hydrogen
bond network in this case. As a premise, the bond energies of H-O and D-O bonds are different, and
the molecular vibrations are also different.1314 This has long been known in spectroscopy. From this,
it is expected that the hydrogen bonds of H-O...H and D-O...D will be symmetrical and very strong.
In contrast, the hydrogen bonds of H-O...D or D-O...H are expected to be weak and not symmetrical.
In other words, it is thought that H-O...D or D-O...H are difficult to form in a hydrogen bond
network. In other words, it is thought that H-O...H and D-O...D will be formed in the bulk, and the
parts that cannot participate in the hydrogen bonds at the interface will face outward.® This is shown
diagrammatically in Fig. 4.4 at 10% and 90%. In other words, at 10%, the macroscopic ratio is 81%
H>0, 18% HDO, and 1% D0, but in the bulk, H>O and HDO form a hydrogen bond network like
H-O...H, with the D of HDO facing outward. In this system, this outward ratio is considered to be
the interface between the water and the electrode. Conversely, at 90%, the bulk, DO and HDO form
hydrogen bonds like D-O---D, with the H facing the water and electrode interface. From the above,
it is not the case that the presence ratio of the solution at the interface in a specific metal nanostructure
is simply due to equilibrium. The reason why the activity of 10% and 90% is switched is thought to
be because D reacts at 10% and H reacts at 90%. It is thought that the reaction of H or D in each
nanostructure can be distinguished by which curve it is on in Fig. 4.3b. However, it is unclear why
this happens in the metal nanostructure. At present, it is thought that the enhanced electric field near
the metal nanostructure acts to fix the orientation of the hydrogen bond network rather than
randomize it.

Fig. 4.3a shows the reflection spectrum by FDTD for each metal nanostructure, and in this case,
the wavelength at which this spectrum has a minimum value is considered to be the resonance peak
of each metal nanostructure.®? (b) shows the resonance peak on the horizontal axis and the isotope
mixing ratio and overvoltage of the metal nanostructure on the vertical axis. This overvoltage
indicates the potential when it becomes 1 mA in Fig. 4.2. In other words, it lists the optical

information and electrochemical activity of the metal nanostructure. As a characteristic, if | first
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Figure 4.4 Schematic image of water molecule near the nanostructured electrode. In 0% and 100% water molecules
have 100% H20 and D20 respectively. So that, hydrogen bonds consist of HO-H and DO-D respectively. On the other
hand, in 10% and 90% water molecules have 1% D20, 81% H20, 18% HDO and 1% H20, 81% D-0, 18% HDO,
respectively.

discuss the 100% results, fitting the Lorentzian function with the exception of the D3 structure
produces a curve like the red dotted line. Since the results other than D3 show a tendency along this
curve, it can be inferred that this optical property reflects the activity of the metal nanostructure, and
the wavelength of the peak top is about 1.2 eV. The same fitting curve is also drawn as a red dotted
line for 0%, 10%, and 90%. In particular, at 10%, many of the results follow this red dotted line,
except for structures A3 and A4. Considering the results of the 100% heavy water mixture ratio, |
believe that D is reacting in these structures. The black dotted line is a fitting of a different Lorentzian
function to the results in the upper left corner of 10%, excluding the points along the red dotted line.
Considering the situation, | believe that H is reacting in these structures. The same curve is also
drawn in other graphs. From this, | can infer that metal nanostructures react with H or D at 10% and
90%, respectively. Furthermore, there were many more points of higher activity at 0% and 90% than
the curve reacting with H. Since this is only for H and not D, | believe that the reaction has been
further accelerated and progressed due to quantum tunneling. Since optical properties are not related
to quantum tunneling, the peak is the same as that of H, as in the previous discussion.

Finally, when comparing these metal nanostructures, it was found that the structure C2 showed
relatively high activity regardless of the isotope mixing ratio, so this structure was fabricated on a
GC at a scale of 1 mm x 1 mm and its electrochemical properties were compared. Fig. 4.5 shows the
results, with the blue and red lines indicating Ag and Ag plate deposited on a GC, respectively. It

can be seen that these two electrodes draw almost similar curves. It was confirmed that the Ag film
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peeled off from the GC during HER. As a result, a strange 1-V curve was obtained at around —1.5 V.
In comparison, the large-area metal nanostructure electrode C2 has a better rise potential and

2

Depc|>sited-Alg [ GC

o
-

1
—
I

bulk-Ag

N N
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E-iR / V vs. Ag/AgCI

Figure 4.5. LSV for nanostructured (C2) electrode, deposited Ag and Ag plate as a working electrode in 0.25 M
Na2SOsaq and utilizing Pt black and Ag/AgCl electrode as counter and reference electrode respectively. Black, red and
blue curve indicate I-V curve of nanostructured electrode, Ag plate and deposited Ag electrode respectively.

Current density / mA cm
&

subsequent current value than the other two. It was found that there was a difference of about 0.2 V
in the overvoltage required to reach 2 mA cm™2, and it was found that the activity was improved by
nanostructuring even in the large-area electrochemical measurement. From this, it was confirmed
that the HER activity was improved by nanostructuring in the electrochemical measurement. In
addition, it was confirmed that the metal nanostructure was not destroyed when observing the
electrode after HER, suggesting the possibility of high durability.

4.4 Conclusions

The bubble observation confirmed that the activity of the metal nanostructured electrode was
different from that of the bulk electrode, and that the metal nanostructure was more active. Further
detailed analysis revealed that the HER activity differed depending on the isotope mixing ratio of
the metal nanostructure, and when comparing the optical properties of the metal nanostructure with
those of the metal nanostructure, it was possible to infer that there was a peak in the reactivity. It is
particularly important that the peaks are different when H reacts and when D reacts, which
suggests that the reactivity of H and D can be controlled by adjusting the optical mode. In addition,
the hydrogen bond network in the vicinity of the metal nanostructure is different from that of the
bulk electrode, and it is thought that hydrogen bonds via both H and D are less likely to form,
which is thought to be the cause of the anomalous isotope effect. Finally, when a metal
nanostructured electrode with a large area of 1 mm x 1 mm was fabricated and electrochemical
measurements were performed, it was confirmed that it was more active than the bulk electrode,
and the overpotential was reduced by 0.2 V @ 2mA cm™.
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5 General Conclusions

In this doctoral thesis, in electrochemical reactions driven under polariton states, I revealed that
the reaction was efficiently promoted compared to bulk electrodes. To investigate it I fabricated the
nanostructured electrodes controlling optical mode, and I achieved to construct the method to
evaluate activity from micrometer scaled experiments. I discovered the distinct difference of
activity depending on coupling between reaction intermediates and optical modes of
nanostructures. The difference includes overpotential, efficiency and selectivity. Notably, I
experimentally confirmed that controlling nanostructures modulates reactivity under polariton
states.

In Chapter 1, I introduced the fundamental difficulty in improving activity in HER by developing
normal catalysts, and then showed that a breakthrough could be achieved by utilizing the
interaction between the optical mode and HER using a metal nanostructure to overcome this
difficulty.

In Chapter 2, I constructed a plasmon-induced HER system in which a metal nanostructure is
supported on a p-type semiconductor. As a result of investigating the pH dependence, I obtained
results showing that the activity was highest under neutral conditions. Considering this result, it is
possible that plasmon-induced HER promotes reactions involving H>O more than reactions
involving H*. This clarified the characteristics of plasmon-induced HER, and I promoted the
progress of plasmon-induced chemical reactions using p-type semiconductors, which had been
rarely reported.

In Chapter 3, we developed a new method to observe bubble formation and growth during
electrochemical HER as a new activity evaluation method, instead of using a current-potential
curve that measures the electrochemical activity of the entire electrode. This method successfully
calculated Tafel slopes of 120 and 30 mV dec ™', respectively, from experiments using Ag and Pt
bulk metal electrodes, values that have long been known in electrochemistry, and the validity of
this method was discussed. It was also found that only a small amount of electron transfer was
reflected in the early stages of bubble formation, and knowledge was gained about the region in
which this electron transfer controls bubble growth.

In Chapter 4, we used the method developed in Chapter 3 to simultaneously observe the HER in
multiple types of metal nanostructures on the same substrate, analyzed the images of each, and
calculated the activity of each. It was found that the HER activity differed depending on the metal
nanostructure and the isotope mixing ratio. A correlation was found between these results and the
optical properties of each metal nanostructure calculated by FDTD. It was also suggested that
different optical modes may resonate with the reactions of H and D. On the other hand, unlike bulk
electrodes, the hydrogen bond network near the interface in metal nanostructured electrodes is

different, suggesting the possibility that H-O is more likely to form a hydrogen bond network with
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H and D-O is more likely to form a hydrogen bond network with D. This suggests that the
chemical reaction coupled to the optical mode is influenced not only by the interface but also by
the vicinity of the interface.

Through this doctoral thesis, introducing quantum effects, namely polariton states, into chemical
reactions enable to design catalysis which affects a specific elementary step in reactions. This has
not been able to be achieved based on many approaches so far in material science fields. It is also
possible to promote multi-electron transfer reactions by modulating only the rate determining step.
The novelty of this finding is that it is not needed to change catalysis materials depending on the
reaction substrate, instead, it can be achieved by only preparing reaction field showing quantum
effect interactions with molecules to form polariton states. Therefore, utilizing polariton states
could be a novel key approach to control various chemical reaction including electron transfer
processes and achieve great reaction efficiency through quantum effects, which open a new

possibility for quantum electrochemistry.
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