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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 cal applicationg,the surface of diamond offers an ideal platform

The importance of the solid/aqueous interface is evident for to investigate interfacial charging mechanisms in aqueous
P q solutions. In addition, both hydrophobic (H-terminated) and

a broad spectrum of physical and chemical phenomena, as for, : .
hydrophilic (O-terminated) surfaces are very stable in aqueous
example electron-transfer proces$asansport and separation - S .
. . - . solution, which is an important advantage compared to other
processes in microchannélghe interaction of molecules, - . o
. L . . semiconductors and metals. Finally, the surface conductivity
biomolecules and living cells with solid surfacesetc. In . . . )
of H-terminated diamond surfaces provides a unique tool to

addition, the electrical double layer induced at a metal or
investigate the process of charge formation on diamond surfaces
semiconductor interface with an aqueous solution determines. in situ®

the ultimate performance of electrodes in electrochemical In this paper. we report on our investiaation of the charge
applications, as well as of ion sensitive field effect transistors. formationpagsc;rption Zt the diamond/agueous interface gby
The properties of electrical double layers strongly depend on studying the ion sensitivity of diamond surfaces. Since the first

F:harge bU|Id?up processes occurring at the SOIId/aque.o.usreport in 1970, the ion-sensitive field effect transistor (ISFET)

interface, which are influenced by specific and nonspecific . . .

adsorption of ions. charae requlation by surface Aroups Water/has become an important and versatile sensing tool. Useful
P ' ge reg Y groups, modifications like the EnzymeFET (ENFET) or the ImmunoFET

solid mte_ractlons_,_ et Due to its very unique prqperues, such . have expanded the number of possible applications to the broad
as chemical stability and excellent performance in electrochemi- . i
area of biosensors, medical, and health alhe use of
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The large potential window and the chemical inertness provide mn? and exhibited an average surface roughness below 0.5 nm, as
a useful platform for electrochemistry, the excellent biocom- determined by AFM measurements.
patibility and the possibility of a stable surface functionalization ~ Before any process, the samples were cleaned in aqua regia (HCI/
are ideal for biosensor applicatios16 Diamond ISFETs make HNO; 3:1) at 120°C for 1 h toremove m_etal con_ta_mlnat_lons from thfa
use of the pronounced surface conductivity observed for surface. Next, the samples were chemically oxidized via the following
. . . steps: first, concentrated,80; containing the scd samples was heated
hydrogen-terminated diamord The best established model to o
. . L ) to 225°C, and then some mhof KNOj3 salt were added. The samples
explam this surface conductivity, th? transfer doping m@del,_ were kept in this solution fol h and afterward thoroughly rinsed with
relies on the presence of atmospheric surface adsorbates acting) _\yater. Besides the surface oxygen termination, this chemical
as acceptors for electrons from the diamond valence band.ireatment is known to remove non-diamond carbon from the surface.
However, the question remains what happens exactly at theThe oxidation was confirmed using contact angle experiments. Finally,
diamond/aqueous electrolyte interface. In this context, the role the samples were hydrogen-terminated using a hot-filament setup. The
of electrolyte ions is of particular relevance. samples were heated in a vacuum chamber (base pressurérilir)
In earlier reports on the ion-sensitivity of ISFETs based on 0 & temperature of 70tC. H, (flux of 150 sccm) was introduced and
hydrogenated polycrystalline diamond, a shift of the threshold activated with two 2000C hot tungsten wires. The hot sample was

voltage, leading to an increase of the drain-source current with €XP0Sed to hydrogen radicals for 30 min at a constant chamber pressure
salt concentration, was report&4 To explain this behavior of 1.5 mbar. After cooling down in hydrogen atmosphere, the samples

were kept for 1 day in ambient atmosphere to induce the surface

it was suggested that negatively charged halogen anions COUldconductivity? Contact angles between 80 and®9@vealed highly

adsorb specifically on the diamond surface as a result of the pygrophobic surfaces. The surface conductivity with typical values of
C™—HT surface dipole. However, in the light of the new 104 Q-1 cm*was confirmed by Hall-effect-experiments. The corre-
experiments reported in this paper, we propose a rather differentsponding hole densities were of the order off316m=2 and the
explanation. We found that the influence of ionic strength, mobilities were around 50100 cn? Vs ™%

increasing or decreasing the surface conductivity, depends on lon Sensitivity Field Effect Transistor Fabrication. ISFET devices

the pH of the solution. Even more, within our experimental were fabricated by standard photolithography: First, Ti/Au (20/200
conditions, we can conclude that the main effect of ionic strength ™) contacts were deposited by electron-beam evaporation, acting as
is the screening of a pH-dependent surface potential and,dram and source contacts._ Th_exll mn? active area be_twe_en these
therefore, the effect of specific adsorption of dissolved salt ions contacts was defined by oxidizing the sample area outside in an oxygen

. t dominant. We di W ol hani fch plasma, leaving just the active area hydrogen-terminated and conductive.
IS not dominant. YVe dISCUSS two possIble mechanisms of charger, processed diamond samples were mounted onto a ceramic holder,

build-up at the diamond/aqueous solution interface: (i) charge 4nq the drain and source metal contacts were wire-bonded to Au contact
regulation by amphoteric hydroxyl groups, which are present pads on the holder. Chemically resistant silicone glue was used to
due to the incomplete H-termination of the surface, and (ii) prevent direct contact between any metal and the electrolyte. Only the
unsymmetrical adsorption of hydroxide (OHand hydronium active diamond area was exposed to the electrolyte solution.

(H3O™") ions at the H-terminated diamond surface. From the lon Sensitivity Measurements. The devices were operated as
electrokinetic experiments reported in this paper, there is working electrodes in a three-electrode electrochemical cell, consisting
evidence for the unsymmetrical adsorption of O&hd HO* of a double junction_ Ag/AgCI (1.5/3 M saturated K(_:I) referepce
ions. Recently, the adsorption of hydroxide ions on hydrophobic electrode and a Pt wire counter electrode. A commercial potentiostat

surfaces, as is the case of the H-terminated diamond surface,(BANK LB81M) was employed to control the electrode potentials. The

has been investigated by different methd¥s! It has been experimental setup is designed for simultaneous recording of the-drain

. . . . source current and voltage as well as the gate (electrolgm)rce
suggested that_lntetjfamal water ordering can induce the adsorp'voltage. All the potential values quoted here are referred to the Ag/
tion of hydroxide iong!?> We have conducted molecular  aqcjelectrode. The standard electrolyte is a 10 mM phosphate buffer
dynamic simulations to investigate the microscopic structure sejution; however, when using divalent salts, we had to use a HEPES
of the water phase at the surface of the hydrophobic H- buffer because of solubility problems. The electrolyte solution is stirred,
terminated diamond, showing that the interfacial water layers and the pH value and the temperature are monitored continuously.

are strongly oriented and thus promoting OBidsorption. Typical transistor characteristic curves of the diamond ISFETs are
) shown in the Supporting Information (Figure S2). The dresource
Materials and Methods current (ps) 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 1@M to 100 mM. The measurement
parameters were a constant drain-source voltage) (of —100 mV,
and a constant gate-source voltagksd) of —500 or—400 mV.
(13) Kanazawa, H.; Song, K. S.; Sakai, T.; Nakamura, Y.; Umezawa, H.; Tachiki, Electrokinetic Measurements.Streaming current experiments were
M.; Kawarada, HDiam. Relat. Mater2003 12, 618-622. conducted using the Microslit Electrokinetic Setifhe device permits
(14) '\S/l"ikl"z‘ié\"rvé 2%’;?v:ﬁbisa-%’faé‘;é"’t‘f"’&a';‘é?ryggg?g’r?g\;?lyg%éwar H.; Tachiki, the determination of the zeta potential by streaming potential and
(15) Yang, W.; Auriciello, O.; Butler, J. E.; Cai, W.; Carlisle, J. A.; Gerbi, J.  Stréaming current measurements at a rectangular streaming channel
E.; Gruen, D. M.; Knickerboker, T.; Lasseter, T. L.; Russell, J. N.; Smith, formed by two parallel sample surfaces (2010 mn¥). Streaming

(16) Lo pamers, R. oNat, Mater.2002,1,253 257 tharino. S. C. R CUITent experiments were conducted at different salt concentrations and

Diamond Surfaces Preparation. Natural type-lla single-crystal
diamond (scd) samples were used (both 100 and 111 oriented, from
Element Six BV, The Netherlands). The samples had a size>of33

Walter, S.; Feulner, P.: Kromka, A.; Steiritiar, D.; Stutzmann, MNat. " different pH values using undoped polished (rris1 nm) poly-
Mater. 2004 3, 736-742. i i i i
(17) Landstrass, M. 1+ Ravi, K. VAppl. Phys. Lett1989 55, 975-977. crystalline dlamond_plates._ The calculation of the Zeta potential was
(18) Zimmermann, R.; Dukhin, S.; Werner, Rhys. Chem. B2001, 105 8544 done as described in detail in the work of Werner and co-worers.
(19) %5_43- C Hh G.J. Am. Chem. So2002 124 12619-12625 Molecular Dynamic Simulations. For the molecular dynamics (MD)
icke, C.; ner, G.J. Am. Chem. So , . ; : :
(20) Kreuzer, H. J.. Wang, R. L. C.; Grunze, M.Am. Chem. So@003 125 simulation, we have created a model of an interface between a 100-
8384-8389.
(21) Zangi, R.; Engberts, J. B. F. N. Am. Chem. So@005 127, 2272-2276. (23) Werner, C.; Kdver, H.; Zimmermann, R.; Dukhin, S.; Jacobasch, H. J.
(22) Netz, R. RCurr. Opin. Colloid Interface Sci2004 9, 192-197. Colloid Interface Scil998 208 329-346.
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oriented hydrogen terminated diamond surface and wAt& nm x a. b.

3 nm x 2 nm big block of diamond was placed in a rectangular " e 1 - - . . -

simulation box of 3 nmx 3 nm x 9 nm. The remaining space in the R 48r | 85| o2H2

box was filled with water. The force field parameters for the carbon NE “’é I B;TL?’%
and hydrogen atoms of the diamond were taken from the Gromos96 i § ————t——p—an
force field2* The diamond atoms were assumed to be uncharged. The = 30 1 2 90 pH35 o]
water model chosen was Simple Point Char§atended (SPC/EP. § E pHa

The total system consisted 2500 diamond atoms and7000 atoms 3 3 95} E
for the water. The GROMACS program was used for all simulatté#s. 8 551 1 8

Periodic boundary conditions were applied, and the long-range elec- § 2-10.0 | i
trostatic energy was calculated by the Particle mesh Ewald method § B

(PME). After minimization and equilibration, 2 ns long simulations 60r 108 pH7

were performed in the NPT ensemble (number of particles, pressure -105¢ ]

normal to the surface, and temperature constant). All further analysis 1%;“ Lg;oe:ﬁ;ﬁ;?(m&()’z 10* 10["1@]1‘(’:“'\/')101 10*
was based on the resulting trajectories. We calculated the thickness of

the depletion layer at the interface along with the profiles of the average rigyre 1. (a) Comparison of the effect of a monovalent (KCI) and a divalent
dipole moment and the electrostatic potential along the interface. The salt (MgCh) on the surface conductivity at pH 7. Symbols represent the
potential of mean force (PMF) for the adsorption of Obind Na experimental results, measured in 10 mM HEPES buffer and Wd=

was calculated by umbrella sampling. More details of the MD —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
simulations can be found in the Supporting Information section. correspond to the experimental results measured Wigh = —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,
Effect of Monovalent and Divalent lons. We investigate assuming a surface charge-o1 uC/en? for pH 7, ~0.2 uClen? for pH 4,

the ion sensitivity of diamond surfaces by evaluating the effect 1 1 ycjen? for pH 3.5,40.354Clen? for pH 3, and+0.45 uClen? for
of ion concentration on the drain source curréps)(of diamond pH 2.

ISFETSs (see Materials and Methods, and Supporting Information

sections for further information). In contrast to our experimental diamond film, a hole accumulation layer with a charge density
method, the ion sensitivity was estimated in earlier reports from close to 168 Holes/crﬁ is formed very close to the surface. In

the changg '”éztf‘lze?;‘/?': ,Vo“age, in solutions Of, dlffe;ent Isalt the case of the diamond/air interface, it has been suggested that
concentrations: Ith Increasing concentration of salls g positive charge is compensated by the negative charge of

cortalnlngdhﬁ_lolgen anions, a thresholdhvoltat?e shift to Io;v?r atmospheric adsorbatés-However, at the diamond/aqueous
values and higher transistor currents have been reporte orelectrolyte interface, ions from the electrolyte solution are

ISFETS :"?‘Seg En hydrggena?ed pl?lﬁcrystallir_le diar_nondc.j This expected to play an important role in maintaining the overall
was explained by an adsorption of the negative anions due tocharge neutrality. One possibility to explain the effect of the

the polar|zat_|on of the €H bond:#™4 ~electrolyte ionic strength, as shown in Figure 1a, is the specific
However, in our measurements performed at pH 7, the €rain  44sorption of positive ions at the surface. Possible binding sites
source current decreases upon an increase of the concentratiog e amphoteric oxygen groups, always present at the H-
of different monovalent and divalent salts, as shown in Figure grminated surface due to imperfections of the hydrogenation.
la. Thislps decrease suggests a dominant influence of the cations and anions have been reported to form complexes with
positively charged cations: an increased amount of positive negatively and positively charged surface functionalities, re-
charge at the interface is expected to lead to a depletion of theSpectiverz.svzgAdditionally, specific adsorption can also occur
hole accumulation layer close to the diamond surface and, as agjrectly on the hydrogenated regions. The shift toward a more
consequence, tolgs decrease. This is in clear contradiction to qsjtive surface charge on the solution side (and in consequence
the adsorption of negative ions proposed in earlier repérts. 5 more positive surface potential) should decrease the number
At pH 7, the dominant role of the positive cations for the ion  of hositive holes in the conductive channel under the neighboring
sensitivity of diamond ISFETs has been corroborated by hydrogenated areas and in turn lead to a reduction of the drain-
comparing the effect of different salts such as KCI, Ga@hd  source current. However, it is well-known that specific adsorp-
MgCl; (see Supporting Information, Figure S1). These salts have tion of jons strongly depends on different ion properfies.
the same anion (C) but differ in the cation, monovalent’ K Ajthough a clear microscopic description of the ionic specificity
and divalent C& or Mg?*. Due to its 2-fold positive charge, a s not yet availablé! different mechanisms have been suggested,
larger influence on the conductivity is expected for divalent gych as solvent structure effects, issolvent interaction, as well
cations, in accordance with the results shown in Figure 1a. a5 interactions between ions and specific sites on the surface.
Screening versus Adsorption.The observed interaction of  Qur experimental results show a very weak dependence on the
the positive ions with the diamond surface can be explained by jon type, in contrast to a larger dependence on the ion valency
two main effects, screening and specific adsorption. In the (Supporting Information, Figure S1), which can be better

Results and Discussion

(24) Scott, W. R. P.; Hoenberger, P. H.; Tironi, I. G.; Mark, A. E.; Billeter, S. (28) Yates, D. E.; Levine, S.; Healy, T. \them. Soc. Faraday Tran§974

R.; Fennen, J.; Tord, A. E.; Hube, T.; Kruger, P.; van Gunsteren, . F. 70, 1807 1819.
Phys. Chem. A1999 103 3596-3607. (29) Davis, J. A.; James, R. O.; Leckie, J.10Colloid Interface Scil978 63,
(25) Berendsen, H. J. C.; Grigeraa, J. R.; Straatsma, J..FPhys. Cheni987, 480-499.
91, 6269-6271. (30) Bockris, J. O'M., Conway, B. E.; Yeager, E. Chapter 4ACbbmprehensie
(26) Berendsen, H. J. C.; van der Spoel, D.; van Drune@dfp. Phys. Comm. Treatise of Electrochemistridabib, M. A., Bockris; J. O'M.; Eds.; Plenum
1995 91, 43-56. Press: New York, 1981; Vol. 1.
(27) Lindahl, E.; Hess, B.; van der Spoel, D. 1.Mol. Mod. 2001, 7, 306— (31) Kunz, W.; Nostro, P. L.; Ninham, B. WCurr. Opin. Colloid Interface
317. Sci.2004 9, 1-18.
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a. b. (0% and the potentialk() are related by the PoisseBoltzmann
Helmholtz Helmholtz equation. With the help of the Gauss law, it is possible to derive
plane plane the relation between ando® using the simplifying assumptions
of the Gouy-Chapman theory: namely, ions are considered as
Us Us point-like charges that interact via their mean field in a solvent
z z treated as a continuum. This leads to the Grahame equation:

®
®

ref

¢
Electrolyte . Electrolyte ol = QG@RT[Z c(expf —Zi‘F‘(pd/R'-l_})] 1/2 1)
[

Diamond
Diamond
A

o’ 0

qm
| ol

in which the index refers to the different ions in the electrolyte,
c I . c with concentratiort; and valencyz, F is the Faraday constant,
4 |_ c q |‘ o R the general gas consta}nt, andhe absolgte tempgrature.
Screening Effect Charge inversion The mobile chargeof) induced at the diamond side of the
Figure 2. Schematic of the diamond/aqueous electrolyte interface. The interface is related to the potential drop at the interface through

inner and the outer Helmholtz planes have been merged together. Thethe interfacial capacitance&) by the equation
adsorbed charge®) is considered to be at the Helmholtz plane. This charge

is compensated by the induced charge at the diamond side of the interface e_C ( e_ a) (2)

(0°) and the diffuse charges{). The bottom diagrams represent the charge o HP ¥

distribution and the upper diagrams correspond to the potential distribution

at the interface, assuming a constant Helmholtz capacitabige ex: is Since the inner and outer Helmholtz planes are merged

the externally applied gate potential. (a) Screening effect: A negative surface together (see Figure 2a), in eq 2 the potentisat the Helmholtz
charge ¢2 < 0), gray area in the bottom diagram, induces a negative surface .
plane can be substituted Igy.

potential (black line in the upper diagram). Increasing the ionic strength . . .
results in a lowering of the negative surface potential (red lines), which  Finally, the drain source currerlbg) can be calculated using

leads to a decrease of the surface conductivity (due to the decrease of the charge induced at the diamond surfac® énd the mobility
— ¢9). (b) Charge inversion: for pH below 3.5 the surface charge is positive (u) of the carriers

(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 . e a
the ionic strength leads to an increase of the surface conductivity (due to | pg = #0 Upg = uCy(¢” — ¢°) Upg =

i e a

fhe inerease o= = UG (U — ¢ Ups (3)
described by screening effects. Thus, for the discussion hereafter, . . . .
we will assume that salt ions are not specifically adsorbed at Wwhere Ups is the appl!ed drain source yoltage. As d|scgssed
the diamond surface. above 2 can be substituted hy?; in addition, as the potentials

The Diamond/Aqueous Interface To quantify the influence are referred to a reference electrode (see Figure 2), the potential
of the ionic strength on the surfaée conductivity in terms of atthe (_Jliamond surfaag® _correspc_)nds to the externally app!ied
screening, we use the simple model based on the Gouy potential or gate potentialJex. Finally, the charge neutrality

ch Stern th hich is sch tically sh i Fi condition,0® 4+ ¢9 4+ ¢¢ = 0, completes the set of equations.
apmarr-Stern tneory, which Is schematicatly Shown in Figure Figure 1a compares the experimental results (symbols) with the
2. The classical description of the solid/liquid interface based

the G Ch St del that the ch predictions of this simple model; solid lines correspond to the
on the i>ouy-.hapmar Stern model assumes that e charge g5 optained from eg 3 using a negative surface charge of
is distributed in different region®.First, a layer of specifically

_ i i 3
b_ound (nonhydrated) ions from the electrolyte can be formed n : ggg:v/:r:; a\g:elghp :rpgéo: Itr;l]stsgllcﬁgtrigiz?\r/‘v?hfvfuls(zzl dan
right at the surfa}ge (at the inner Helmhqltz plane). Seconq, A interfacial capacitanc€y = 2uF/cn? and a carrier mobility:
layer of nonspecifically bound (hydr_ated) ions fr_om the solution _ 55 cn/Vs3 which are typical values (see Supporting
forms the outer I-_Ielmhol_tz plane. Finally, there is the_ ex_tenqled, Information for further discussion). Other parameters used in
smeared-ou_t region of d|ff_u s€ charge_s. The sc_her_na_1t|cs n F'g.urethe calculation are external gate voltade: = +0.4V, drain
2 shows a simplified version of the diamond/liquid interface in

hich first imation. the two bl f the Helmholt source voltagéJps = —0.1V, and relative dielectric constant
which, as a lirst approximation, the two planes ot the Helmnoltz ¢, . \ater ¢ = 80. As in the experiment, a 10 mM
layer have been merged together.

- ) ) ) monovalent (1:1) background electrolyte is used.

Let us flrst assume_that the surface of d!amond is negatively  aAg can be seen in Figure 1a, the prediction based on the model
charged in contact with the electrolyte, with a surface charge giscussed above follows quite reasonably the experimentally
per unit areao®. This negative charge, whose origin will be  gpserved effect of both monovalent and divalent salts on the
discussed later, induces a negative surface potepfialhe surface conductivity. At a given constant negative surface
potential profile across the interface, as depicted in upper charge, an increase of the ionic strength results in a decrease of
schematic of Figure 2a (black line), starts from a positive value ¢ negative surface potentigd (i.e., it becomes less negative),
(hole accumulation layer, applied positive potential), then \hich then produces a decrease of the accumulated holes at
strongly drops to negative values (countercharge layer), andine diamond surface and therefore of the drain source current,
finally slowly rises exponentially to zero (diffuse layer). The gee eq 3. This effect is schematically shown in Figure 2a. For
corresponding charge distribution is shown in the bottom ihe surface charge o9 uClcn? (as used in the calculation
diagram of Figure 2a (black curves and gray shadowed regions).shown in Figure 1), the increase of the ionic strength from 1 to

In the diffuse region of the electrolyte, the charge per unit area 109 mMm leads to a decrease of the induced hole density at the

(32) Grahame, D. CChem. Res. 1947, 41, 441-501. (33) Garrido, J. A.; Heimbeck, T.; Stutzmann, Rhys. Re. B 2005 71, 245310.
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diamond surface from % 10'2to 6 x 10'2cm2 The different 50 Beh
behavior of divalent and monovalent cations is simply the result !
of their different screening effect on the negative surface S 01
potential, which is determined by their different valencin E 504
eq 1. =
The ion sensitivity has been investigated as a function of the =7 100
pH of the aqueous solution, and the results are summarized in 2
Figure 1b. In this experiment, the background buffer was 10 % 1501
mM, the drain source voltagdps = —0.1 V, and the applied & 200 —2=CH10°MKCl
external potential (gate voltage) wa<.5V vs Ag/AgCl. At S :Z: g:lgjm%
low ionic strength, a decrease of the pH (obtained by adding 2504 CO10° MKO
HCI to the solution) results in a decrease of the drain source T T T r
) . . 2 4 6 8 10
current, a dependence which we have previously attributed to oH

the presence of amphoteric oxygen functionalities on the

diamond surfacé® Due to the amphoteric behavior of hydroxyl Figure 3. Zeta potential calculated from streaming current measurements
) for H-terminated and O-terminated diamond surfaces. The experiments were

groups (C-OH), variations in the pH modify the surface charge conducted with different ionic strengths of the solution as a function of the
(0% and therefore the surface potential. We referred to this pH. In the case of the H-terminated diamond surfaces, negative Zeta
process as surface charge regulation. At low pH, OH-groups POtelntial_S are Oggi:f;ec; above DF"F3-5_, \{vhichf iﬁ CIOEn;iderid as (tjhfe

. . isoelectric point . A very small variation of the is observed for
becomg protonated, .re('jucmg the ”ega“"e charge of the,surfacediﬁerent salt concentrations. In the case of the O-terminated diamond
|ntel’eStIﬂg|y, the Val’latIOn Of the dl’alﬂ source Current Wlth the Surface’ the IEP occurs at lower pH (be'ow pH 15) and a p|ateau of the
ionic strength is reversed for pH below 3.5. At low pH values Zeta potential is observed for pH above 6.

an increase of the ion concentration leads to an increase of the ] ) ) »
drain source current, in contrast to the opposite behavior NYdroxyl groups, even using high-resolution XPS. In addition,

observed for pH values above 3.5. This can be understood using®hysisorbed oxygen-containing species cannot be completely
the same model described above: for pH below 3.5 the surfacefuled out. ,

charge becomes positive, and so does the surface poterthial ( Unsymmetrical Adsorption of OH™ and H;O™. However, -

as shown by the red curve in Figure 2b. In this situation, the €Ven if the density of €OH groups at the diamond surface is
positively charged surface is mainly compensated by a negative"©t high enough, OHand HO™ are still able to modulate the
charge in the diffuse region. Therefore, an increase of the ionic Surface charge if they are adsorbed on the H-terminated surface.
strength results in a lowering of the surface potential, which The adsorption of hydroxide at a water/hydrophobic interface,
becomes less positive and increases the téga— ¢9in eq 3; as is thg case for the Water/H-tgrm|nated dlam'ond, has been
as a resultlps increases. The experiments (symbols) in Figure recently investigated both theoretically and experimentatist

1b have been simulated (solid lines) using different values of 10 further investigate the charge build-up process at the
the surface charge:-1 uC/cn¥ for pH 7, —0.2 uC/cn? for pH diamond/aqueous electrolyte interface, we have employed

4,40.1uClen for pH 3.5,40.354Clen? for pH 3, and+0.45 streaming current experiments (the experiment is described in
uClen? for pH 2. Our results suggest that hydroxide (QH the Methods Section) to derive the Zeta potential at the diamond

and hydronium ions (§O*) are the main potential determining ~ Surface. _ _

ions (i.e., ions that are able to modulate the surface charge). The results_ of the streaming Cl_Jrrent ex_perlments performed
The concentration ratio of the two potential determining ions using H-termlnated and O-terminated dlamond surfaces are
varies the value and the sign of the charge at the diamond;Shown in Figure 3. In the case of the H-t;ermlnateczi surface, the
aqueous electrolyte interface. Thus, we can conclude that thePH dependence was measured fOTﬂa¢ ,and 10° M KCl.

point of zero charge of the diamond surface is close to pH 3.5. The derived Zeta potential has a negative value and decreases

In the discussion above, the surface charge at the diamond/2S the pH is lowered. For all investigated salt concentrations,
aqueous electrolyte interface has been assumed to be induce® Z€ta potential becomes positive for pH below 3.5. Therefore,
by amphoteric ©OH groups at the diamond surface. These pH 3.5 is the isoelectric point (IEP) of the H-terminated diamond
surface groups can become protonated-(84,*) or deproto- surfa.c.e,. in very good agreemerjt with the. results of the ?on
nated (C-O-) depending on the pH of the solution. From the sensitivity experiments (see Figure S3 in the Supporting
calculations presented above, a charge density as highas 6 Information). The fact that the salt concentration has an almost
103 cmr2 can be expected a't pH above 7. If this charge is negligible influence on the IEP supports our previous assumption
related to hydroxyl groups, it would imply that more than 5% about the specific adsorption of ions: the specific adsorption

of the carbon atoms at the diamond surface are saturated withof K+ or CI™ is negli%ible, at least for salt concentrations in
—OH functionalities. XPS experiments reveal that in our (he range of 10?~107% M. The absence of any clear plateaus

samples the contribution of oxygen on the surface is of the order Of the Zeta potential in the investigated pH range (from pH 2
of 10% of surface coverage. However, of this high amount of © 10) indicates that the surface charge is not only caused by
oxygen functionalities only a small fraction is expected to be the dissociation of hydroxyl groups (@H) but by the
OH-groups, typically less than 50% for the 100-oriented preferential adsorption of hydroxide and hydronium ions from
diamond surface and less than 10% for the 111-oriented the electrolyte.

surface® These numbers have to be taken with caution due to 1 "ese results are in very good agreement with the previous
the difficulty in obtaining an accurate value for the density of WOrk of Werner and co-workers, in which the unsymmetrical
adsorption of OH and HO* to unpolar polymer films was

(34) Ferro, S.; Colle, M. D.; De Battisti, ACarbon2005 43, 1191-1203. reported'® Interestingly, the derived Zeta potential for the
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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 E
treatment (see Figure 3). After surface oxidation, the low contact 0
angle of the diamond surface indicates the presence-@ig,

which has been confirmed by HREELS experimefti the 3
case of the oxidized diamond surface a negative Zeta potential -1 0

is also obtained. However, the IEP of the O-terminated diamond PMF (kT) M, (D)

Surface, 1S Close to pH 1.5, well be,'?"" the IEP for the Figure 4. Molecular dynamics simulations of the hydrogenated diamond/
H-terminated diamond surface. In addition, a clear plateau of water interface. A snapshot of the simulation of the diamond/water interface
the Zeta potential (of about100mV for a salt concentration  is shown in the middle, where the water occupies the upper part, and the

of 1 mM) is observed for pH values above 6. These two results diamond the lower part. Oxygen atoms are represented in red, hydrogen
atoms in white, and carbon atoms in blue. Left: potential of mean force

indicate that*. in the .Case of thg oxygen te.rminated diamond (PMF) for the adsorption of Naand OH" at the diamond/water interface.
surface, the interfacial charge is strongly influenced by the Right: profile of the average dipole moment normal to the interface of
dissociation of G-OH surface groups (charge regulation pure water. A negative dipole moment indicates that the hydrogen atoms

process), in contrast to the H-terminated diamond surface W|,]e|,epoint toward the diamond. The orientation of water molecules is caused by
! the presence of the hydrophobic diamond interface, and decays with

unsymmetrical adsorption of OHand HO* dominates. The  increasing distancer) from the surface. Above 1 nm, the dipole moment
slightly difference between the IEP measured for the hydro- is very low. In this region, the potentials of mean force for ion adsorption
phobic diamond surface (at pH 3.5) and for the hydrophobic @l reach the values in bulk water. .

unpolar films (at pH 4% can be attributed to the presence of contact with the interface (See Materials and Methods and

1€

| bE
LS

OF

residual hydroxyl groups at the diamond surface. Supporting Information sections for further discussion of the
Water Ordering and OH ~ Adsorption. The driving force ~ MD results).
originating the unsymmetrical adsorption of Oldnd HO™ is Conclusion

still not well understood. It has been suggested that in the case In this paper, we have demonstrated that diamond surfaces
of hydrophobic surfaces, the presence of a highly oriented @r€ suitable platforms to investigate charging processes at the
interfacial water layer acts as a template for hydroxide ion Solid/aqueous solution interface. From two complementary
adsorptiort® To understand the microscopic structure of the Methods we have found that the point of zero charge of

water/H-terminated diamond interface, we have performed sH;lesrirt?\::atce)fdH(-j'::rrpn?rr:gte?jugac‘lejclrSSta:II(i)#(ta glgmgc))r?d ;Trfeaclgg
molecular dynamic (MD) simulations (see Materials and y 9 y

Methods section for a detailed description of the MD simula- was explained in terms of Coulombic screening of the surface

. S . charge by electrolyte ions. The origin of the pH-dependent
tions). In principle, charge-transfer reactions can take place surface charge has been discussed in terms of (i) amphoteric
between the solution and the solid, and only quantum chemical hydroxyl (C—OH) surface groups, and (i) unsymmetrical

methods (such as density functional theory, DFT) are able t0 54sorption of hydroxide and hydronium ions from the aqueous
account for them. However, it is reasonable to assume that thesp|ytion. Electrokinetic experiments indicate that, in the case
completely hydrogen-terminated diamond surface is inert under of the H-terminated surfaces, the surface charge is mainly
the studied conditions and acts neither as a donor or acceptolinduced by the unsymmetrical adsorption of ©Obnd HO*.

for electrons or protons at the neutral conditions of the We suggest that the hydrophobic nature of the H-terminated
simulation. Therefore, a classical description without much diamond surface induces the adsorption of Gtid HO™ ions
chemical detail of the diamond side is possible (see Supporting from the aqueous solution, resulting in a large interfacial charge.
Information for a detailed discussion about the validity of the These are relevant results with important implications in
molecular dynamic simulations). Figure 4 shows a snapshot of different fields such as electrochemistry, bio-sensors, colloidal
the simulation, and the profile of the dipole momen)(of the and interfacial science, as well as in any field in which
water phase normal to the interface. Our MD simulations show hydrophobic interactions and “double-layer” formation are of
that the interfacial water layers are indeed strongly oriented. €ONcern. . .

The driving force for this ordering is the tendency of the water  Acknowledgment. This work has been partially funded by
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mean force (PMF) obtained from MD for Naand OH" ions different monovalent and divalent salts, transistor curves of
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