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Abstract: Charge build-up at the solid/aqueous interface is a ubiquitous phenomenon that determines the
properties of interfacial electrical double layers. Due to its unique properties, the surface of diamond offers
an attractive platform to investigate charging mechanisms in aqueous solutions. We investigate the surface
charge by studying the ion sensitivity of H-terminated single crystalline diamond surface conductive layers.
The effect of monovalent and divalent salts has been probed at different pH values. For a pH above 3.5,
increasing the ionic strength results in a decrease of the surface conductivity, in contrast to the results
obtained for pH below 3.5. Electrokinetic experiments are in good agreement with the surface conductivity
measurements, showing an isoelectric point at pH 3.5 for the H-terminated diamond surface. We discuss
the results in terms of the Coulombic screening by electrolyte ions of the surface potential, which is induced
by a pH-dependent surface charge. The origin of this surface charge is discussed in terms of charge
regulation by amphoteric hydroxyl surface groups and unsymmetrical adsorption of hydroxide and hydronium
ions induced by the hydrophobic nature of the H-terminated diamond surface. This surface charge can
have important consequences for processes governed by the diamond/aqueous interface, such as electron
transfer to charged redox molecules, adsorption of charged molecules and proteins, and ion sensitivity.

Introduction

The importance of the solid/aqueous interface is evident for
a broad spectrum of physical and chemical phenomena, as for
example electron-transfer processes,1 transport and separation
processes in microchannels,2 the interaction of molecules,
biomolecules and living cells with solid surfaces,3,4 etc. In
addition, the electrical double layer induced at a metal or
semiconductor interface with an aqueous solution determines
the ultimate performance of electrodes in electrochemical
applications, as well as of ion sensitive field effect transistors.5

The properties of electrical double layers strongly depend on
charge build-up processes occurring at the solid/aqueous
interface, which are influenced by specific and nonspecific
adsorption of ions, charge regulation by surface groups, water/
solid interactions, etc.6 Due to its very unique properties, such
as chemical stability and excellent performance in electrochemi-

cal applications,7 the surface of diamond offers an ideal platform
to investigate interfacial charging mechanisms in aqueous
solutions. In addition, both hydrophobic (H-terminated) and
hydrophilic (O-terminated) surfaces are very stable in aqueous
solution, which is an important advantage compared to other
semiconductors and metals. Finally, the surface conductivity
of H-terminated diamond surfaces provides a unique tool to
investigate the process of charge formation on diamond surfaces
in situ.8

In this paper, we report on our investigation of the charge
formation adsorption at the diamond/aqueous interface by
studying the ion sensitivity of diamond surfaces. Since the first
report in 1970,5 the ion-sensitive field effect transistor (ISFET)
has become an important and versatile sensing tool. Useful
modifications like the EnzymeFET (ENFET) or the ImmunoFET
have expanded the number of possible applications to the broad
area of biosensors, medical, and health care.9 The use of
diamond for ISFET applications has been limited so far,10-14

although this material could be very advantageous in this field.
† Walter Schottky Institut, Technische Universita¨t München.
‡ Institute for Polymer Research (IPF).
§ University of Toronto.
| Physics Department, Technische Universita¨t München.

(1) Kuznetsov, A. M.; Ulstrup, J.Electrochim. Act.2000, 45, 2339-2361.
(2) Prins, M. W. J.; Welters, W. J. J., & Weekamp, J. W.Science2001, 291,

277-280
(3) Xu, X.-H. N.; Yeung, E. S.Science1998, 281, 1650-1653
(4) Zimmermann, R.; Osaki, T.; Kratzmu¨ller, T.; Gauglitz, G.; Dukhin, S. S.;

Werner, C.Anal. Chem.2006, 78, 5851-5857
(5) Bergveld, P.IEEE Trans. Biomed. Eng.1970, 17, 70-71.
(6) Bockris, J. O’M.; Conway, B. E.; Yeager, E.ComprehensiVe Treatise of

Electrochemistry: Plenum Press: New York, 1981; Vol. 1.

(7) Swain, G. M.; Anderson, A. B.; Angus, J. C.MRS Bull.1998, 23, 56-60.
(8) Maier, F.; Riedel, M.; Mantel, B.; Ristein, J.; Ley, L.Phys. ReV. Lett.2000,

85, 3472-3475.
(9) Janata, J.; Moss, M. S.Biomed. Eng.1976, 11, 241-245.

(10) Garrido, J.; Ha¨rtl, A.; Kuch, S.; Stutzmann, M.; Williams, O.; Jackman,
R. Appl. Phys. Lett.2005, 86, 073504.

(11) Kawarada, H.; Araki, Y.; Sakai, T.; Ogawa, T.; Umezawa, H.Phys. Stat.
Sol. A2001, 185, 79-83.

(12) Song, K. S.; Sakai, T.; Kanazawa, H.; Araki, Y.; Umezawa, H.; Tachiki,
M.; Kawarada, H.Biosens. Bioelectron.2003, 19, 137-140.

Published on Web 01/17/2007

10.1021/ja066543b CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007 , 129, 1287-1292 9 1287



The large potential window and the chemical inertness provide
a useful platform for electrochemistry, the excellent biocom-
patibility and the possibility of a stable surface functionalization
are ideal for biosensor applications.15-16 Diamond ISFETs make
use of the pronounced surface conductivity observed for
hydrogen-terminated diamond.17 The best established model to
explain this surface conductivity, the transfer doping model,8

relies on the presence of atmospheric surface adsorbates acting
as acceptors for electrons from the diamond valence band.
However, the question remains what happens exactly at the
diamond/aqueous electrolyte interface. In this context, the role
of electrolyte ions is of particular relevance.

In earlier reports on the ion-sensitivity of ISFETs based on
hydrogenated polycrystalline diamond, a shift of the threshold
voltage, leading to an increase of the drain-source current with
salt concentration, was reported.12-14 To explain this behavior,
it was suggested that negatively charged halogen anions could
adsorb specifically on the diamond surface as a result of the
C--H+ surface dipole. However, in the light of the new
experiments reported in this paper, we propose a rather different
explanation. We found that the influence of ionic strength,
increasing or decreasing the surface conductivity, depends on
the pH of the solution. Even more, within our experimental
conditions, we can conclude that the main effect of ionic strength
is the screening of a pH-dependent surface potential and,
therefore, the effect of specific adsorption of dissolved salt ions
is not dominant. We discuss two possible mechanisms of charge
build-up at the diamond/aqueous solution interface: (i) charge
regulation by amphoteric hydroxyl groups, which are present
due to the incomplete H-termination of the surface, and (ii)
unsymmetrical adsorption of hydroxide (OH-) and hydronium
(H3O+) ions at the H-terminated diamond surface. From the
electrokinetic experiments reported in this paper, there is
evidence for the unsymmetrical adsorption of OH- and H3O+

ions. Recently, the adsorption of hydroxide ions on hydrophobic
surfaces, as is the case of the H-terminated diamond surface,
has been investigated by different methods.18-21 It has been
suggested that interfacial water ordering can induce the adsorp-
tion of hydroxide ions.21,22 We have conducted molecular
dynamic simulations to investigate the microscopic structure
of the water phase at the surface of the hydrophobic H-
terminated diamond, showing that the interfacial water layers
are strongly oriented and thus promoting OH- adsorption.

Materials and Methods

Diamond Surfaces Preparation. Natural type-IIa single-crystal
diamond (scd) samples were used (both 100 and 111 oriented, from
Element Six BV, The Netherlands). The samples had a size of 3× 3

mm2 and exhibited an average surface roughness below 0.5 nm, as
determined by AFM measurements.

Before any process, the samples were cleaned in aqua regia (HCl/
HNO3 3:1) at 120°C for 1 h toremove metal contaminations from the
surface. Next, the samples were chemically oxidized via the following
steps: first, concentrated H2SO4 containing the scd samples was heated
to 225°C, and then some mm3 of KNO3 salt were added. The samples
were kept in this solution for 1 h and afterward thoroughly rinsed with
DI-water. Besides the surface oxygen termination, this chemical
treatment is known to remove non-diamond carbon from the surface.
The oxidation was confirmed using contact angle experiments. Finally,
the samples were hydrogen-terminated using a hot-filament setup. The
samples were heated in a vacuum chamber (base pressure 5 10-7 mbar)
to a temperature of 700°C. H2 (flux of 150 sccm) was introduced and
activated with two 2000°C hot tungsten wires. The hot sample was
exposed to hydrogen radicals for 30 min at a constant chamber pressure
of 1.5 mbar. After cooling down in hydrogen atmosphere, the samples
were kept for 1 day in ambient atmosphere to induce the surface
conductivity.8 Contact angles between 80 and 90° revealed highly
hydrophobic surfaces. The surface conductivity with typical values of
10-4 Ω-1 cm-1 was confirmed by Hall-effect-experiments. The corre-
sponding hole densities were of the order of 1013 cm-2, and the
mobilities were around 50-100 cm2 V-1 s-1.

Ion Sensitivity Field Effect Transistor Fabrication. ISFET devices
were fabricated by standard photolithography: First, Ti/Au (20/200
nm) contacts were deposited by electron-beam evaporation, acting as
drain and source contacts. The 1× 1 mm2 active area between these
contacts was defined by oxidizing the sample area outside in an oxygen
plasma, leaving just the active area hydrogen-terminated and conductive.
The processed diamond samples were mounted onto a ceramic holder,
and the drain and source metal contacts were wire-bonded to Au contact
pads on the holder. Chemically resistant silicone glue was used to
prevent direct contact between any metal and the electrolyte. Only the
active diamond area was exposed to the electrolyte solution.

Ion Sensitivity Measurements. The devices were operated as
working electrodes in a three-electrode electrochemical cell, consisting
of a double junction Ag/AgCl (1.5/3 M saturated KCl) reference
electrode and a Pt wire counter electrode. A commercial potentiostat
(BANK LB81M) was employed to control the electrode potentials. The
experimental setup is designed for simultaneous recording of the drain-
source current and voltage as well as the gate (electrolyte)-source
voltage. All the potential values quoted here are referred to the Ag/
AgCl electrode. The standard electrolyte is a 10 mM phosphate buffer
solution; however, when using divalent salts, we had to use a HEPES
buffer because of solubility problems. The electrolyte solution is stirred,
and the pH value and the temperature are monitored continuously.
Typical transistor characteristic curves of the diamond ISFETs are
shown in the Supporting Information (Figure S2). The drain-source
current (IDS) was recorded while the salt concentration of the electrolyte
was changed by addition of defined salt quantities dissolved in buffer
solution, in the range from 10µM to 100 mM. The measurement
parameters were a constant drain-source voltage (UDS) of -100 mV,
and a constant gate-source voltage (UGS) of -500 or-400 mV.

Electrokinetic Measurements.Streaming current experiments were
conducted using the Microslit Electrokinetic Setup.23 The device permits
the determination of the zeta potential by streaming potential and
streaming current measurements at a rectangular streaming channel
formed by two parallel sample surfaces (20× 10 mm2). Streaming
current experiments were conducted at different salt concentrations and
different pH values using undoped polished (rms< 1 nm) poly-
crystalline diamond plates. The calculation of the Zeta potential was
done as described in detail in the work of Werner and co-workers.23

Molecular Dynamic Simulations.For the molecular dynamics (MD)
simulation, we have created a model of an interface between a 100-
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oriented hydrogen terminated diamond surface and water. A 3 nm ×
3 nm × 2 nm big block of diamond was placed in a rectangular
simulation box of 3 nm× 3 nm× 9 nm. The remaining space in the
box was filled with water. The force field parameters for the carbon
and hydrogen atoms of the diamond were taken from the Gromos96
force field.24 The diamond atoms were assumed to be uncharged. The
water model chosen was Simple Point Charge-Extended (SPC/E).25

The total system consisted of∼2500 diamond atoms and∼7000 atoms
for the water. The GROMACS program was used for all simulations.26,27

Periodic boundary conditions were applied, and the long-range elec-
trostatic energy was calculated by the Particle mesh Ewald method
(PME). After minimization and equilibration, 2 ns long simulations
were performed in the NPT ensemble (number of particles, pressure
normal to the surface, and temperature constant). All further analysis
was based on the resulting trajectories. We calculated the thickness of
the depletion layer at the interface along with the profiles of the average
dipole moment and the electrostatic potential along the interface. The
potential of mean force (PMF) for the adsorption of OH- and Na+

was calculated by umbrella sampling. More details of the MD
simulations can be found in the Supporting Information section.

Results and Discussion

Effect of Monovalent and Divalent Ions. We investigate
the ion sensitivity of diamond surfaces by evaluating the effect
of ion concentration on the drain source current (IDS) of diamond
ISFETs (see Materials and Methods, and Supporting Information
sections for further information). In contrast to our experimental
method, the ion sensitivity was estimated in earlier reports from
the change in threshold voltage in solutions of different salt
concentrations.12-14 With increasing concentration of salts
containing halogen anions, a threshold voltage shift to lower
values and higher transistor currents have been reported for
ISFETs based on hydrogenated polycrystalline diamond. This
was explained by an adsorption of the negative anions due to
the polarization of the C-H bond.12-14

However, in our measurements performed at pH 7, the drain-
source current decreases upon an increase of the concentration
of different monovalent and divalent salts, as shown in Figure
1a. This IDS decrease suggests a dominant influence of the
positively charged cations: an increased amount of positive
charge at the interface is expected to lead to a depletion of the
hole accumulation layer close to the diamond surface and, as a
consequence, to aIDS decrease. This is in clear contradiction to
the adsorption of negative ions proposed in earlier reports.12-14

At pH 7, the dominant role of the positive cations for the ion
sensitivity of diamond ISFETs has been corroborated by
comparing the effect of different salts such as KCl, CaCl2, and
MgCl2 (see Supporting Information, Figure S1). These salts have
the same anion (Cl-) but differ in the cation, monovalent K+

and divalent Ca2+ or Mg2+. Due to its 2-fold positive charge, a
larger influence on the conductivity is expected for divalent
cations, in accordance with the results shown in Figure 1a.

Screening versus Adsorption.The observed interaction of
the positive ions with the diamond surface can be explained by
two main effects, screening and specific adsorption. In the

diamond film, a hole accumulation layer with a charge density
close to 1013 holes/cm2 is formed very close to the surface. In
the case of the diamond/air interface, it has been suggested that
the positive charge is compensated by the negative charge of
atmospheric adsorbates.8 However, at the diamond/aqueous
electrolyte interface, ions from the electrolyte solution are
expected to play an important role in maintaining the overall
charge neutrality. One possibility to explain the effect of the
electrolyte ionic strength, as shown in Figure 1a, is the specific
adsorption of positive ions at the surface. Possible binding sites
are amphoteric oxygen groups, always present at the H-
terminated surface due to imperfections of the hydrogenation.
Cations and anions have been reported to form complexes with
negatively and positively charged surface functionalities, re-
spectively.28,29Additionally, specific adsorption can also occur
directly on the hydrogenated regions. The shift toward a more
positive surface charge on the solution side (and in consequence
a more positive surface potential) should decrease the number
of positive holes in the conductive channel under the neighboring
hydrogenated areas and in turn lead to a reduction of the drain-
source current. However, it is well-known that specific adsorp-
tion of ions strongly depends on different ion properties.30

Although a clear microscopic description of the ionic specificity
is not yet available,31 different mechanisms have been suggested,
such as solvent structure effects, ion-solvent interaction, as well
as interactions between ions and specific sites on the surface.
Our experimental results show a very weak dependence on the
ion type, in contrast to a larger dependence on the ion valency
(Supporting Information, Figure S1), which can be better

(24) Scott, W. R. P.; Hu¨nenberger, P. H.; Tironi, I. G.; Mark, A. E.; Billeter, S.
R.; Fennen, J.; Tord, A. E.; Hube, T.; Kruger, P.; van Gunsteren, W. F.J.
Phys. Chem. A, 1999, 103, 3596-3607.

(25) Berendsen, H. J. C.; Grigeraa, J. R.; Straatsma, T. P.J. Phys. Chem.1987,
91, 6269-6271.

(26) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R.Comp. Phys. Comm.
1995, 91, 43-56.

(27) Lindahl, E.; Hess, B.; van der Spoel, D. L.J. Mol. Mod.2001, 7, 306-
317.

(28) Yates, D. E.; Levine, S.; Healy, T. W.Chem. Soc. Faraday Trans.1974,
70, 1807- 1819.

(29) Davis, J. A.; James, R. O.; Leckie, J. O.J. Colloid Interface Sci.1978, 63,
480-499.

(30) Bockris, J. O’M., Conway, B. E.; Yeager, E. Chapter 4. InComprehensiVe
Treatise of Electrochemistry; Habib, M. A., Bockris; J. O’M.; Eds.; Plenum
Press: New York, 1981; Vol. 1.

(31) Kunz, W.; Nostro, P. L.; Ninham, B. W.Curr. Opin. Colloid Interface
Sci.2004, 9, 1-18.

Figure 1. (a) Comparison of the effect of a monovalent (KCl) and a divalent
salt (MgCl2) on the surface conductivity at pH 7. Symbols represent the
experimental results, measured in 10 mM HEPES buffer and withUGS )
-400mV. Lines are the results of the fits using the model described in the
text. (b) Effect of pH of the solution on the ion sensitivity. Symbols
correspond to the experimental results measured withUGS ) -500mV.
The surface conductivity decreases with increasing salt concentration for
pH values above 3.5. In contrast, the opposite effect is observed for pH
values below 3.5. Solid lines are fits using the model described in the text,
assuming a surface charge of-1 µC/cm2 for pH 7,-0.2µC/cm2 for pH 4,
+0.1 µC/cm2 for pH 3.5,+0.35µC/cm2 for pH 3, and+0.45µC/cm2 for
pH 2.

Surface Conductive Single Crystalline Diamond A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 5, 2007 1289



described by screening effects. Thus, for the discussion hereafter,
we will assume that salt ions are not specifically adsorbed at
the diamond surface.

The Diamond/Aqueous Interface.To quantify the influence
of the ionic strength on the surface conductivity in terms of
screening, we use the simple model based on the Gouy-
Chapman-Stern theory, which is schematically shown in Figure
2. The classical description of the solid/liquid interface based
on the Gouy-Chapman-Stern model assumes that the charge
is distributed in different regions.32 First, a layer of specifically
bound (nonhydrated) ions from the electrolyte can be formed
right at the surface (at the inner Helmholtz plane). Second, a
layer of nonspecifically bound (hydrated) ions from the solution
forms the outer Helmholtz plane. Finally, there is the extended,
smeared-out region of diffuse charges. The schematics in Figure
2 shows a simplified version of the diamond/liquid interface in
which, as a first approximation, the two planes of the Helmholtz
layer have been merged together.

Let us first assume that the surface of diamond is negatively
charged in contact with the electrolyte, with a surface charge
per unit areaσa. This negative charge, whose origin will be
discussed later, induces a negative surface potentialæa. The
potential profile across the interface, as depicted in upper
schematic of Figure 2a (black line), starts from a positive value
(hole accumulation layer, applied positive potential), then
strongly drops to negative values (countercharge layer), and
finally slowly rises exponentially to zero (diffuse layer). The
corresponding charge distribution is shown in the bottom
diagram of Figure 2a (black curves and gray shadowed regions).
In the diffuse region of the electrolyte, the charge per unit area

(σd) and the potential (æd) are related by the Poisson-Boltzmann
equation. With the help of the Gauss law, it is possible to derive
the relation betweenæd andσd using the simplifying assumptions
of the Gouy-Chapman theory: namely, ions are considered as
point-like charges that interact via their mean field in a solvent
treated as a continuum. This leads to the Grahame equation:

in which the indexi refers to the different ions in the electrolyte,
with concentrationci and valencyzi, F is the Faraday constant,
R the general gas constant, andT the absolute temperature.

The mobile charge (σe) induced at the diamond side of the
interface is related to the potential drop at the interface through
the interfacial capacitance (CH) by the equation

Since the inner and outer Helmholtz planes are merged
together (see Figure 2a), in eq 2 the potentialæa at the Helmholtz
plane can be substituted byæd.

Finally, the drain source current (IDS) can be calculated using
the charge induced at the diamond surface (σe) and the mobility
(µ) of the carriers,

whereUDS is the applied drain source voltage. As discussed
above,æa can be substituted byæd; in addition, as the potentials
are referred to a reference electrode (see Figure 2), the potential
at the diamond surfaceæe corresponds to the externally applied
potential or gate potential,Uext. Finally, the charge neutrality
condition,σa + σd + σe ) 0, completes the set of equations.
Figure 1a compares the experimental results (symbols) with the
predictions of this simple model; solid lines correspond to the
results obtained from eq 3 using a negative surface charge of
-9 µC/cm2, which approximately corresponds to 6× 1013

negative charges per cm2. In the calculations, we have used an
interfacial capacitanceCH ) 2µF/cm2 and a carrier mobilityµ
) 55 cm2/Vs,33 which are typical values (see Supporting
Information for further discussion). Other parameters used in
the calculation are external gate voltageUext ) +0.4V, drain
source voltageUDS ) -0.1V, and relative dielectric constant
of bulk water εr ) 80. As in the experiment, a 10 mM
monovalent (1:1) background electrolyte is used.

As can be seen in Figure 1a, the prediction based on the model
discussed above follows quite reasonably the experimentally
observed effect of both monovalent and divalent salts on the
surface conductivity. At a given constant negative surface
charge, an increase of the ionic strength results in a decrease of
the negative surface potentialæd (i.e., it becomes less negative),
which then produces a decrease of the accumulated holes at
the diamond surface and therefore of the drain source current,
see eq 3. This effect is schematically shown in Figure 2a. For
the surface charge of-9 µC/cm2 (as used in the calculation
shown in Figure 1), the increase of the ionic strength from 1 to
100 mM leads to a decrease of the induced hole density at the

(32) Grahame, D. C.Chem. ReVs. 1947, 41, 441-501. (33) Garrido, J. A.; Heimbeck, T.; Stutzmann, M.Phys. ReV. B 2005, 71, 245310.

Figure 2. Schematic of the diamond/aqueous electrolyte interface. The
inner and the outer Helmholtz planes have been merged together. The
adsorbed charge (σa) is considered to be at the Helmholtz plane. This charge
is compensated by the induced charge at the diamond side of the interface
(σe) and the diffuse charge (σd). The bottom diagrams represent the charge
distribution and the upper diagrams correspond to the potential distribution
at the interface, assuming a constant Helmholtz capacitance (CH). Uext is
the externally applied gate potential. (a) Screening effect: A negative surface
charge (σa < 0), gray area in the bottom diagram, induces a negative surface
potential (black line in the upper diagram). Increasing the ionic strength
results in a lowering of the negative surface potential (red lines), which
leads to a decrease of the surface conductivity (due to the decrease ofæe

- æa). (b) Charge inversion: for pH below 3.5 the surface charge is positive
(red area in the bottom diagram). In this situation the decrease of the positive
surface potential (red line in the upper figure) as a result of the increase of
the ionic strength leads to an increase of the surface conductivity (due to
the increase ofæe - æa).

σd ) x2εrεRT [∑
i

ci‚(exp{-zi‚F‚æd/R‚T})]1/2 (1)

σe ) CH(æe - æa) (2)

IDS ) µσeUDS ) µCH(æe - æa) UDS )

µCH(Uext - æd) UDS (3)
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diamond surface from 7× 1012 to 6× 1012 cm-2. The different
behavior of divalent and monovalent cations is simply the result
of their different screening effect on the negative surface
potential, which is determined by their different valencyz in
eq 1.

The ion sensitivity has been investigated as a function of the
pH of the aqueous solution, and the results are summarized in
Figure 1b. In this experiment, the background buffer was 10
mM, the drain source voltageUDS ) -0.1 V, and the applied
external potential (gate voltage) was+0.5V vs Ag/AgCl. At
low ionic strength, a decrease of the pH (obtained by adding
HCl to the solution) results in a decrease of the drain source
current, a dependence which we have previously attributed to
the presence of amphoteric oxygen functionalities on the
diamond surface.10 Due to the amphoteric behavior of hydroxyl
groups (C-OH), variations in the pH modify the surface charge
(σa) and therefore the surface potential. We referred to this
process as surface charge regulation. At low pH, OH-groups
become protonated, reducing the negative charge of the surface.
Interestingly, the variation of the drain source current with the
ionic strength is reversed for pH below 3.5. At low pH values
an increase of the ion concentration leads to an increase of the
drain source current, in contrast to the opposite behavior
observed for pH values above 3.5. This can be understood using
the same model described above: for pH below 3.5 the surface
charge becomes positive, and so does the surface potential (æd),
as shown by the red curve in Figure 2b. In this situation, the
positively charged surface is mainly compensated by a negative
charge in the diffuse region. Therefore, an increase of the ionic
strength results in a lowering of the surface potential, which
becomes less positive and increases the termUext - æd in eq 3;
as a result,IDS increases. The experiments (symbols) in Figure
1b have been simulated (solid lines) using different values of
the surface charge:-1 µC/cm2 for pH 7, -0.2 µC/cm2 for pH
4, +0.1µC/cm2 for pH 3.5,+0.35µC/cm2 for pH 3, and+0.45
µC/cm2 for pH 2. Our results suggest that hydroxide (OH-)
and hydronium ions (H3O+) are the main potential determining
ions (i.e., ions that are able to modulate the surface charge).
The concentration ratio of the two potential determining ions
varies the value and the sign of the charge at the diamond/
aqueous electrolyte interface. Thus, we can conclude that the
point of zero charge of the diamond surface is close to pH 3.5.

In the discussion above, the surface charge at the diamond/
aqueous electrolyte interface has been assumed to be induced
by amphoteric C-OH groups at the diamond surface. These
surface groups can become protonated (C-OH2

+) or deproto-
nated (C-O-) depending on the pH of the solution. From the
calculations presented above, a charge density as high as 6×
1013 cm-2 can be expected at pH above 7. If this charge is
related to hydroxyl groups, it would imply that more than 5%
of the carbon atoms at the diamond surface are saturated with
-OH functionalities. XPS experiments reveal that in our
samples the contribution of oxygen on the surface is of the order
of 10% of surface coverage. However, of this high amount of
oxygen functionalities only a small fraction is expected to be
OH-groups, typically less than 50% for the 100-oriented
diamond surface and less than 10% for the 111-oriented
surface.34 These numbers have to be taken with caution due to
the difficulty in obtaining an accurate value for the density of

hydroxyl groups, even using high-resolution XPS. In addition,
physisorbed oxygen-containing species cannot be completely
ruled out.

Unsymmetrical Adsorption of OH- and H3O+. However,
even if the density of C-OH groups at the diamond surface is
not high enough, OH- and H3O+ are still able to modulate the
surface charge if they are adsorbed on the H-terminated surface.
The adsorption of hydroxide at a water/hydrophobic interface,
as is the case for the water/H-terminated diamond, has been
recently investigated both theoretically and experimentally.18-21

To further investigate the charge build-up process at the
diamond/aqueous electrolyte interface, we have employed
streaming current experiments (the experiment is described in
the Methods Section) to derive the Zeta potential at the diamond
surface.

The results of the streaming current experiments performed
using H-terminated and O-terminated diamond surfaces are
shown in Figure 3. In the case of the H-terminated surface, the
pH dependence was measured for 10-4, 10-3, and 10-2 M KCl.
The derived Zeta potential has a negative value and decreases
as the pH is lowered. For all investigated salt concentrations,
the Zeta potential becomes positive for pH below 3.5. Therefore,
pH 3.5 is the isoelectric point (IEP) of the H-terminated diamond
surface, in very good agreement with the results of the ion
sensitivity experiments (see Figure S3 in the Supporting
Information). The fact that the salt concentration has an almost
negligible influence on the IEP supports our previous assumption
about the specific adsorption of ions: the specific adsorption
of K+ or Cl- is negligible, at least for salt concentrations in
the range of 10-2-10-4 M. The absence of any clear plateaus
of the Zeta potential in the investigated pH range (from pH 2
to 10) indicates that the surface charge is not only caused by
the dissociation of hydroxyl groups (C-OH) but by the
preferential adsorption of hydroxide and hydronium ions from
the electrolyte.

These results are in very good agreement with the previous
work of Werner and co-workers, in which the unsymmetrical
adsorption of OH- and H3O+ to unpolar polymer films was
reported.18 Interestingly, the derived Zeta potential for the(34) Ferro, S.; Colle, M. D.; De Battisti, A.Carbon2005, 43, 1191-1203.

Figure 3. Zeta potential calculated from streaming current measurements
for H-terminated and O-terminated diamond surfaces. The experiments were
conducted with different ionic strengths of the solution as a function of the
pH. In the case of the H-terminated diamond surfaces, negative Zeta
potentials are obtained above pH 3-3.5, which is considered as the
isoelectric point (IEP). A very small variation of the IEP is observed for
different salt concentrations. In the case of the O-terminated diamond
surface, the IEP occurs at lower pH (below pH 1.5) and a plateau of the
Zeta potential is observed for pH above 6.
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unpolar polymer films revealed a point of zero charge at pH
4,18 close to the value we find for the H-terminated diamond
surfaces. We have additionally conducted streaming current
experiments with the same samples after oxygen plasma
treatment (see Figure 3). After surface oxidation, the low contact
angle of the diamond surface indicates the presence of C-OH,
which has been confirmed by HREELS experiments.35 In the
case of the oxidized diamond surface a negative Zeta potential
is also obtained. However, the IEP of the O-terminated diamond
surface is close to pH 1.5, well below the IEP for the
H-terminated diamond surface. In addition, a clear plateau of
the Zeta potential (of about-100mV for a salt concentration
of 1 mM) is observed for pH values above 6. These two results
indicate that, in the case of the oxygen terminated diamond
surface, the interfacial charge is strongly influenced by the
dissociation of C-OH surface groups (charge regulation
process), in contrast to the H-terminated diamond surface where
unsymmetrical adsorption of OH- and H3O+ dominates. The
slightly difference between the IEP measured for the hydro-
phobic diamond surface (at pH 3.5) and for the hydrophobic
unpolar films (at pH 4)18 can be attributed to the presence of
residual hydroxyl groups at the diamond surface.

Water Ordering and OH - Adsorption. The driving force
originating the unsymmetrical adsorption of OH- and H3O+ is
still not well understood. It has been suggested that in the case
of hydrophobic surfaces, the presence of a highly oriented
interfacial water layer acts as a template for hydroxide ion
adsorption.18 To understand the microscopic structure of the
water/H-terminated diamond interface, we have performed
molecular dynamic (MD) simulations (see Materials and
Methods section for a detailed description of the MD simula-
tions). In principle, charge-transfer reactions can take place
between the solution and the solid, and only quantum chemical
methods (such as density functional theory, DFT) are able to
account for them. However, it is reasonable to assume that the
completely hydrogen-terminated diamond surface is inert under
the studied conditions and acts neither as a donor or acceptor
for electrons or protons at the neutral conditions of the
simulation. Therefore, a classical description without much
chemical detail of the diamond side is possible (see Supporting
Information for a detailed discussion about the validity of the
molecular dynamic simulations). Figure 4 shows a snapshot of
the simulation, and the profile of the dipole moment (µZ) of the
water phase normal to the interface. Our MD simulations show
that the interfacial water layers are indeed strongly oriented.
The driving force for this ordering is the tendency of the water
to keep a high number of hydrogen bonds.36 Zangi and Engberts
have suggested that water ordering induces an electrical potential
gradient which favorably interacts with the dipole moment of
hydroxide ions, which are then preferentially physisorbed at the
interface.21 To investigate the adsorption of OH- ions we have
performed MD simulations in which different concentrations
of NaOH were added to the water. Indeed, the potentials of
mean force (PMF) obtained from MD for Na+ and OH- ions
have minima in the interfacial region (see Figure 4), indicating
that OH- ions are indeed adsorbed in the second interfacial
water layer, where the first solvation sphere of the ions is in

contact with the interface (See Materials and Methods and
Supporting Information sections for further discussion of the
MD results).
Conclusion

In this paper, we have demonstrated that diamond surfaces
are suitable platforms to investigate charging processes at the
solid/aqueous solution interface. From two complementary
methods we have found that the point of zero charge of
H-terminated diamond surfaces is about pH 3.5. The ion
sensitivity of H-terminated single crystalline diamond surfaces
was explained in terms of Coulombic screening of the surface
charge by electrolyte ions. The origin of the pH-dependent
surface charge has been discussed in terms of (i) amphoteric
hydroxyl (C-OH) surface groups, and (ii) unsymmetrical
adsorption of hydroxide and hydronium ions from the aqueous
solution. Electrokinetic experiments indicate that, in the case
of the H-terminated surfaces, the surface charge is mainly
induced by the unsymmetrical adsorption of OH- and H3O+.
We suggest that the hydrophobic nature of the H-terminated
diamond surface induces the adsorption of OH- and H3O+ ions
from the aqueous solution, resulting in a large interfacial charge.
These are relevant results with important implications in
different fields such as electrochemistry, bio-sensors, colloidal
and interfacial science, as well as in any field in which
hydrophobic interactions and “double-layer” formation are of
concern.
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Figure 4. Molecular dynamics simulations of the hydrogenated diamond/
water interface. A snapshot of the simulation of the diamond/water interface
is shown in the middle, where the water occupies the upper part, and the
diamond the lower part. Oxygen atoms are represented in red, hydrogen
atoms in white, and carbon atoms in blue. Left: potential of mean force
(PMF) for the adsorption of Na+ and OH- at the diamond/water interface.
Right: profile of the average dipole moment normal to the interface of
pure water. A negative dipole moment indicates that the hydrogen atoms
point toward the diamond. The orientation of water molecules is caused by
the presence of the hydrophobic diamond interface, and decays with
increasing distance (r) from the surface. Above 1 nm, the dipole moment
is very low. In this region, the potentials of mean force for ion adsorption
also reach the values in bulk water.
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