
Hydrogen-terminated diamond electrodes. II. Redox activity

Wenying Zhang, Jürgen Ristein, and Lothar Ley
Technical Physics, University of Erlangen, Germany

�Received 18 April 2008; revised manuscript received 18 June 2008; published 9 October 2008�

One of the most attractive features of diamond is its robust p-type surface conductivity that develops
spontaneously under atmospheric conditions on hydrogen-terminated samples. An electrochemical charge
transfer between diamond and an air-borne redox couple has been suggested to be responsible for the sponta-
neous appearance of surface-near holes. We present direct proof for the redox activity of the diamond surface
by measuring pH-dependent open circuit potentials and quasistatic polarization curves for hydrogen-terminated
and partially oxidized diamond electrodes. Under open circuit conditions we find in fact a mixed �or corrosion�
potential that is consistent with the simultaneous equilibriation of the electrode versus both the hydrogen-
hydronium and the oxygen-hydroxyl redox couple. Our data show extremely long-time constants for estab-
lishing the redox equilibrium and very low exchange current densities making the identification and charac-
terization of the redox process a demanding experimental task.
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INTRODUCTION

In 2001, Maier et al. �1� suggested an electrochemical
surface transfer doping model for the surface conductivity
of intrinsic, hydrogen-terminated diamond, elaborating
on earlier qualitative arguments by Ri et al. �2�. The
basic mechanism in this model is the charge equilibration
of the diamond surface with an electrochemical redox
couple in a moisture layer under atmospheric conditions.
Maier et al. suggested the hydrogen-hydronium redox couple
H2+2H2O�2H3O++2e− as a plausible candidate due to the
CO2 induced slight acidity of water under atmospheric con-
ditions. Many experiments have since then confirmed the
relevance of humidity and the beneficial effect of acidity for
the diamond surface conductivity �3–5�. Recently, Chakra-
pani et al. have studied the electrochemical charge transfer of
hydrogenated diamond from a different perspective. Instead
of measuring the effect of redox equilibration on the dia-
mond surface conductivity they investigated the change in
pH and oxygen concentration in the liquid electrolyte as a
consequence of the redox activity of the diamond surface.
They were able to measure this normally minute effect by
using diamond powder and thus enhancing the active dia-
mond area by orders of magnitude, albeit at the expense of
less-defined surface properties �6�. Their experiments con-
firmed the electrochemical surface transfer doping model of
Maier et al., suggesting, however, the oxygen-hydroxyl re-
dox couple O2+2H2O+4e−�4OH− to be the active one at
the hydrogen-terminated diamond surface. Here we address
the role of the two different redox couples for the surface
charge and the ensuing surface conductivity of diamond in
the light of new experimental results. As has been pointed
out before �7� and reemphasized by Chakrapani et al. �6�,
transfer doping as we discuss it here is expected to be rel-
evant for the electrochemical activity of other semiconduct-
ing materials as well.

The near-surface p-type conductivity of intrinsic
hydrogenated-terminated diamond can be effectively con-
trolled by a field effect. This has been demonstrated in purely
solid-state devices �8–10� and also in combination with an

electrolytic gate contact �11�. In the latter geometry of a so-
called solution gate field effect transistor �SGFET�, the hole
density at the surface of the diamond electrode exhibits a
pronounced ion sensitivity that qualifies such a device as a
chemical sensor. Despite intensive research, a number of fun-
damental questions on this issue remained rather unclear.
Particularly, the ion sensitivity with respect to protons, i.e.,
its pH response, has been discussed controversially over the
years and researchers have inferred supporting �12� as well
as contradicting �13� arguments with respect to the electro-
chemical surface transfer doping model from such experi-
ments. Such reasoning is, however, based on a misconcep-
tion because ion sensitivity and redox activity are not always
carefully distinguished. Only recently, this crucial issue for
the understanding of the electrochemical characteristics of
the diamond surface has been clarified �14,15�. When con-
sidering the surface charge �and thus the hole density� and
the surface potential, the diamond electrode in an SGFET
configuration can be well described in the limit of a perfectly
polarizable electrode, i.e., one that allows no charge ex-
change across the elecrtrode-electrolyte interface. Charge
density and potential in the whole electrochemical circuit can
be completely derived by considering the chemical equilib-
rium of ionic species in the electrolytic sections and of the
electronic charge �electrons and holes� in the solid-state sec-
tions �15�. This explicitly excludes the charge transfer be-
tween diamond electrode and electrolyte. Thus, the investi-
gation of the output and of the transfer characteristics of an
SGFET yields no information about the redox activity of the
electrode �15�. This important fact has not been properly
appreciated by the community so far. Even in the latest pre-
sentation where the authors claim to resolve the controversy
about the pH sensitivity of the hydrogen-terminated diamond
electrode �14�, it is summarized that “the pH sensitivity of
the H-terminated diamond surface conductivity does not fol-
low the prediction of the transfer doping model.” There is no
such prediction, and the ion sensitivity of the electrode yields
no arguments with respect to the transfer doping model, nei-
ther pro, nor con.

Although outside the scope of the polarizable electrode
approximation, there is charge transfer across the diamond-
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electrolyte interface. In an SGFET architecture it is wit-
nessed by the weak gate current �typically smaller than
10−9 A� that is usually ignored in experiments on transistors.
It is the charge exchange across the diamond-electrolyte in-
terface and its dependence on electrolytic composition and
externally applied voltage that is in the focus of this paper. A
consequence of this charge exchange is the open circuit volt-
age �OCV� of the diamond electrode in an electrolytic cell vs
a well-defined reference electrode. We have measured the
OCV as a function of the pH of the electrolyte for a
hydrogen-terminated and a partially oxidized diamond elec-
trode. The open circuit voltage is the voltage of zero current
in the static polarization curve, and more general information
is obtained from measuring this curve over a limited voltage
range around the OCV. Since the time constants required to
establish the open circuit voltage are extremely long, we
have measured the polarization curves for pH7 only. For
comparison, both OCV vs pH and polarization curves for
pH7 have also been measured for a Pt wire electrode.

EXPERIMENT

The diamond sample used for the experiments was a type
IIa intrinsic single crystal diamond plate of 5 mm by 8 mm
size with a �100� surface that was hydrogen-terminated under
standard conditions in a microwave driven hydrogen plasma
�see �16� for details�. Complete hydrogen termination was
confirmed by measuring the surface conductivity under at-
mospheric conditions. The backside of the sample was sub-
sequently plasma oxidized to remove the surface conductive
layer. Silver paste and gold wire were used to provide a
perfectly ohmic contact to the hydrogen-terminated diamond
side.

Care was taken that only the diamond surface and not the
metal contact was exposed to the electrolyte. This was
achieved in the same way as in our experiments in the SG-
FET geometry without any epoxy or sealant, simply by dip-
ping only the hydrogen-terminated diamond into the electro-
lyte and keeping the metal contacts out in air �see �15��. The
active diamond electrode area exposed to the electrolyte was
5 mm by 3 mm. The electrolyte consisted of 10 mM phos-
phate buffer and 10 mM KCl which was titrated with H3PO4
and KOH to adjust the pH. The reference electrode was an
electrochemical Ag /AgCl electrode �3 M KCl solution�. We
have chosen a double junction version to minimize contami-
nation of the electrolyte �Schott B2220�. The redox potential
of that electrode is +0.20 V vs standard hydrogen electrode
�SHE� at room temperature.

The complete electrical circuit is sketched in Fig. 1. The
characteristic marks along the path from x1 to x8 will be
referred to when discussing the experimental results. In the
following all voltages will be specified with respect to the
reference electrode �x6� and positive sign for the current will
be assigned to anodic current of the diamond working elec-
trode, i.e., to a flow of positive charge from the diamond to
the electrolyte �17�. The voltage source in Fig. 1 for the
measurement of the polarization curves was provided by a
UNISCAN Model PG580 potentiostat operated in three-
electrode configuration with a platinum wire as a counter

electrode. For measuring open circuit voltages, the voltage
source was replaced by a voltmeter with an internal resis-
tance larger than 1012 � �Keithley 617 electrometer� or
1013 � �UNISCAN Model PG580 potentiostat, in the corre-
sponding mode�. Both instruments gave the same results.
The use of the counter electrode in this case is merely tech-
nical in order to speed up equilibration time and protect the
reference electrode. Conceptually, all experiments can be un-
derstood without considering the counter electrode.

RESULTS

Figure 2 shows the open circuit transients of a hydrogen-
terminated diamond electrode as they have been measured as
a function of pH vs the Ag /AgCl electrode �left-hand scale�
for two nominally identical experiments. On the right-hand
scale the measured voltages are translated to the SHE as a
reference. For the upper panel �a� of the figure, an active area
was defined lithographically after sample hydrogenation by
masking and plasma oxidation of the remaining part of the
surface �sample A�; for the lower panel �b� the full rectangu-
lar sample surface was used as active area without further
structuring �sample B�. In both experiments a nonzero cell
voltage can clearly be measured that decreases with pH.
Note that this pH dependence is opposite to the pH depen-
dence seen in an SGFET configuration when the voltage of
constant channel conductivity is monitored ��15�, but re-
member the different sign conventions for the voltage, see
�17��. The internal resistance of the galvanic cell is larger
than 108 � and the equilibration time for the electrode after
a change of electrolyte pH is extremely long, challenging the
sensitivity and the stability of the experimental setup.

In experiments on hydrogen-terminated diamond SGFETs
a partial oxidation or amination has been found to support if
not enable the ion sensitivity of the surface �18,19�. We took
these results as a motivation to investigate also the effect of
partial oxidation upon the redox activity of the diamond elec-
trode. Figure 3 shows the open circuit transients for a par-
tially oxidized diamond surface for pH ranging from 3 to 11.
For this experiment the sample has been hydrogenated in the
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FIG. 1. �Color online� Schematic of the electrical circuit
adopted in the experiment. Voltages are given with respect to the
reference electrode, i.e., relative to x6=x7. The path from x1 to x8 is
the one for which the band diagram is analyzed in Fig. 5.
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same geometry as for the experiments of Fig. 2�b� and has
then been exposed to peroxide �30%� for 30 minutes under
simultaneous uv illumination by a mercury discharge lamp
�254 nm, 20 W, 3 cm distance unfocused; sample C�. Again,
open circuit voltages decreasing with pH can clearly be mea-
sured. Equilibration times are in fact shorter than for sample
B �Fig. 2�b��, but comparable with those of sample A �Fig.
2�a��, i.e., for the patterned electrode area that was not inten-
tionally oxidized. We cannot exclude an unintentional slight
oxidation of sample A due to imperfect masking during the
structuring of the electrode that would explain comparable
equilibration times as observed for the intentionally oxidized
sample C.

In Fig. 4 we summarize the saturated open circuit voltages
as a function of pH, and we have also added the correspond-
ing results obtained on a Pt wire electrode in place of the
diamond electrode. We see in all cases a negative pH sensi-
tivity which is approximately linear within the scatter of the

data. Sensitivity factors range from −40 mV / pH for the
hydrogen-terminated diamond �samples A and B� to a value
apparently consistent with a Nernstian response of
−59 mV / pH for the partially oxidized diamond electrode
�sample C�. The pH dependence of the hydrogen-hydronium
and of the oxygen-hydroxyl redox couples follows Nernst’s
equation as indicated by the dashed lines in Fig. 4.

For the discussion of our results we adopt the schematic
band diagram of the complete electrochemical circuit
sketched in Fig. 1, i.e., we consider the electrostatic energy
w�x� for a negative unit charge as a function of position x.
Two cases belonging to two different voltages are sketched
in Fig. 5 and will be discussed below. The same band dia-
gram has already been adopted previously for the discussion
of the transfer characteristics and the ion sensitivity of
diamond-based SGFETs �15�. Since it illustrates also the es-
sential concepts for the discussion of Faradaic currents and
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FIG. 2. �Color online� Open circuit voltage transients of a
hydrogen-terminated diamond electrode measured vs a Ag /AgCl
reference as a function of pH. On the right-hand scale, voltages are
translated to the standard hydrogen electrode �SHE� potential scale.
�a� Sample A: Experiment with a U-shaped conductive channel
lithographically defined on the diamond surface. �b� Sample B:
Nominally identical experiment using the full square shaped sample
surface as active area.
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FIG. 3. �Color online� Same as Fig. 2 for a hydrogen-terminated
electrode after partial oxidation �sample C�.
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FIG. 4. �Color online� The pH dependence of the saturated open
circuit voltage for hydrogen-terminated and partially oxidized dia-
mond. For the acidic side, data for a platinum wire electrode are
given as well. The dashed lines correspond to the electrochemical
potentials of the hydrogen-hydronium and the oxygen-hydroxyl re-
dox couples under atmospheric conditions, respectively.

HYDROGEN-TERMINATED … . II. REDOX ACTIVITY PHYSICAL REVIEW E 78, 041603 �2008�

041603-3



the open circuit potential profiles, we will briefly introduce
Fig. 5 here again. The circuit consists of A �x1 to x4� the
diamond working electrode from the metal contact to the free
surface exposed to the electrolyte; B, the compact layer con-
sisting of range 1 between the diamond surface and the inner
Helmholtz plane �IHP� and of range 2 between the inner and
the outer Helmholtz plane �OHP�; C �OHP to x5� the diffuse
layer in the electrolyte; D �from x5 to x6� the reference elec-
trode including its double layer towards the electrolyte; and
E from �x7 to x8� the voltage source. The current meter used
for measuring the polarization curves can be assumed to be
ideal and has no influence on the charge and potential profile.
Therefore it has been omitted in Fig. 5. The measurement of
open circuit voltages is conceptually equivalent to choosing
the voltage such that the current across the diamond-
electrolyte interface is zero. We set the potential w�x� deep in
the electrolyte where it is asymptotically constant to zero. In
part A we choose the valence band maximum �Ev� to show

the potential profile in the diamond. In the solid-state parts
where the electrical current is carried by electrons �or holes�,
the Fermi level is indicated by a dashed line. The voltage
source results in the same discontinuity eV in both the elec-
trostatic potential and the Fermi level. The reference elec-
trode creates a Galvani potential drop eGREF due to the
equilibration of its characteristic redox couple with the elec-
tron reservoir of the solid. In the case of the Ag /AgCl ref-
erence electrode this is the equilibration of silver ions in the
metallic and electrolytic phase, and GREF is the half-cell po-
tential of the electrode. We assume for simplicity that the
wiring of the circuit is completely done with silver. In reality,
different metals are used but contact potentials in the circuit
cancel and therefore need not be considered explicitly in
Fig. 5. The sheet charge at the inner Helmholtz plane, that
has been exemplarily assumed to be negative in the potential
diagram, depends on the ionic composition of the electrolyte.
It is this dependence that mainly accounts for the ion sensi-
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FIG. 5. �Color online� The potential diagram w�x� of the complete galvanic cell used to study the hydrogen-terminated and surface
conducting diamond electrode. The potential diagram is constructed along the path defined in Fig. 1 for two different voltages �upper �a� and
lower panel �b�� as discussed in the text by approximating the electrode as perfectly polarizable. The dashed line shows the construction of
an effective electrochemical potential of the redox electrons of a specific redox couple. The alignment of this electrochemical potential with
respect to the Fermi level in the diamond gives the sign of the Faradaic current belonging to the applied voltage V. �a� Represents a potential
diagram for an anodic current. In �b� the voltage V has been reduced compared to �a� such that the chemical potential of the redox electrons
and the Fermi level just coincide. This situation corresponds to open circuit conditions if only the respective redox couple were active. For
further details see text.
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tivity of the electrode when operated in the SGFET architec-
ture �20,21,23�.

The relationship between the voltage applied,
V= 1

e �w�x7�−w�x8��, and the charge density and potential
profile can best be understood by considering the potential at
the outer Helmhotz plane, wOHP, as a parameter. For a given
electrolyte and a given temperature, the total areal �i.e., depth
integrated� space charge density in the diffuse layer, �diff,
and with it the electric field at the OHP is a monotonic func-
tion of wOHP as expressed by the Grahame equation �22,15�;
so is consequently the potential at the IHP. Since the sheet
charge density of ions affixed at the IHP, �ads, is, again for
given temperature and electrolyte composition, a well-
defined function of this potential only, it is also well defined
for a given wOHP. �In the models used so far for a quantita-
tive description of charge and potential profiles of hydrogen-
terminated diamond electrodes, �23,15�, the simplest func-
tional dependence, i.e., �ads�wOHP�=const, has been
assumed�. We have assumed a negative �ads here as it is
found for pH�3.5 for hydrogen-terminated diamond in a
recent study by Härtl et al. �23�. The choice of negative �ads
is merely for illustration and has no consequences for a prin-
ciple outline in the following. Taking into account the elec-
tric field change induced by �ads and translating this to the
potential w�x4� at the diamond surface is a trivial task.
Charge neutrality requires that the areal hole density p at the
diamond side of the interface balances the sum of �diff and
�ads, and thus p is well defined for a given wOHP as well. p in
turn defines the Fermi level at the diamond-electrolyte inter-
face �x4� relative to the valence band maximum Ev �15,24�.
The potential drop inside the diamond is the difference be-
tween the valence band maximum Ev at the diamond surface
�x4� and at the diamond-metal interface. Relative to the con-
stant Fermi level, Ev is fixed at the diamond-metal interface
and determined by wOHP at the diamond surface x4. Summa-
rizing, the parameter wOHP allows us to construct the total
potential profile in the electrolyte and the diamond part of
the circuit and to determine w�x1�. Finally, Kirchoff’s loop
rule of electrostatics requires the sum of the applied voltage
V and the �constant� half-cell potential GREF to be identical to
1

−ew�x1�, i.e., w�x1�=w�x8�=−eV−eGREF. This fixes the volt-
age V that belongs to the given wOHP. Exemplarily, we have
constructed the potential profile and indicated the space
charge density following the arguments outlined above also
for another case in Fig. 5. In the lower panel �b� of the figure
we have increased the parameter wOHP slightly compared to
the upper panel �a� without changing the density �ads of ab-
sorbed ions. As a result, the positive charge in the diffuse
layer increases accompanied by an increase in the magnitude
of the electric field inside the compact layer. As a conse-
quence w�x4� increases. On account of charge neutrality, the
hole concentration decreases and the Fermi level at x4 moves
up relative to Ev. These two contributions add to an upward
shift of EF in the diagram reducing the voltage V. The com-
parison of Figs. 5�a� and 5�b� demonstrates the response of
the hole density upon variation of the applied voltage. In an
SGFET configuration, it is directly proportional to the trans-
fer characteristics of the device in the limit of small source-
drain voltage as discussed extensively in Ref. �15�.

So far no electron exchange across the diamond-
electrolyte interface, i.e., no Faradaic current, has been con-

sidered. This shall be done now. In general, more than one
redox couple will be present in the electrolyte and thus the
total electric current is the sum of partial currents, each as-
signed to an individual redox couple. For aqueous electro-
lytes in contact with atmosphere, at least the hydrogen-
hydronium and the oxygen-hydroxyl couples already
mentioned must be considered. The driving force of the par-
tial currents assigned to them is not the gradient of the elec-
trostatic potential plotted in Fig. 5 but it is the difference in
the electrochemical potential of the redox electrons on either
side of the compact layer. Since the diamond-electrolyte in-
terface constitutes by far the highest resistance in the circuit
of Fig. 1, the Faradaic current is carried through the rest of
the circuit with negligible deviation from the equilibrium
potential profile discussed so far. On the diamond side, the
electrochemical potential of the electrons is the Fermi level
EF that is determined relative to EV by the hole concentration
�24�. Since the ionization energy Ei=EVAC−EV of hydrogen-
terminated diamond is a fixed parameter of the electrode, we
can construct the vacuum level EVAC as a reference for the
chemical potential of redox electrons as it is indicated by the
dotted lines in Fig. 5. On the electrolytic side, the electro-
chemical potential �̄ needs to be evaluated for each redox
couple separately. Let us exemplarily consider the contribu-
tion IH2

of the hydrogen-hydronium couple to the total Fara-
daic current I. The chemical potential �OHP relative to EVAC
at the OHP of the redox electrons in the electrolyte corre-
sponding to this redox couple is determined via Nernst’s
equation by the concentrations of the redox active species at
the OHP,

�OHP = ��nH3O+
OHP � = �SHE − kT ln� nH3O+

OHP

1 mole/l
�

+
kT

2
ln� �H2�OHP

�H2�SHE
� . �1�

�SHE=−4.44 eV is the chemical potential of the standard hy-
drogen electrode with respect to the vacuum energy. nH3O+

OHP is
the molar proton concentration at the OHP, and �H2�OHP and
�H2�SHE are the concentrations of dissolved hydrogen in the
electrolyte and in the standard hydrogen electrode, respec-
tively. Across the diffuse layer the concentration of the redox
active ions is exponentially increasing or decreasing with
w�x� for positive or negative valency, respectively. This
holds as long as mass transport is not the limiting step for the
electrode reaction under consideration. Specifically, we have

nH3O+
OHP = nH3O+

0 exp�wOHP

kT
� �2�

for the hydronium profile. nH3O+
0 is the H3O+ concentration in

the bulk of the electrolyte where w�x�=0. Inserting �2� into
�1� shows that the chemical potential ��ni

OHP� can also be
calculated by using the asymptotic bulk concentrations ni

0 of
the redox ions to obtain ��ni

0� and by subtracting the poten-
tial wOHP. We use the general index i instead of H3O+ here to
indicate that in principle all charged constituents of the redox
couple change their concentration across the diffuse layer.
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Finally, the influence of the electrostatic potential differ-
ence between the valence band electrons at the diamond sur-
face and the redox electrons at the OHP on the electron ex-
change must be taken into account as well. This is done by
adding wOHP−w�x4� to �OHP in order to obtain the electro-
chemical potential �̄OHP=��ni

0�−w�x4�. This construction for
the electrochemical potential of the redox electrons by add-
ing the negative of the electrostatic potential to ��ni

0� is
shown by the dashed line in Fig. 5. In the upper panel �a� it
yields �̄OHP �the dashed line at x4� above the Fermi level
corresponding to an anodic Faradaic partial current for the
redox couple under consideration. In the lower panel �b�
the voltage is chosen �by the parameter wOHP� such that
�̄OHP=EF. This specific voltage VOC is the one for which the
partial Faradaic current IH2

of the hydrogen couple vanishes
i.e., for which IH2

=0. If only the hydrogen redox couple
were active at the diamond-electrolyte interface, this would
be the open circuit voltage vs the chosen reference electrode
that resulted from the equilibration of the working electrode
with the hydrogen-hydronium redox couple. Following this
line of arguments one might at first glance expect the open
circuit voltage VOC to depend on the ionization energy Ei of
the diamond electrode that was used to position the vacuum
level in the energy diagram. Considering the potential drop
w�x1�−w�x4� in the diamond and evaluating the half-cell po-
tential GREF of the reference electrode in terms of work func-
tion and chemical potential differences shows, however, that
the properties of the electrode cancel and the open circuit
voltage is in fact just the difference between the redox po-
tentials of the reference electrode and of the redox couple
under consideration at the diamond electrode �25�. This is, of
course, the general expression for the open circuit voltage of
a galvanic cell with these two redox couples. For the
hydrogen-hydronium redox couple the standard redox poten-
tial is P=0.00 V on the SHE scale by definition. Correcting
for the real concentrations of H3O+ and dissolved hydrogen
molecules in the electrolyte according to Nernst’s
equation �1� we find PH2

=−0.22 V corresponding to
�H2

�ni
0�=−4.22 eV for pH7. For the hydrogen concentration

�H2� / �H2�SHE=5.5�10−7 was assumed corresponding to
0.55 �bar for the partial pressure of H2 in atmosphere
which appears to hold universally �26�. By the same proce-
dure we find the redox potential PO2

= +0.81 V and
�O2

�ni
0�=−5.25 eV for the oxygen-hydroxyl redox couple in

aqueous solution in contact with atmosphere and at pH7.
Corresponding to the partial pressure of oxygen in atmo-
sphere, the oxygen concentration has been assumed to be
21% of that for the standard oxygen electrode. When refer-
enced to the right hand scale, the two dashed lines in Fig. 4
thus correspond to PO2

= +0.81 V–0.059 V �pH−7� and
PH2

=−0.22 V–0.059 V �pH−7�. As outlined above, these
potentials are identical to the open circuit voltages expected
when the working electrode were in equilibrium with the
respective redox couple only. They are denoted as their re-
versible potentials. The experimental results for VOC lie in all
cases in between. As a straightforward conclusion, both the
hydrogen-hydronium and the oxygen-hydroxyl redox couple
obviously determine the charge transfer equilibrium at the
diamond-electrolyte interface, and the open circuit potential

measured is a mixed potential. This situation is typically
found in the electrochemistry of corrosion where one of the
two redox couples involves the electrode material itself, and
the mixed potential is also called corrosion potential �27�.
Although diamond is perfectly inert in these experiments and
does not corrode, the concepts of corrosion science are help-
ful to understand the situation here as well. In Fig. 6 we have
schematically constructed for pH7 a so-called Evans diagram
usually adopted for the discussion of corrosion potentials
�28,29�. On the logarithmic abscissa the Faradaic current
densities jH2

= IH2
/A and jO2

= IO2
/A are shown with their re-

spective anodic �j+, blue� and cathodic �j−, red� contributions
as a function of the applied voltage. For a given redox
couple, j+ and j− cancel exactly when the voltage applied to
the working electrode is identical to the reversible potential
P of the corresponding redox couple �−0.22 V vs SHE for
the H2 and +0.81 V vs SHE for the O2 couple�. Obviously,
these conditions can be fulfilled for the hydrogen-hydronium
or for the oxygen-hydroxyl redox couples separately, but
never for both simultaneously. The functional form of the
partial current densities in Fig. 6 has been schematically as-
sumed to follow the Butler-Volmer relation �30�

jk = j0,k�exp��k�V − Pk�e
kT

� − exp�−
�1 − �k��V − Pk�e

kT
��

�3�

with the transfer coefficient �k, the reversible potential Pk
and the reversible exchange current density j0,k. Each of
these quantities is specific for the redox couple under con-
sideration denoted here by the index k, and j0,k and � depend
on the electrode material as well. This relation is usually
valid as long as the “overpotential” 	V− Pk	 is low enough to
guarantee that the electron exchange across the electrode-
electrolyte interface is the limiting step for the Faradaic cur-
rent. For higher overpotentials, the diffusive transport of re-
dox particles to the electrode interface in general becomes
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the limiting process, and the polarization curves jk�V� satu-
rate. In Fig. 6 we have neglected this effect. Following the
Butler-Volmer relation �3�, the anodic and cathodic partial
current densities thus give straight lines in the Evans dia-
gram. Inside the voltage range defined by e�PO2

−V�
	kT /�O2

and e�V− PH2
�	kT / �1−�H2

� only the anodic cur-
rent corresponding to the oxygen-hydroxyl redox couple and
the cathodic current of the hydronium-hydrogen redox
couple need to be considered. This voltage range will be
denoted as the corrosion window in the following. In Fig. 6
it extends from about −0.15 V to 0.75 V vs SHE. Open cir-
cuit conditions require that the cathodic and the anodic cur-
rent densities cancel, and thus the intersection of the current
curves in the corrosion window defines the open circuit volt-
age VOC. For the schematic of Fig. 6 we have set �H2

=�O2

=0.5 and j0,H2
= j0,O2

, and thus VOC= �PH2
+ PO2

� /2, i.e., the
corrosion potential is the average of the two reversible po-
tentials of the two redox couples involved. This specific re-
sult, of course, depends on our simplifying assumption of
identical reversible exchange current densities and of transfer
coefficients adding to one. It is thus coincidental that the
experimental range of OCV’s measured at pH7 is almost
consistent with VOC= �PH2

+ PO2
� /2=0.30 V vs SHE

�0.36
0.03 V vs SHE, compare Fig. 4�.
Before discussing the pH dependence of the OCV we

would like to comment on the mixed potential observed here
in the framework of real corrosion phenomena. The reader
may, for example, replace the oxygen redox couple by one
that corresponds to the corrosion of an ignoble metal elec-
trode, say Fe�Fe2++2e− with �Fe2+�=5�10−6 moles / l
which has a reversible potential PFe=−0.60 V vs SHE. In an
Evans diagram this redox couple lies below the hydrogen-
hydronium one. At the corrosion potential, i.e., under open
circuit conditions, the zero electrical current implies a ca-
thodic partial current of the hydrogen-hydronium redox
couple balancing an anodic partial current of same magni-
tude of the iron couple. The consequence is the corrosion
reaction of iron under hydrogen evolution with the reaction
rate corresponding to the reaction current density read from
the Evans diagram. Going back to our case of the mixed
potential of the hydrogen-hydronium and the oxygen-
hydroxyl couple, we see that the corrosion reaction in this
case is not involving the electrode, but is the water synthesis
from oxygen and hydrogen. In fact, it does not even require
an electrical circuit but just an electrode surface providing
and consuming electrons at the rate of the exchange current.
Under the open circuit conditions studied, i.e., for a
hydrogen-terminated diamond electrode in an aqueous solu-
tion in contact with atmosphere, we thus observe a charge
transfer equilibrium witnessed by the nonzero cell potential
vs our reference electrode that corresponds to a persistent
production of water from the oxygen and hydrogen reservoir
of the atmosphere. Electrons are exchanged with the
hydrogen-hydronium and the oxygen-hydroxyl redox
couples at the same rate. This amazing result will be elabo-
rated on further below.

Within the corrosion window, the total current density is
easily evaluated from Eq. �3� as

j = j0�exp���e

kT
� − exp�−

��e

kT
�� , �4�

i.e., again a Butler-Volmer-type relation with the overpoten-
tial �=V−VOC now referenced to the mixed potential VOC
and the reaction current density j0 replacing the reversible
exchange current densities. �=�H2

stands for the transfer
coefficient of the hydrogen reaction and �=1−�O2

for the
complement of the transfer coefficient of the oxygen reac-
tion. Note, that in general the prefactors in the exponent do
no longer add up to 1, �i.e.�, �+��1. Evaluating Eq. �3� for
both the hydrogen and the oxygen reaction inside the corro-
sion window, and requiring jH2

�VOC�=−jO2
�VOC�, gives by

straightforward calculus

VOC = � �

� + �
PH2

+
�

� + �
PO2

� −
kT

e
�

ln�j0,H2
/j0,O2

�

� + �
.

�5�

The first term on the right-hand side is a weighted average of
the reversible potentials of the two redox couples involved,
where the weighing factors are the relative transfer coeffi-
cients. The second term takes the generally different revers-
ible exchange current densities into account.

We will discuss the pH dependence of the mixed potential
on the basis of Eq. �5�. If we assume, as the simplest ap-
proximation, that the reaction kinetics of the hydrogen and
the oxygen reaction are independent of pH, the reversible
exchange current densities and the transfer coefficients in Eq.
�5� are constant. A variation of the proton concentration is
then taken into account by the pH dependence of PH2

and
PO2

as given by Nernst’s equation and as already discussed
above. The open circuit voltage, i.e., the corrosion potential,
is then to follow the same pH shift of −59 mV / pH. Assum-
ing pH independent kinetics is, however, a rather crude as-
sumption, and it comes not as a surprise that the experimen-
tal pH dependence of Fig. 4 is deviating from the Nernstian
expectation. This deviation can be due to a pH dependence
of either one of the reversible exchange current densities and
transfer coefficients or to a combination of several of them.
For a further analysis, the polarization curves for both redox
couples must be measured independently. We stress explic-
itly here, however, that the Nernst value for the pH depen-
dence of the mixed potential is not a canonical one, and not
even a limit. Depending on the sign and magnitude of pH
shifts of jH2

/ jO2
and of the transfer coefficients � and �, the

slope of the pH curves in Fig. 4 can be smaller, but also
larger than −59 mV / pH. We further note in passing, that the
pH dependence of the platinum wire electrode is also devi-
ating from −59 mV / pH, certainly for the same kinetic rea-
sons as discussed above in general terms. Hence, using a
simple wire electrode as reference in an electrochemical ex-
periment induces pH dependent voltage shifts that are noto-
riously uncontrollable �31�.

So far we have described both the hydrogen and the oxy-
gen reaction by the Butler-Volmer equation �3� within the
corrosion window, implicitly assuming that the reaction rate
is controlled by the charge transfer of redox electrons across
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the diamond-electrolyte interface. The polarization curve,
i.e., the I-V characteristics of the galvanic cell formed by the
hydrogen and the oxygen redox couples active at the dia-
mond electrode side and of the Ag /AgCl redox couple of the
reference electrode, is thus expected to follow Eq. �4�. In
order to interpret the polarization curve along those lines,
transient and mass transport effects associated with the redox
half-reactions must be suppressed. We have therefore mea-
sured the polarization curve for two pH7 electrolytes in the
quasistatic mode �Fig. 7�. Voltage set points were selected
manually, and the transients of the current in the reference
electrode circuit were monitored for at least 20 minutes until
saturation was reproductively achieved. The error bars
shown together with the open symbol data points are the
standard deviation �RMS� of the current in the steady state.
We had to use the quasistatic mode of operation because
dynamic voltammetry turned out to be inappropriate even
with voltage scan rates as low as 0.05 mV /s. The open
circles in Fig. 7 were measured according to our standard
conditions, i.e., for a 10 mM PBS buffer at pH7 with 10 mM
KCl added as additional background electrolyte. We observe
a zero crossing of the quasistatic polarization curve at
V=VOC= +0.11 V vs Ag /AgCl, consistent with Figs. 2 and
4. On the cathodic side �lower voltages�, the current
is preferentially due to the oxygen reaction
O2+2H2O+4e−→4OH−, and for 	V−VOC	�50 mV it fol-
lows faithfully the Butler-Volmer relation with a slope of
ß=0.50
0.05. Similar behavior is found for most metal
electrodes studied so far �32,33�. We take this as strong
evidence that the oxygen reaction is charge-transfer limited
in the entire range from its reversible potential up to
the corrosion potential. Extrapolating the cathodic current
density to the voltage of zero current VOC yields
j0=3.0�10−11 A /cm2 for the reaction current density under
open circuit conditions. Thus, a hydrogen terminated
diamond surface in contact with water under atmospheric
conditions catalytically mediates the water synthesis
reaction O2+2H2→2H2O with an areal rate of
j0 / �2e�=9.4�107 cm−2 s−1, corresponding to 1.6�10−16

moles cm−2 s−1. Although this reaction rate can clearly be

measured electrochemically and proves the redox activity of
the diamond surface under atmospheric conditions, it is
minute in terms of material transformation. Using the molar
density of water �0.055 moles /cm3� one may translate this
reaction rate to the growth rate of a water layer, the result
being 2.9�10−15 cm /s
1 nm /year. Despite this ridicu-
lously low reaction rate the electron transfer associated with
it is in perfect agreement with the kinetics of surface transfer
doping under atmospheric conditions. Taking j0 as an esti-
mate for an electron exchange current density across the dia-
mond surface driven with a chemical potential difference of
0.5 eV gives a generation rate of 2�108 holes cm−2 s−1. It
will thus take about 3 hours to induce a typical hole density
of 2�1012 holes /cm2. Such transients, sometimes even with
longer saturation times, are in fact observed for the appear-
ance of surface conductivity of hydrogen-terminated dia-
mond under atmospheric conditions �1,3�. We explicitly
stress here that the exchange current densities measured in
this experiment correspond to a solid-liquid interface and can
thus only yield a rough estimate for the time scale on which
surface conductivity is generated in atmosphere. The real
charge exchange of the surface transfer doping mechanism
involves only a thin water layer, and reaction kinetics can be
substantially different, probably faster, under those condi-
tions on which surface conductivity is generated in atmo-
sphere.

On the anodic side �VVOC� the Faradaic current
is predominantly carried by the hydrogen reaction
H2+2H2O→2H3O++2e−. The polarization curve is clearly
deviating here from the Butler-Volmer behavior, indicating a
saturation of the current. Such saturation is expected when
the reaction becomes mass transport limited, and the data
here obviously constitute the transition between electrode
reaction and diffusion limitation �mixed control�. For the
case at hand, the diffusion of hydrogen to the diamond
surface must be considered. The hydrogen partial pressure
in atmosphere equals 5.5�10−7 bar �26�, which corre-
sponds to a molecular density of dissolved hydrogen
nH2

=2.9�1011 cm−3 �34�. With a room-temperature diffu-
sion constant of DH2

=5�10−5 cm2 /s �35� and a typical ex-
tension of the diffusion layer between �=10−3 cm and
�=10−2 cm �36,37�, the maximum diffusion current density
rH2

=nH2
DH2

/� for H2 molecules lies between 1.5�109 and
1.5�1010 cm−2 s−1. This corresponds to electrical current
densities jH2

=2erH2
between 5�10−10 and 5�10−9 A /cm2.

This rough estimate is consistent with the data of Fig. 7. An
extrapolation of the anodic current density corresponding to
Eq. �5� is no longer possible in the case of mixed control.
Note that, due to the �106 times higher partial pressure of
oxygen in air and thus of dissolved oxygen in the electrolyte,
the diffusion limited current density on the cathodic side is
never reached in the experiment.

We have discussed the hydrogen-hydronium redox couple
fixing the mixed potential on the low potential side �Figs.
6–8� by providing the anodic current that compensates the
cathodic one due to the oxygen-hydroxyl couple. In view of
the small concentration of dissolved hydrogen in the electro-
lytes this raises the question wether alternative redox couples
based on other trace gases in the atmosphere could equally
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well take that role. Candidates that come to mind are, for
example, N2O, NO2, or SO2. They all form redox couples
with hydonium and acidic anions or with undissolved acid
molecules �38�. When the corresponding redox potential falls
into the corrosion window displayed in Fig. 6 below the
experimentally observed corrosion potential one may expect
it to replace the hydrogen-hydronium couple. We will discuss
such a scenario exemplary for NO2. This molecule forms
a redox couple with hydronium and NO3

−, the anion of the
nitric acid, with the redox half-reaction being
NO2+3H2O�NO3

−+2H3O++e− and a standard potential
of P0= +0.81 V vs SHE �38�. Comparing this half-
reaction with that of the hydrogen-hydronium couple,
H2+2H2O�2H3O++2e−, it promises to be a reasonable
substitution at first glance. It may even be tempting to evalu-
ate its redox potential for pH7 via the Nernst correction. One
obtains P=−0.02 V, i.e., a value right inside the corrosion
window and below the experimental corrosion potential of
0.35
0.04 V vs SHE. However, and in contrast to the
hydrogen-hydronium couple, the NO2 half-reaction can be
balanced by the concentration of NO3

− as a further redox ion
participating in the equilibrium. Thus, this couple is not po-
tential fixing, but instead it follows the potential adjusted by
the redox couples discussed above. The same arguments hold
for the other trace gases mentioned above. We can thus ex-
clude them from a further discussion.

The only trace element in air for which such reasoning
does not hold is ozone with concentrations of about
50 ppb. The corresponding redox half-reaction is
O2+3H2O�O3+2H3O++2e− with a standard potential of
P0= +2.07 V �38�. In this case all relevant concentrations
that determine the redox potential are fixed with pH and with
the partial pressure of oxygen and ozone in the atmosphere.
Using the ozone concentration of 50 ppb mentioned above, a
partial pressure of oxygen of 210 mbar and pH7 yields a
redox potential of P0=1.7 V vs SHE. This value is, however,
clearly above the oxygen-hydroxyl couple, i.e., outside the
corrosion window relevant here.

The second data set in Fig. 7 �open diamonds� has been
measured in an electrolyte with a 20-fold higher concentra-

tion of KCl. We were motivated to study the effect of
increasing halogen ion concentration by experiments on
SGFETs by the current authors and others showing a pro-
nounced increase of Faradaic currents with increasing iodine
and chlorine ion concentrations. �See, for example, Ids vs Vgs
for Vds=0 in Fig. 2 of Ref. �39�; this current is in fact a
Faradaic �gate� current such as we discuss here.� We thus
expect a major change in the redox kinetics with halogen
concentration that is confirmed in Fig. 7. Kanazawa et al.
�39� ascribe the effect of chloride ions on their ISFET char-
acteristics as due to a specific adsorption of Cl− in the Helm-
holtz layer. The open circuit voltage shifts by 0.10 V, and the
cathodic and anodic current densities are clearly higher than
before. Both the cathodic and the anodic current densities
moreover do no longer follow the Butler-Volmer relation, all
indicating that chlorine ions have a major impact on the
charge transfer of electrons at the diamond-electrolyte inter-
face. This issue is subject of on-going research work.

For low concentrations of KCl, the cathodic part of the
polarization curve may even be extrapolated to the reversible
potential of the oxygen reaction at P= +0.81 V vs SHE. The
result is shown in Fig. 8 in an Evans diagram similar to the
schematic one of Fig. 6. The back extrapolation of the ca-
thodic current with a transfer factor of �=0.5 yields a revers-
ible exchange current density of j0,O2


1�10−15 A /cm2 for
the oxygen-hydroxyl redox couple at the hydrogen-
terminated diamond surface. As explained above, the anodic
current due to the hydrogen-hydronium couple is apparently
not reaction controlled, and a back extrapolation can only be
interpreted with great caution. The corresponding current
density for the open circuit voltage can, however, be taken
from the reaction current density. Extrapolating back
from that value �+0.11 V and 3�10−11 A /cm2� with
�=0.5 would give a reversible exchange current density of
j0,H2


7�10−16 A /cm2. Although this value should only be
taken as a very rough estimate it is yet interesting to note that
it is within a factor of 2 identical with j0,O2

.

CONCLUSION

We have studied the electron exchange between
hydrogen-terminated diamond electrodes and aqueous elec-
trolyte in which the active redox couples were restricted to
hydrogen-hydronium and oxygen-hydroxyl.

The redox activity of the electrode was witnessed
by a pH-dependent cell voltage vs Ag /AgCl between
−0.1 V �pH11� and +0.4 V �pH2� varying between 11 and 2.
pH sensitivities between −40 mV / pH and −59 mV / pH were
measured depending on sample surface conditions. In all
cases the cell potentials �open circuit voltage� were in be-
tween those expected for a situation where either the
H2 /H3O+ or the O2 /OH− redox couple were active alone.
Hence, the open circuit voltage is determined by the
balance of an anodic current due to hydrogen oxidation on
the one side �H2+2H2O−2e−→2H3O+� and a cathodic
current due to the reduction of oxygen on the other side
�O2+H2O+2e−→4OH−�. The corresponding mixed poten-
tial is recognized as the classical corrosion potential in elec-
trochemistry. However, whereas corrosion normally leads to
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the decomposition of the electrode material the diamond is
left intact in our case and the corrosion reaction corresponds
to water synthesis from H2 and O2 catalytically mediated by
the diamond surface. The analysis of the quasistatic polariza-
tion curve measured for pH7 shows a charge-transfer-limited
current for the oxygen-hydroxyl couple at least up to an
overpotential of 0.65 V with an extremely low reversible ex-
change current density of 10−15 A /cm2. On the other hand,
the anodic current due to the hydrogen-hydronium couple
saturates already for voltage exceeding the open circuit volt-
age by 0.1 V.

The principles used here to describe open circuit condi-
tions hold as well for free diamond surfaces in contact with
electrolyte or with humid air. Therefore, contrary to what has

been claimed so far, it is neither the hydrogen-hydronium
couple �1� nor the oxygen-hydroxyl couple �6� alone that
determines the hole accumulation layer of surface conductive
diamond. The extremely low exchange current densities of
the order of 10−15 A /cm2 account quantitatively for the long-
time constants needed to establish a saturated surface con-
ductivity on diamond after exposure to air.
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