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To investigate the nature of the characteristic properties (especially the wide potential window and the low back-
ground current) of boron-doped diamond electrodes, we discuss electric field effects on the electron transfer process be-
tween the diamond surface and a proton based on density functional theory (DFT) and Anderson—Newns Hamiltonian
analysis. All of the necessary data for this analysis were obtained by a “finite-field DFT method” at the level of B3LYP/
6-31G and natural bond orbital analysis (NBO). The diamond and graphite electrode surfaces were modeled by corre-
sponding clusters. We investigated the differences in the electric-field response of the density of states (DOS) peak of the
proton 1s orbital and the number of electrons on the proton for the cases of a diamond cluster and a graphite cluster.
These differences are attributable to the differences in the overlap between the proton 1s orbital and the surface orbitals.
We discuss the relationship between this electric-field effect on the DOS peak, critical points of the Q-<n> curve and two
characteristic properties of diamond electrodes, that is, low background currents and wide potential windows.

Boron-doped diamond is one of the most attractive and ap-
plicable electrode materials because of its chemical stability,
high thermal conductivity, low background current (low capac-
itance), high rate of electron transfer in electrochemical reac-
tions and very high overpotentials for both hydrogen and oxy-
gen evolution in aqueous electrolytes (wide potential window).
Many investigations of these characteristic properties of bo-
ron-doped diamond electrodes have been published,'™'® and re-
markable progress has recently been made in the application of
boron-doped diamond electrodes.'”"?

According to recent experimental studies,”’ the width of the
potential window of boron-doped diamond electrodes is 3.5 V
in 0.1 M H,SOy,, as opposed to 2.8 V for glassy carbon and 2.2
V for the HOPG (Highly Oriented Pyrolytic Graphite) basal
plane in 0.1 M H,SO,. These differences are attributable to the
electronic structure of each electrode surface. That is, the sur-
face of carbon-based electrodes other than diamond electrodes
is basically a m-orbital system, whereas the diamond electrode
surface consists of sp3 carbons, which results in weak interac-
tions between the diamond surface and adsorbates. Generally,
both hydrogen and oxygen evolution in aqueous electrolytes
consist of multi-step reactions involving adsorption processes
on the electrode surfaces. One therefore would expect that
higher overpotentials are necessary for hydrogen and oxygen
evolution in the vicinity of electrode surfaces that interact
weakly with adsorbates, such as diamond electrodes. Howev-
er, the origin of the wide potential window of boron-doped dia-

mond electrodes still remains to be discovered. Their electron-
ic properties, such as the wide potential window, high rate of
electron transfer and low capacitance, have also been ex-
plained only intuitively. It is necessary to investigate these
problems in more detail and to make further analytical
progress in the application of boron-doped electrodes, as well
as to understand their properties.

With regard to recent theoretical approaches to diamond
electrodes, Anderson and Kang® investigated hydrogen evolu-
tion on a diamond cathode surface by using ab initio calcula-
tions, with the assumption that the mechanism H"(aq) + C—
H(diamond surface) + ¢~ — H, + Cgca(diamond surface) is
the hydrogen evolution mechanism. They modeled a diamond
cathode surface and H" (aq) by alkane molecules (methane and
isobutane) and H;O™, respectively. A cathode was represented
by placing a donor molecule in the system 10 A away from the
alkane molecule. According to their calculations, electron
transfer in hydrogen evolution on the diamond cathode surface
is expected to occur simultaneously with a transition state.
The calculations show that the activation energy decreases as
the potential becomes more negative. With regard to carbon
radicals formed in the surface after hydrogen evolution, the au-
thors suggested that C—H bonds on the diamond surface should
be formed again by discharging H*(aq) on the carbon radicals.
In their study, the interaction between the C—H bond (diamond
surface) and the O—H bond (oxonium ion) is assumed as the
initial state of hydrogen evolution on the diamond cathode sur-
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Models of the carbon-based electrode surface: (a) a model cluster for the non-doped diamond electrode surface; and (b) a

model cluster for the graphite electrode surface. R represents the distance between the proton and the surface.

face. However, such an interaction is very weak and it is still
unclear whether this interaction is able to play a role as the ini-
tial stage of the hydrogen evolution in solution, where thermal
motion is vigorous.

In this study, in order to understand the microscopic origin
of the wide potential window and low background current of
diamond electrodes, we study the electron transfer between a
proton and carbon-based electrodes (diamond and graphite
electrodes), instead of investigating directly the process of hy-
drogen and oxygen evolution. The effect of the thermal mo-
tion of solvent molecules was taken into account by adopting a
thermo-bath model. With regard to the basic electronic struc-
ture of our model systems, we performed first-principle calcu-
lations by using density functional theory (DFT). As a repre-
sentation of the electrodes, we applied a uniform electric field
to our model systems, and we investigated the electric-field ef-
fect on the electron transfer between a proton and carbon-
based electrodes. Finally we strove to understand the nature of
the electronic properties of boron-doped diamond electrodes,
especially their low background current and wide potential
window.

Method

1. Calculation Models. In this study, we did not take the
structure of the solution directly into account, but we approxi-
mated the overall electrostatic effects that result from both the
structure of the solution in the vicinity of electrodes and the
configuration of the electrode surface by a uniform electric
field. However, the structure and orientation of adsorbates at
interfaces may reflect the microscopic structure of the electric
field (EF). Therefore, it is necessary to note that our model
calculation is the “first step” in the investigation of the EF ef-
fects on the electron-transfer process at electrodes.

Diamond and graphite electrode surfaces have been mod-
eled based on C3sH44 and C;,Hy clusters, respectively (Fig. 1).
For diamond surfaces, two types of surface-forms, hydrogenat-
ed and oxygenated, are well-known. In this study, we adopted
the hydrogenated surface-form as a model of diamond elec-
trode surfaces to simplify our theoretical analysis. The nearest
C—C distances in the diamond and graphite electrode model
clusters are fixed at 1.54 A and 1.42 A, respectively. The C—H

distances in the diamond and graphite clusters are fixed at 1.07
A and 1.09 A, respectively. In the actual boron-doped dia-
mond electrodes, the concentration of boron atoms is about
10?! cm ™3, which corresponds to the density of one boron atom
per 100—1000 carbon atoms. However, to investigate the ef-
fects of doping boron atoms on the electronic structure of the
diamond cluster, we have used a diamond cluster containing
four boron atoms inside the cluster. In this boron-doped dia-
mond cluster, we assume that the doped boron atoms are not
segregated on the diamond electrode surface. Although this
population of boron atoms in our model is rather high in com-
parison with that in a realistic case, it is necessary to use a high
population to clarify the effect of boron doping. For the graph-
ite cluster, the distance between the first and second layer is
fixed at 3.01 A. We have adopted a proton as an adsorbate and
assumed reduction of the proton in the vicinity of the elec-
trodes in our models. According to our preliminary calcula-
tions, the interaction between the proton and the diamond
(graphite) cluster was obtained to be largest at the C—H top (6-
fold hollow) site. We therefore concentrate our study on these
interaction sites.

In our DFT calculations, we have used the B3LYP/6-31G
method, which uses a Becke-style 3-parameter DFT,* the
Lee—Yang—Parr correlation functional.”> Polarization func-
tions were added to the basis set of hydrogen atoms. We used
a Hamiltonian, as shown in Eq. 1, to obtain Kohn—-Sham self-
consistent field solutions of the electronic wave func_t)ions. The
Hamiltonian, in the presence of the electric field, F, is given
by

H(F) = HQO) + ¢F-Yr, — eF-SOR; (1
14 J

where H (6) is the field-free Hamiltonian, Q; is the charge on
the atomic nuclei, and r; and R; are electron and nuclear coordi-
nates, respectively. The second term denotes interactions be-
tween the electric field and electrons, and the third term repre-
sents interactions between the field and atomic nuclei. This
scheme may be called the “finite-field DFT method”. This
electric-field Hamiltonian has been widely used for HF-SCF
calculations.** The finite electric field is in a direction that is
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normal to the surface, and the magnitude that we have adopted
is 0.01 au, which correspond to 5.14 X 107 V/m. The sign of
the electric field is chosen so that a positive sign induces a neg-
ative charge on the adsorbates (Fig. 1). In the case of EF <0,
the model clusters correspond to a cathode electrode, and in
this study we imposed an electric field having this direction to
study the reduction of a proton in the vicinity of the electrode.

To investigate donor—acceptor interactions between the or-
bitals of the proton and the electrode and to obtain their over-
lap integrals, we carried out an NBO (Natural Bond Orbital)
analysis.***> The purpose of obtaining overlap integrals is to
estimate the coupling constants, which are necessary in carry-
ing out the Anderson—Newns Hamiltonian analysis as men-
tioned in the next section. We will explain and discuss the cou-
pling constants in the next section in detail. All first-principle
calculations and NBO analyses were carried out using the
Gaussian94 and Gaussian98 program packages.*

2. Anderson—-Newns Hamiltonian Analysis. For the
purpose of studying the electron transfer process between a
proton and the carbon electrodes, we have analyzed our model
systems with an Anderson—-Newns Hamiltonian using the DFT
electronic properties of the system. The application of Ander-
son—Newns Hamiltonian analysis to electrode surfaces has
been advanced by Schmickler et al.>’** Then Sebastian** sug-
gested an Anderson—Newns Hamiltonian analysis containing
the effects of electron-hole excitations in metal electrodes.
Voth et al.*>* and Nozik et al.>*> developed a hybrid method
of Anderson—Newns Hamiltonian analysis and computer simu-
lations to investigate electron transfers at various surface-lig-
uid interface systems.

The Anderson-Newns Hamiltonian** is

H = H(’(Q) + H:olv (2)

where H,(Q) and Hy,, are the electronic part of the system, an
adsorbate and an electrode surface, and the solvent part, re-
spectively. In this model, the solvent is represented as a collec-
tion of harmonic oscillators,

1
H:o[v = 25(1’3 + wtzqtz) (3)
where p,, ¢, and , are the vth oscillator’s momentum, position
and frequency, respectively. The electronic part H,(Q) is a
function of Q and the system interacts with the solvent system
through this general solvent coordinate Q,

0 = ;C\’CIV 4)
where C, are constants. H,(Q) is given by

H(' (Q) = e(lna + Qna
+ %(eknk + Vactacr + Vigchre,) 5)

where g, stands for the energy of orbital |a) on the adsorbate,
& stands for the energy of orbital |k) on the electrode, ¢ and ¢*
are annihilation and creation operators, n is the occupation
number operator, and V is the coupling constant representing
the interaction between |a) and |k), respectively. In the Hamil-
tonian (5), the interaction between the adsorbate and the ther-
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mal motion of the solvent is represented by the term Qn, and
the electronic exchange interactions between the adsorbate and
electrode are expressed by the terms V¢ ,c; and Ve ic,. In
this study, we have adopted a proton as an adsorbate and treat-
ed just one electron, so we have not taken account of the spin
of the electrons.

In order to obtain several important physical quantities, it is
useful to derive the density of states (DOS) of the electronic
state on the adsorbate. By using Green’s function, one can ob-
tain the DOS of the electronic state on the adsorbate p, as a
function of the electron energy level @ and the general solvent
coordinate Q,** that is

A(w)

pa(w’Q) = 7[{(60 — ¢, — Q _ H(w))Z + A(w)Z} (6)
where
Aw) = 73 Vuld( — &) @)
R - A)
I(w) = —| principal value [~ ———da' | 8)
T o — O

Generally, A and IT are treated as parameters. However, in our
approach, we have used a Lorenz function with a relatively
narrow width as a substitute for the 6 function in (7) and have
succeeded in treating A and IT as functions of @. The coupling
constants V. have been estimated by using a Wolfsberg—Helm-
holz approximation, which is given by

Va = S KSulex + &) ©

where S, stands for the overlap integral between |a) and |k),
and K is a positive constant (> 1.0 in the case of dealing with
most hydrocarbon molecules), which is assumed to be 1.0 in
our study. The overlap integrals have been calculated by carry-
ing out the NBO analysis. In this analysis, canonical molecu-
lar orbitals and Kohn—Sham orbitals obtained by electronic
state calculations are localized based on the NBO theory to be
changed to NBO, and one can investigate donor—acceptor in-
teractions between NBOs in the system.

As one of the most important physical quantities obtained
from the DOS, p,(Q), we have calculated the expectation value
for the number of electrons on the adsorbate (n,(Q)). This can
be calculated numerically:

(n,(Q)) = [ pu(@.Q)dw (10)

where & is the Fermi energy of the electrode. We have adopt-
ed the HOMO of the clusters as the Fermi energy in (10).

In our study, based on the method discussed above, we have
analyzed the DOS and the number of electrons on the adsor-
bate and the changes effected by the solvent thermal motion
and by an imposed electric field to investigate the difference
between the properties of boron-doped diamond electrodes and
graphite electrodes.

Results and Discussions

1. DFT Calculations. In this section, we pay attention to
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Fig. 2. DOS for the proton 1s orbital p,(w, QO = 0) interacting with model clusters: (a) the non-doped diamond cluster (R = 1.5, 2.0
and 2.5 A); (b) the boron-doped diamond cluster (R = 1.5, 2.0 and 2.5 A); and (c) the graphite cluster (R = 2.0, 2.5 and 3.0 A).

the HOMO-LUMO gaps. Qualitatively speaking, the HOMO-
LUMO gap of cluster-modeled electrodes can be used to esti-
mate band-gaps of the corresponding real electrode. The
HOMO-LUMO gap of our graphite cluster is calculated to be
79.4 kcal/mol, only 0.7 kcal/mol larger than the well-known
experimental value of the band-gap of graphite. In the cases of
non-doped diamond and boron-doped diamond clusters, the
gap is 184.3 kcal/mol and 16.5 kcal/mol, respectively, where
this reduction of the HOMO-LUMO gap is caused by the low-
ering of the energy level of the LUMO induced by the empty p
orbitals of doped boron atoms. This may explain the high con-
ductivity of boron-doped diamond electrodes. However, the
experimentally known band-gap of non-doped diamond is ap-
proximately 125.5 kcal/mol and the energy gap of boron-
doped diamond between the acceptor level and the valence
band is approximately 8.1 kcal/mol. It may be objected that
our clusters are too small to reproduce the band-gap of real
electrodes. However, the band-gap is related to the conductivi-
ty of the electrode, and it may be thought that the electrochem-
ical phenomena in the vicinity of electrode surfaces are mainly
affected by the electronic structures of the electrode surfaces.
Therefore, in the next section, we will discuss the results ob-
tained from Anderson—-Newns Hamiltonian analysis based on

these cluster models.

With regard to the interaction distance between the proton
and the surfaces, a strong interaction between the surface and
the proton appeared at the surface—proton distance d = 2.0 A
and 1.5 A, respectively, for the diamond cluster and for the
graphite cluster. This difference will be taken into account in
the discussion on the changes of the DOS of the proton orbital
in Sec. 2-1.

2. Anderson-Newns Hamiltonian Analysis. 2-1. DOS
of Proton Orbital Adsorbed on Carbon-Based Electrodes:
Figure 2 shows the DOS of the proton orbital p,(@, Q = 0) as a
function of the proton-surface distance. According to NBO
analysis, in the case of the diamond cluster (Figs. 2a and b),
the DOS peak results from the interaction between the ¢ _y or-
bitals of the surface and the proton orbital, while in the case of
the graphite electrode (Fig. 2b), the DOS peak is attributable to
the interaction with the mc_c orbitals of the surface. No other
DOS peaks are found, and this shows that the proton interacts
mainly with the orbitals of the first layer of the cluster.

First, we will discuss the effect of boron atoms doped in the
diamond cluster on the DOS of the proton orbital. According
to Figs. 2a and b, the boron doping shifts the positions of the
DOS peaks and there are only small effects on the shapes of
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Fig. 3. DOS for the proton 1s orbital p,(®, Q = 0) interacting with model clusters under EF = 0 and EF < 0: (a) the non-doped
diamond cluster (R = 2.0 A); and (b) the graphite cluster (R = 2.0 A).

the DOS. These results indicate that boron doping in the dia-
mond electrode does not have a direct effect on the interaction
between the surface and adsorbates, and that the important fac-
tor affecting the interaction may be the electronic structure of
the electrode surface. In the following, we will compare the
non-doped diamond cluster and the graphite cluster.

According to Fig. 2, the shorter the proton—surface distance
R, the greater the width of the DOS spectra becomes. For the
diamond electrode model, the position of the DOS peak shifts
toward a high energy level as the adsorbate—surface distance
becomes shorter. With regard to the graphite electrode model,
however, the change of the position of the DOS peak is irregu-
lar, in contrast to the case of the diamond electrode model.
According to our DFT calculations, when the proton and the
graphite cluster interact around R = 1.5-2.5 A, almost one
electron transfers from the graphite cluster to the proton, and
the proton takes not a cationic but a hydrogen-like form be-
cause of the strong interaction between the proton and the
graphite surface. This drastic change in the electronic struc-
ture of the proton—graphite cluster interaction system around R
= 1.5-2.5 A is considered to produce the lack of correlation
between R and the position of the DOS peak.

In Fig. 3, the changes of the DOS of the proton orbital p,(w,
QO = 0) by the direction of the electric field for each cluster are
shown. The adsorption distance is fixed at 2.0 A for both the
diamond and the graphite clusters. In the case of the diamond
cluster, this distance, 2.0 A, corresponds to the strongest inter-
action distance between the surface and the proton. On the
other hand, the strongest interaction distance between the
graphite surface and the proton was obtained at 1.5 A, as men-
tioned in Sec. 1. In this case, however, the proton 1s orbital is
united with the graphite surface orbitals because of the strong
interaction between those orbitals, and we were not able to ob-
tain the overlap integral between the graphite surface and the
proton. Therefore, in this section, we adopted 2.0 A as the pro-
ton—graphite interaction distance. The position of the DOS
peak for the graphite surface shifts significantly on imposing a
negative electric field (see Fig. 3b). On the other hand, the
change of the DOS peak for the diamond cluster is less sensi-

'-..lPa

AEg,
0a (&)

¢surf (Esurf )

Agsurf
.Ijsurf

Fig. 4. Diagram for the energy-level shifts of two orbitals ¢,
and ¢y, interacting with each other. ¢, and ¢g,,,s represent
the energy level of orbitals ¢, and ¢y,,s, respectively (g, >
Eurp), Yo and ¥y, represent orbitals that are newly formed
through the interaction between orbitals ¢, and ¢y, and
Ag, and Ag,,s represent the shift width of &, and g,y in-
duced through the interaction between orbitals ¢, and ¢y,

tive to the imposed electric field. The width of the DOS peak
shift is approximately 0.01 au and 0.04 au for the diamond and
the graphite cluster, respectively. According to Eq. 6, the posi-
tion of the DOS peak mainly depends on the energy level of
the proton orbital €,. In order to understand the cause of this
difference in the shift width of the DOS peak induced by an
electric field, let us attempt to consider it from the viewpoint of
orbital interaction theory.

When two orbitals, ¢, and ¢y,,, having different energy lev-
els (&, > &y, interact with each other, the energy level of
each orbital shifts as shown in Fig. 4. These shift-widths, Ag,
and Ag,,s, are calculated as

2
Ae, = M (11a)
Eq — e.vm'f
_ 2
Aggyy = % (11b)
a ~ Csuf

where S (> 0) and V are the overlap integral and the coupling
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constant between the orbital ¢, and ¢y,,s, respectively. Here we
assume that S, V, g, and &;,schange into S + AS,V + AV, g, +
A€EF and Equy T Assﬁgc by imposing an electric field. Based on
the basic orbital interaction theory, the coupling constant can
be related to K as V = Kg,S (= K¢g,,,55), where K is the same as
the one in Eq. 9. Note that S is a measure of the strength of the
surface—adsorbate interaction, and AS, Ag, and Ag,,,s show the
sensitivity of the interaction to the electric field. The shift-
widths of the energy levels of orbitals ¥, and ¥z, which are
newly formed through the interaction between ¢, and ¢, in-
duced by the electric field, AAg, and AAg,,;, are obtained as

AAe, = A€ypr <o) — A&ur = o)
2(AelF Je, + AS
(K - 1)52{ Az /e /5)
Ea — Euf
. AEfF - AE\EMff
(ea - 8suljf)2

n

(12a)

AAgA‘m_‘f = A‘(':xurf(EF <0) g.vurf(EF =0)

2AEE Jeg,r + AS/S
€ — Euy

n

where the second-order terms are neglected. Eq. 12a (12b) in-
dicates that AAg, (AAg,) depends on S, AS and Ag, (Ag,p).

Table 1 shows the differences in S, AS, Ag, and Agy,s for the
cases of the diamond and graphite clusters. The difference in
S, which is greater than those in AS and Ae (the graphite cluster
> the diamond cluster), may be considered as a dominant fac-
tor in Eqs. 12a and b. AS for the graphite cluster is also larger
than that for the diamond cluster, indicating that the response
of the graphite surface orbitals, e c, to the electric field is
greater than that for the diamond surface orbitals, 6c_y. How-
ever, the difference in AS is not a dominant factor in Eqgs. 12a
and b (AS/S = 0). According to our calculation, the energy
level of the proton 1s orbital is not shifted by the imposed elec-
tric field (Ag, = 0). Then Eq. 12a finally has the following
form:

EF
Ae surf

. (13)
& — Euy

AAe = 2¢e.,:(K — 1)S?

Therefore, the reason that the difference in the shift width of
the DOS for the graphite cluster is larger than in the case of the
diamond cluster is that the surface—adsorbate overlap integral,
i.e., the surface—adsorbate interaction, for the graphite cluster
is greater than in the case of the diamond cluster.

2-2. Electron Transfers between Proton and Carbon-
Based Electrodes: In this section, the number of electrons in
the proton 1s orbital interacting with the diamond and graphite
surfaces is discussed with respect to a function of the general
solvent coordinate Q (Q-<n> curves). The Q-<n> curves ob-
tained from Eq. 10 for three different proton—surface distances
are shown in Fig. 5, and electric field effects are shown in Fig.
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Table 1. Comparison between the Cases of the Diamond and
Graphite Clusters, in Overlap Integral between the Proton
and the Surface Orbital, Difference in the Overlap Integral
between the Cases of EF = 0 and EF < 0 and Difference
in &,y between the Cases of EF = 0 and EF < 0

S ASY Asﬁ',;c(a.u.)c>
Diamond cluster 0.1685 0.0005 0.0049
Graphite cluster 0.2598 0.0081 —0.0121

a) Overlap integral between the proton and the surface
orbital.

b) Difference in S between the case of EF = 0 and EF < 0.
c) Difference in &, between the case of EF = 0 and EF <
0.

6. In general, the number of electrons on the adsorbate, <n>,
changes like a step function with respect to the thermal motion
of the solvent, Q. Considering electron transfers in actual sys-
tems based on Q-<n> curves, electron transfers occur when the
critical points of the Q-<n> curves are located in the energy
range of the thermal motions of solvent molecules around the
adsorbate and the surface. The critical points of the Q-<n>
curves depend on both the peak positions of the DOS spectrum
and the HOMO energy level of the cluster interacting with the
adsorbate (see Egs. 6 and 10). In the case that a proton does
not interact with a surface, the Q-<n> curve takes exactly a
step-function form. The energy difference between the critical
point and the point O = 0 (AQ) corresponds to the energy that
is required for an electron transfer from the surface to the pro-
ton, where the energy is supplied by the thermal motion of the
solvent molecules around the proton and interfacial to the sur-
face.

First, we discuss the dependence of the Q-<n> curves on the
proton—surface distance. Schmickler and co-workers*** treat-
ed the term of solvent motion effects as a function of the adsor-
bate—surface distance, based on the fact that the interaction en-
ergy of an adsorbate with solvent molecules changes with the
adsorbate—surface distance.”” Therefore, with regarding to the
thermal motion of solvent molecules in our model, it is neces-
sary to multiply Q by some scaling factor. In this study, how-
ever, we discuss the Q-<n> curves without scaling Q.

According to Fig. 5a, when Q = 0, the number of electrons
on the adsorbed proton is not zero because of a charge transfer
from the clusters to the proton. In the case of the diamond
cluster, the number of electrons on the adsorbate decreases on
increasing the proton—surface distance. The same tendency is
found for the graphite cluster (see Fig. 5b). Paying attention to
the shapes of the curves, one sees from Fig. 5a that the Q-<n>
curve takes a smoother form as the proton—surface distance de-
creases. This tendency results from the width of the DOS peak
of the proton 1s orbital at each proton—surface distance, that is,
the magnitude of the proton—surface interaction. According to
Fig. 5b, on the other hand, there is no such correlation between
the critical point of the Q-<n> curve and the proton—graphite
surface distance. In our DFT calculations for the proton—
graphite interaction system, the number of electrons on the
proton changes drastically at R = 2.5 A. That is, when the
proton—graphite distance is less than 2.5 A, almost one elec-
tron transfers from the graphite cluster to the proton, and a
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Fig. 5. Q-<n> curves for the proton 1s orbital p,(Q) interacting with model clusters: (a) the non-doped diamond cluster (R = 1.5,
2.0 and 2.5 A); and (b) the graphite cluster (R = 2.0, 2.5 and 3.0 A).
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Fig. 6. Q-<n> curves for the proton 1s orbital p,(Q) interacting with model clusters under EF = 0 and EF < 0: (a) the non-doped
diamond cluster (R = 2.0 A); and (b) the graphite cluster (R = 3.0 A).

non-adiabatic change also occurs in the proton—graphite inter-
action, which is considered to be the cause of the lack of corre-
lation between the critical point of the Q-<n> curve and the
proton—graphite surface distance.

Next, we discuss the dependence of the Q-<n> curve on the
imposed electric field. The proton—surface distance for the di-
amond cluster is fixed at 2.0 A. This proton—diamond distance
is at the minimum point of the interaction energy. With regard
to the proton—graphite distance, we chose not the minimum
point of the proton—graphite interaction energy (2.0 A) but 3.0
A, because at R = 2.0 and 2.5 A hybridization of the proton 1s
orbital and the 7 orbitals of the graphite cluster occurs, pre-
venting us from calculating the overlap integrals.

According to Fig. 6b, the critical point of the Q-<n> curve
for the graphite surface shifts significantly on applying a nega-
tive electric field, while that of the diamond surface is less sen-
sitive to the electric field, as shown in Fig. 6a. The shift-widths
for the diamond cluster and the graphite cluster are approxi-

mately 0.01 au and 0.09 a.u., respectively. These tendencies
directly reflect the DOS of the proton orbital shown in Fig. 3a
and b. That is, the electron transfer between the electrode sur-
face and the adsorbate is influenced greatly by the response of
the orbitals in the surface to the imposed electric field, which
may be related to the fact that diamond electrodes generally
have a wide potential window. As mentioned above, the elec-
tron transfer from the surface to the proton occurs when the
critical point of the Q-<n> curve is moved by an imposed bias,
an electric field in our model, to reach the energy range of the
motion of the solvent molecules around the proton and the sur-
face (see Fig. 7). Therefore, if the shift width of the critical
point of the Q-<n> curve induced by an imposed electric field
is narrow, as in the case of the diamond cluster, a stronger elec-
tric field is necessary in order that the critical point may reach
the energy range of Q, where electron transfer occurs from the
surface to the proton. Our results for the shift-widths of the
critical point of the Q-<n> curves for the two model clusters do



52 Bull. Chem. Soc. Jpn., 75, No. 1 (2002)

<n>

hermal motions of
|solvent molecules

0

Fig. 7. Diagram of the relationship between the shift of the
Q-<n> curve induced by an imposed electric field and the
energy range of thermal motions of solvent molecules in
the vicinity of the surface. Electron transfer from the sur-
face to the adsorbate occurs when the critical point of the
Q-<n> curve is moved by an imposed electric field and
reaches the energy range of the motion of solvent mole-
cules around the adsorbate and the surface.

nduced

]

\Y
rmal motions of
vent molecules

A<n>
0
Fig. 8. Diagram for relationship between the shift of the

Q-<n> curve induced by an imposed electric field and the
energy range of thermal motions of the solvent molecules
in the vicinity of the surface. A<n> represents the change
in width of <n> around Q = 0. In the case that <n> around
QO = 0 is small until the critical point of the Q-<n> curve
reaches the solvent motion range, it corresponds to a low
background current.

not conflict with the actual difference between the diamond
electrodes and the graphite electrodes. As mentioned above,
the change in the Q-<n> curve is related to the response of the
orbitals in the surface; therefore, the fact that the diamond
electrodes have a wider potential window than the graphite
electrodes may be related to the difference in the response of
the surface orbitals to an imposed electric field for the two car-
bon-based electrodes.
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Here, let us pay attention to <n> around Q = 0. In the case
that the critical point of the Q-<n> curve does not yet reach the
energy range of thermal motions of the solvent molecules in
spite of imposing an electric field, it is considered that <n>
around Q = 0 will be relevant to the background current (see
Fig. 8). As is well-known, with regard to the cause of the
background current, several factors are important, for example,
the reorientation of the solvent molecules in the vicinity of the
electrode surface and the specific adsorption of ions in solution
at the electrode surface and so on. Here, we will try to explain
the background current from the viewpoint of the possibility of
electron transfer from the electrode surface to the reductant
(here, the expectation value for the number of electrons, <n>).
In the case of the graphite cluster (Fig. 6b), the increase in the
number of electrons on the proton induced by the electric field,
A<n>, is significantly greater around Q = 0. On the other
hand, in the case of the diamond cluster (Fig. 6a), A<n> in-
duced by the electric field is not found and <n> around Q = 0
remains low. This difference between the cases of the diamond
and graphite clusters is due to the difference in the width of the
corresponding DOS peaks, which become wider as the interac-
tion between the adsorbate and surface becomes stronger. <n>
around Q = 0 for the diamond model remains low even when
an electric field is imposed, corresponding to a low back-
ground current (see Fig. 8). Our result therefore shows that a
weak interaction between the adsorbate and the diamond sur-
face causes a low background current for the diamond elec-
trode.

Conclusions

In this study, we have tried to explain the nature of the char-
acteristic properties of boron-doped diamond electrodes, par-
ticularly the wide potential window. We discussed the electron
transfer process between the diamond surface and H* based on
Anderson—Newns Hamiltonian analysis. To obtain the neces-
sary data for carrying out the analysis, we calculated the elec-
tronic structures of our models by the “finite-field DFT meth-
od” at the level of B3LYP/6-31G. We adopted the (boron-
doped and non-doped) diamond and graphite clusters as the
corresponding surface model, and a proton was adopted as the
adsorbate.

By investigating the shift of the DOS peak of the proton 1s
orbital induced by the imposed electric field, we explained two
characteristic properties of the diamond surface: a low back-
ground current and a wide potential window. We found that, in
the case of the diamond cluster, the change in the number of
electrons in the range around Q = 0 induced by the imposed
electric field is almost zero and maintains a low value. This is
caused by the narrow width of the corresponding DOS peak,
which reflects the weak interaction between the proton and the
diamond surface. We have shown that the weak proton—dia-
mond interaction results in the low background current of the
diamond electrode.

We also found that the position of the DOS peak for the
graphite surface shifts more significantly by imposing a posi-
tive electric field than for the diamond cluster. Based on orbit-
al interaction theory, we showed that this difference in the re-
sponse of the DOS peak to an imposed electric field results
from the difference in the magnitude of the overlap integral be-
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tween the proton orbital and the surface orbital (the graphite
cluster > the diamond cluster). It was also found that the crit-
ical points of the Q-<n> curves also change according to the
position of the corresponding DOS peaks, which indicates that
the necessary energy for an electron to transfer from the dia-
mond surface to the proton is larger than for the case of the
graphite surface. This narrow shift width induced by the elec-
tric field for the diamond cluster may be related to the fact that
a diamond electrode has a wide potential window; we showed
the cause of the wide potential window of the diamond elec-
trode.
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