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Abstract: This study investigates the effects of pH, ionic strength, and temperature on the diamond/aqueous sodium chloride interface. Analysis 
were performed on both (100) diamond single crystal (flat surfaces) and diamond colloidal particles. While both surfaces types exhibit a similar 
affinity for potential-determining ions (H+ and OH–), distinct differences were observed in their thermodynamic parameters regarding the 
distribution of H+ and OH– ions between the interfacial layer and the bulk solution. Specifically, reactions on flat surfaces were found to be 
entropically unfavorable and exhibit a low endothermic contribution. In contrast, colloidal particles displayed an opposite trend, although the 
overall value of Gibbs free energy was comparable to that calculated for flat surfaces. 
 Additionally, two distinct ion effects were identified when examining the influence of ionic strength: interfacial water layer compression 
in the case of flat surfaces and asymmetric counterion association for colloids. These effects were determined to be mutually competitive. To 
obtain this data, we measured the inner surface potential of diamond in an aqueous electrolyte solution for the first time using a diamond 
single crystal electrode (DSCrE). Furthermore, the microscopic structure of the interfacial layer near the (100) and (111) diamond crystal planes 
was studied using localized QM/MM molecular dynamics simulations. 
 
Keywords: diamond, ion distribution, electrical interfacial layer, enthalpy of surface reactions, temperature dependency, point of zero charge, 
isoelectric point. 
 
 
 

INTRODUCTION 
DIAMOND, the solid form of carbon, is chemically in-
ert and the hardest known material. When a diamond 

surface is immersed in an aqueous electrolyte solution, 
diamond generally does not react with water molecules. In 
most typical aqueous environments, diamond remains 
intact and does not dissolve. However, water molecules 
and dissolved species can be attracted to or repelled from 
the surface, potentially causing reorientation of water 
quadripoles and influencing the distribution of dissolved 
substances. The hydrophobicity of diamond depends on its 
surface termination: H-terminated diamond surfaces 
exhibit hydrophobic behavior, while OH-terminated 
diamond surfaces are hydrophilic.[1] Both surface types 
remain stable in aqueous electrolyte solutions, necessitat-
ing energy-intensive methods like plasma techniques or 
hot-filament setups to transform H-terminated surfaces to 
OH-terminated ones.[2] Due to their unique surface 

properties, chemical stability, diamond surfaces are of 
significant interest in electrochemical applications, provid-
ing an ideal platform for investigating interfacial charging 
mechanisms of inert material in aqueous electrolyte solu-
tions.[3] H-terminated diamond surfaces are particularly 
valuable in electrochemistry due to their high surface con-
ductivity, which, combined with diamond′s inertness 
makes them suitable for biochemical sensor applica-
tions.[4,5]  
 Previous studies have shown that increase in salt 
concentration leads to an increase in drain-source current, 
attributed to specific adsorption of halogen anion on H-
terminated diamond surfaces.[6–8] Hartly and coworkers 
concluded that variations in surface conductivity are 
primarily influenced by the pH of the solution rather than 
its ionic strength.[1] 
 Hydrophobic inert materials, such as diamond, 
polytetrafluoroethylene (PTFE), and hydrocarbons, are of 
special interest because they do not chemically react with 
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water molecules or ions from aqueous electrolyte 
solutions. The hydrophobic nature of these surfaces repels 
water dipoles, leading to a more ordered arrangement of 
interfacial water molecules compared to those in the bulk 
solution. This alteration in the ordering and distribution of 
water molecules and ions near the hydrophobic surface 
results in the formation of an electrical interfacial layer 
(EIL).[9,10] Research has shown that the electrical permittiv-
ity differs between bulk water and the interfacial water 
layer (IWL) near hydrophobic surfaces, leading to variations 
in the equilibrium dissociation constant of water molecules 
in the interfacial layer  compared to the bulk solution.[11,12] 
 Numerous experiments have been conducted to 
evaluate surface properties and charge distribution at the 
interfaces of these inert materials with aqueous solution, 
including measurements of electrokinetic potential,[13–16] 
surface tension,[17,18] and bubble potential.[19,20] It has been 
observed that electroneutrality point for all inert hydro-
phobic interfaces occurs within the pH range between 2 
and 4. This suggests that water behaves similarly at these 
interfaces, with a preferential adsorption of hydroxide ions 
leading to a negatively charged surface at neutral bulk 
pH.[21,22] However, these conclusions have been challenged 
by studies investigating microscopic properties of IWL, 
which found no hydroxide ions near surfaces of hydropho-
bic solids. Instead, they reported that computational anal-
yses indicated the presence of hydronium ions in the first 
layer.[23–25] Vacha et al provided a succinct summary of this 
ongoing debate.[26] 
 While several models have been proposed to explain 
the electrical charging of hydrophobic materials, there is a 
notable lack of thermodynamic data regarding interfacial 
water at these surfaces.[12,27] Understanding the entropy 
changes associated with ion distribution could elucidate 
many fundamental questions about the mechanisms at 
play near hydrophobic surfaces. Since entropy changes can-
not be measured, the enthalpy contributions to the Gibbs 
free energy must be assessed instead.[28] The enthalpy of 
surface reactions can be determined directly through calo-
rimetric experiments or indirectly by analyzing the temper-
ature dependence of certain equilibrium properties. 
However, the results of these thermodynamic measure-
ments often do not provide straightforward insights into 
the system of interest. Instead, they reflect the simultane-
ous processes occurring within the interfacial water 
layer.[29] 
 To extract meaningful thermodynamic data, such as 
information on the distribution of potential determining 
ions, a suitable thermodynamic model must be employed 
to accurately describe the system. In our previous 
research[30] on interfacial water at PTFE surfaces, we pro-
posed a distribution model to characterize the processes at 
the interface of inert hydrophobic materials and aqueous 

electrolyte solution. This model is based on the accumula-
tion of hydronium and hydroxide ions at the interface and 
considers the distribution of H+ and OH– ions between the 
bulk solution (aq) and the interfacial region (≡).[31] In our 
model H+ and OH– ions represent all possible forms of 
charged water clusters, with charges (+1) and (–1), respec-
tively.[42] The distribution of positively and negatively 
charged water cluster is as follows: 
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where K°(H+) and K°(OH–) represent the thermodynamic 
equilibrium constants for the respective reactions. The 
relative activities of the interfacial H+ and OH– ions are 
expressed as amount (mole) fractions x(≡H+) and x(≡OH–). 
The inner surface potential, Ѱ0, refers to the electrostatic 
potential affecting the interfacial H+ and OH– ions. The 
relative activities of the bulk H+ and OH– ions (ac(≡H+) and 
ac(≡OH–)), are expressed in terms of molar concentrations. 
 In addition to H+ and OH– ions, counterions 
distribute between the bulk aqueous electrolyte solution 
and the IWL in a manner that ensures the total surface 
charge density is zero, thereby satisfying the 
electroneutrality condition. The standard reaction 
enthalpies ΔrH°(H+) and ΔrH°(OH–) provide insights into the 
interactions occurring within the interfacial region during 
the corresponding surface reactions. 
 In the reaction of self-ionization of water, hydronium 
and hydroxide ions are generated as follows: 
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 The indirect method for determining reaction 
enthalpy involves the temperature dependence of 
equilibrium parameters. A key parameter that provides 
insights into surface equilibrium is the electroneutrality 
point, denoted as pHeln. At this point, both surface potential 
and surface charge density are zero, effectively minimizing 
the electrostatic contributions to thermodynamic 
functions, such as Gibbs energy, enthalpy and entropy. In 
cases of symmetric or negligible counterion association, the 
electroneutrality point coincidences with the isoelectric 
point (pHiep) and point of zero charge (pHpzc); leading to the 
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relationship pHeln = pHiep = pHpzc. The isoelectric point can 
be easily determined using electrokinetic methods, while 
the point of zero charge can be assessed through 
potentiometric acid-base titrations or mass titrations. 
Relationship between pHeln the corresponding equilibrium 
constants could be derived from Eqs. (1) – (3): 
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 From the temperature dependence of the 
electroneutrality point,[30] the enthalpies of surface 
reactions can be evaluated by applying Hess’s law 
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 It can be demonstrated that the enthalpy change  
ΔrH°(H+) – ΔrH°(OH–) – ΔwH° is linked to the reaction 
involving the exchange of H+ and OH– ions between the 
interfacial layer and the bulk solution, as well as the 
ionization of water molecule in the bulk of the aqueous 
electrolyte solution: 
 

 + − ++ ≡ ≡ + 22 H (aq) OH H H O(l)  (6) 

 
 The ionization of a water, which produces H+ and 
OH– ions, is an endothermic reaction (ΔwH°≈ 56 kJ mol–1).[32] 
To determine the enthalpy associating with the exchange 
of H+ and OH– ions between the interfacial layer and the 
bulk solution, this value must be subtracted, yielding to the 
overall reaction: 
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 In this article we present a comprehensive analysis 
of diamond/aqueous sodium chloride interface, conducted 
on both flat diamond single crystal and diamond particles. 
We discuss and compare the effects of pH, ionic strength 
and temperature. Notably, we measured the inner surface 
potential of diamond in aqueous electrolyte solution using 
a diamond single crystal electrode for the first time. We 
report on the temperature dependence of the isoelectric 
point and the point of zero charge for the systems studied. 
The thermodynamic parameters for the distribution of H+ 
and OH– ions between the interfacial layer and the bulk 
solution were obtained indirectly from the temperature 
dependence of equilibrium parameters, specifically  
the measured electroneutrality points. Apart from 

experimental research, this paper also includes our 
theoretical research of the diamond/aqueous electrolyte 
solution interface. To study microscopic structure of above-
mentioned interfacial layer we have conducted QM/MM 
simulations of aqueous electrolyte at varying pH values at 
H-terminated diamond surface. 
 

MATERIALS AND METHODS 

Diamond Single Crystal 
A disk-shaped diamond single crystal (diameter d = 1 cm 
and thickness l = 5 mm) with (100) crystal orientation was 
used for streaming potential measurements and the 
construction of a diamond single crystal electrode (DSCrE). 
The DSCrE facilitated surface potential measurements.[33] 
The crystal was synthesized using the chemical vapor 
deposition (CVD) method. To eliminate organic 
contamination prior to measurements, the crystal was 
washed with ethanol and Milli-Q water. Scanning electron 
microscopy (SEM), secondary ion mass spectrometry 
(SIMS), and X-ray photoelectron spectroscopy (XPS) 
confirmed that the diamond had an H-terminated surface. 
The diamond crystal was utilized for both streaming 
potential and surface potential measurements via the 
DSCrE. 
 Streaming potential measurements were conducted 
using the SurPass apparatus from Anton Paar. The diamond 
crystal was adhered to a homemade epoxy carrier and  
was pretreated with an aqueous solution containing  
1 mmol dm−3 NaCl and NaOH. The aqueous sodium chloride 
solution (c(NaCl) = 1 mmol dm–3; pH0 ≈ 11) was used to cre-
ate a potential difference within the measuring cell, while 
NaOH and HCl were used for pH control. The pH was moni-
tored using a glass electrode calibrated at various temper-
atures with standard buffer solutions (pHbuff = 3, 7, 10). The 
solution was thermostated in a large vessel, and the tem-
perature was continuously monitored both in this vessel 
and within the streaming potential cell. Measurements 
were performed at three different temperatures: 10 °C,  
25 °C and 40 °C. The gap height in the measuring cell was 
manually adjusted to approximately 100 μm, and linear 
flow checks were conducted before each measurement. 
 The DSCrE was constructed from the same diamond 
crystal used in the streaming potential measurements. The 
(100) diamond plate was fixed to a polyacrylate holder, and 
the signals from the diamond surfaces were transmitted to 
the measuring instrument via a copper wire affixed to the 
back surface of the crystal by conductive paint (Leitsilber L 
100, Reichelt elektronik GmbH & Co., Germany) which was 
also used to cover the whole back surface. Electrode 
potential from the diamond surface was measured relative 
to an Ag|AgCl|3M KCl reference electrode, while a glass 
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electrode was used for precise pH measurements. All three 
electrodes were immersed in the aqueous sodium chloride 
solution (c(NaCl) = 1 mmol dm–3). A pH0 ≈ 3 was achieved 
by adding HCl (c(HCl)=0.1 mol dm–3), and pH of the solution 
was further controlled by adding NaOH (c(NaOH) =  
0.1 mol dm–3). Before initiating potentiometric titration, 
the DSCrE was immersed in the aqueous solution for 16 h 
to allow the electrode potential to stabilize. The measuring 
system was thermostated at θ = 25 ± 0.1 °C and maintained 
under an argon atmosphere (Ar 5.0, Messer) during 
titration. The stirrer was activated only during the addition 
of HCl or NaOH to prevent any stirring effects on the 
measured electrode potential.[34] The signal from the 
diamond surface was recorded using a Metrohm 827 pH 
meter every 4 seconds. Data were continuously collected 
via the RS232 DataLogger 2.7 (Eltima Software) in 
conjunction with a custom MS Excel worksheet, allowing 
real-time verification of reading stability. Values of the 
diamond surface potential were calculated from the 
measured DSCrE potentials under the assumption that the 
point of zero potential for the diamond (100)/aqueous 
electrolyte solution interface corresponds to the isoelectric 
point determined by streaming potential measurements. 
This assumption is based on electroneutrality conditions.[35] 
To investigate the influence of ionic strength on the 
measured inner surface potential, the experiment was 
repeated with a more concentrated aqueous sodium 
chloride solution (c(NaCl) = 10 mmol dm–3; pH0 ≈ 3). 

Diamond Particles 
Synthetic diamond particles were obtained from Alfa Aesar, 
Kandel, Germany. The specific surface area of these 
particles was determined using the multiple Brunauer, 
Emmett and Teller (BET) method (Micromeritics, Gemini) 
with liquid nitrogen. Prior to this measurement, the 
diamond powders were outgassed at 150 °C for 2 h. The 
specific surface area was found to be to be 6.0 ± 0.2 m2 g–1. 
These diamond particles were utilized in electrophoresis, 
dynamic light scattering (DLS) experiments and potentio-
metric mass titrations. 
 The electrokinetic zeta potential of the diamond 
particles as a function of pH was derived from the 
measured electrophoretic mobilities using a 90Plus 
Brookhaven instrument. Concurrently, the DLS method was 
employed on the same instrument to determine the 
hydrodynamic diameter of the diamond particles at various 
bulk pH values. The initial suspension was prepared by 
dispersing diamond particles (γ = 0.06 g dm–3) in sodium 
chloride aqueous solution of varying NaCl concentrations 
(c(NaCl) = 1 mmol dm–3; 10 mmol dm–3; 100 mmol dm–3; 
pH0 ≈ 11). Electrophoretic mobilities and hydrodynamic 
diameters were measured as average values of 10 runs.  

 The potentiometric mass titration method was used 
to determine the value of point of zero charge for 
diamond/aqueous electrolyte solution interface. The initial 
aqueous solution contained 2 mmol dm–3 NaCl and was 
thermostated at 25 °C. Dry diamond particles were then 
added to the solution, and changes in the bulk pH were 
measured. Due to the diamond′s low specific surface area, 
the constant pH∞, which corresponds to pHpzc,[36] could not 
be reached. Instead, the value of pHpzc was confirmed by 
adding HCl to the initial aqueous solution until pH0 ≈ pH∞. 
After confirming pHpzc, the temperature was lowered to 5 °C 
and gradually increased in steeps of 5 °C until reaching 50 °C. 

Computer Simulation 
AB INITIO MOLECULAR DYNAMICS 

Simulations of ab initio molecular dynamics were 
performed by sampling Cartesian coordinate space using 
on-the-fly calculations of forces in each simulation point 
and integration with the velocity Verlet algorithm. A 
solvent box of dimensions 30 × 30 × 80 Å was generated 
with a density of 1 g cm–3 and placed on diamond surfaces 
(100) and (111). These surfaces were chosen to represent 
the experimentally investigated one (100) and an additional 
one (111) for completeness and comparison. Parallel 
localized type of molecular dynamics was used for the 
calculation of trajectories where one point in the 
simulation was divided into several local calculations using 
batches of 20 water molecules (inner system) for which the 
forces are calculated (and used in the propagation of 
dynamics), and all water molecules within 5 Å distance 
from each water molecule in the inner system (outer 
system). These molecules in the outer system served as an 
external potential for the motion of the molecules in the 
inner system. All local calculations were calculated 
simultaneously using the parallelization algorithm that 
sends each local calculation to a separate processor core 
thus enabling almost linear parallelization speedup. 
Periodic boundary conditions were included during the 
simulations using replication of the complete system for 
molecules near the side boundary surfaces. This was used 
in the generation of inner and outer systems, as well as in 
the propagation of dynamics where in case one molecule 
goes outside the box - it appears symmetrically on the other 
side. For the top surface elastic collision with the surface 
was used for all molecules. The initial temperature for the 
Maxwell distribution of velocities was set at 298.15 K, and 
this temperature was kept constant throughout 
simulations using a velocity scaling algorithm and total of 
100 000 steps were calculated after the initial equilibration 
phase of 1000 steps. 
 The surfaces (diamond (100) and (111)) were 
included in all local calculations for molecules of the inner  
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system positioned near the surface. The forces were 
calculated using Gaussian 16 with the PM6 method for 
solvent molecules (inner and outer system) and the UFF 
method for the surface. PM6 was chosen based on the 
literature data about comparison with other semi-empirical 
methods[43,44] although the reparametrized semiempirical 
hamiltonians could be an even better solution.[45] Parallel 
implementation of localized ab initio molecular dynamics in 
our own program qcc was used for all simulations and 
propagation of dynamics.[46,47] 

 
PROBABILITY DISTRIBUTION ANALYSIS 

For solvent (water) probability distribution analysis each 
simulation box was divided into horizontal slices of 1 Å 
height. All solvent molecules, whose center of mass lies 
within the slice, were counted for each simulation point 
thus contributing to the probability mass function 
(PMF).[48,49] For each point of molecular dynamics 
simulation, the time average was calculated from all 
previous points, and the final results present the average of 
the complete simulation. PMF is finally presented as the 
total number of water molecules in the slices depending on 
the distance from the investigated diamond surface. 
 

RESULTS AND DISCUSSION 

Streaming Potential Measurements 
The ζ potentials of (100) diamond crystal plate in a  
1 mmol dm–3 NaCl aqueous solution were determined from 
measured streaming currents. Figure 1 shows the 
calculated ζ potential in relation to the bulk pH value of the 
sodium chloride aqueous solution at three different 
temperatures. 

 It was found that the ζ potential of the diamond 
surface depends on both pH of bulk sodium chloride solution 
and the temperature. Specifically, the isoelectric point of the 
diamond crystal decreases with increasing temperature: 3.8 
± 0.1 at 10 °C, 3.7 ± 0.1 at 25 °C and 3.5 ± 0.2 at 40 °C. 
Although the influence of temperature on the measured 
isoelectric point value is small, it is still measurable. The 
thermodynamic parameters for the distribution of H+ and 
OH– ions between the bulk solution and the interfacial region 
were estimated in accordance with Eq. (5). The calculated 
thermodynamic parameters are presented in Table 1 and will 
be discussed alongside potentiometric mass titration data at 
the end of this section. 

Single Crystal Electrode Measurements 
The construction of a (100) diamond single crystal 
electrode posed challenges due to low dielectric constant 
of the diamond crystal. To measure the open circuit 
potential, a potentiometer with internal resistance of more 
than 1015 Ω was utilized. Before conducting the measure-
ments, the stability and reproducibility of the electrode 
system were tested. The inner surface potential was 
calculated from the measured electrode potentials of the 
diamond single crystal electrode, using the isoelectric point 
obtained from streaming potential measurement (pHiep 

(25 °C) = 3.7 ± 0.1) as mentioned above. Figure 2 illustrates 
the surface potential of the (100) diamond crystal plate in 
sodium chloride aqueous solution during acidimetric and 
alkalimetric potentiometric titration at 25 °C. To investigate 
the impact of ionic strength on the diamond surface 
potential, experiments were conducted at two different 
concentrations of sodium chloride. 

 

 

Figure 1. Electrokinetic potential of the diamond (100) 
crystal plate in a 1 mmol dm–3 sodium chloride aqueous 
solution at various temperatures. 
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Figure 2. Inner surface potential of the (100) diamond 
crystal plane, obtained using DSCrE, during alkalimetric 
(blue symbols: ■, □) and acidimetric (red symbols: ■, □) 
potentiometric titration in aqueous solution with varying 
concentration of sodium chloride (■, ■ = 1 mmol dm–3; □, □ 
= 10 mmol dm–3). Temperature: θ = 25 °C. 
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 During alkalimetric potentiometric titration 
(addition of NaOH) the inner surface potential of the 
diamond decreases, whereas during acidimetric 
potentiometric titration (addition of HCl), the inner surface 
potential increases, indicating that the diamond surface 
becomes more positive. This pH dependence of the surface 
potential can be attributed to the distribution of hydronium 
and hydroxide ions between the inner layer of the IWL and 
the bulk solution ([Eqs. (1) and (2)]). In the acidic region, the 
concentration of positively charged hydronium ions is 
elevated both in the bulk solution and in the interfacial 
region. The observed hysteresis during acid-base titration 
suggests different rates and mechanisms for reactions (1) 
and (2). This hysteresis is particularly pronounced in the 
neutral pH range between 5 and 8 and diminishes at both 
lower and higher pH values. It is important to note that 
within this pH range, the molar concentrations of the 
potential-determining ions (H+ and OH–) are similar, and the 
hysteresis can be explained by different the diffusion 
coefficients of hydronium and hydroxide ions near the  
inert hydrophobic (100) diamond surface. Additionally, 
hysteresis decreases at higher ionic strength. 
 An increase of ionic strength results in a significant 
reduction in the absolute values of the surface potentials 
(open symbols in Figure 2). This phenomenon can be 
attributed to a decrease in the thickness of the IWL as the 
ionic strength of the solution increases. With higher 
concentrations of counterions, a smaller volume of IWL is 
required to achieve electroneutrality. Consequently, the 
slipping plain moves closer to the surface, resulting in a 
reduction of both the absolute values of the ζ-potential and 
the inner surface potential, in accordance with Poisson-
Boltzmann equation, while the charge density of the 
potential determining ions and counterions remains 
unchanged. When the system reaches the isoelectric point, 
the inner surface potential is also zero, making the ζ-
potential at this point are independent of ionic strength. 
These observations and conclusions are align with the 
Wnek and Davies theory of surface dissociation for partially 
hydrated oxides.[37]  

Electrophoresis 
The electrokinetic ζ-potentials of the diamond particles in 
sodium chloride aqueous solution during acidimetric 
potentiometric titration at 25 °C are shown in figure 3. 
Similar to the the measurements of the inner surface 
potential of flat diamond, various concentrations of sodium 
chloride were utilized to investigate the impact of ionic 
strength on the measured ζ-potentials. Efforts were made 
to asses the temperature effect on the isoelectric point of 
the diamond particles through electrophoresis, and to 
compare these data with those obtained for the flat 
diamond surface using streaming potential measurements. 

Unfortunately, the measurements conducted at elevated 
temperatures proved to be unreliable. 
 The measured electrokinetic ζ-potential values of 
diamond particles at the lowest sodium chloride 
concentration (c = 1 mmol dm–3) can be compared to 
electrokinetic measurements conducted on diamond 
crystal. The isoelectric point of the diamond particles is 
shifted toward a more acidic region, with a value pHiep = 2.2 
± 0.1 at 25 °C. It is important to note that during acidimetric 
potentiometric titration at low sodium chloride 
concentrations, there is a sharp increase in ionic strength, 
bellow pH < 3. However, there is still a significant shift in 
pHiep of diamond particles toward lower pH compared to 
the pHiep of flat diamond (100) crystal plain. These changes 
may arise from the distinct structure of the flat diamond 
(100) crystal plane and the less defined surfaces of the 
colloid particles. 
 Our previous studies for metal oxides in aqueous 
electrolyte solutions provided substantial evidence that 
interfacial water layer, as well as surface charges and 
surface potentials, depend on the microscopic structure of 
solid surfaces.[38,39] The shift in the isoelectric point of 
diamond particles dispersed in aqueous sodium chloride 
solution toward lower pH values may result from partial OH 
surface termination of the diamond. Härtly and coworkers 
measured the streaming potential of both H-terminated 
and OH-terminated diamond crystals, concluding that that 
OH-terminated diamonds exhibited a significantly lower 
pHiep then their H-terminated counterparts.[1] 

 The surface properties of both diamond particles 
and flat diamond crystal surface are influenced by pH and 
ionic strength. An increase in ionic strength results in shifts 
of ζ(pH) curves and the isoelectric point of diamond 

 

Figure 3. Electrokinetic ζ potential of diamond particles dur-
ing acidimetric potentiometric titration in an aqueous solu-
tion with varying concentrations of sodium chloride  
(■ = 1 mmol dm–3; ▲ = 10 mmol dm–3; ● = 100 mmol dm–3). 
Conditions: γ = 0.06 g dm–3; θ = 25 °C. 
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particles, indicating asymmetric affinities of the 
counterions (sodium and chloride ions) toward the 
diamond surface within the interfacial water layer. 
Specifically, chloride anions show a greater tendency to 
associate with the diamond particle surface than sodium 
cations. As the bulk concentration of sodium chloride 
increases, more chloride ions enter the interfacial water 
layer then sodium ions, leading to a reduction in the  
ζ-potential and shifts of the isoelectric point to a more 
acidic region. The asymmetric counterion association, 
unlike IWL compression, has a significant impact on the 
measured pHiep values. 
 When comparing the ζ-potential values of diamond 
particles at two higher ionic strengths (c(NaCl) =  
10 mmol dm–3 and 100 mmol dm–3), the impact of 
asymmetric counterion association on the measured 
results diminish. These observations suggest that IWL 
compression (observed at flat crystal surfaces) and 
asymmetric counterion association (observed at particle 
surfaces) are competing effects. 
 From these measurements, we can draw conclusions 
about the influence of ionic strength on the IWL. 
Asymmetric counterion association is more pronounced 
when the surface area is larger, resulting in a greater IWL 
volume. As the concentration of counterions increases, 
more energy is required for them to penetrate the IWL, 
making the effects of IWL compression effects more 
significant. The diamond crystal has a smaller surface area 
exposed to the aqueous solution compared to suspended 
particles, which results in IWL compression being the 
dominant effect on the flat diamond crystal. In contrast, the 
exposed surface of diamond particles is much larger, 
making asymmetric counterion association the prevailing 
effect at relatively low sodium chloride concentrations. 
However, at higher sodium chloride concentrations, the 
influence of asymmetric counterion association weakens, 
and IWL compression becomes more prominent. 

Dynamic Light Scattering 
The hydrodynamic diameter of diamond particles was 
determined by DLS for two sodium chloride concentrations 
(Figure 4). 
 The average hydrodynamic diameter of the diamond 
particles in the neutral and alkaline pH regions (pH > 5) was 
found to be 350 ± 22 nm. The value of ζ-potential in this pH 
region is relatively high (about –50 mV), as shown in Figure 
3, it can be assumed that measured hydrodynamic 
diameter corresponds to non-aggregated diamond 
particles. With increasing ionic strength in this pH region, 
the surface charge density and electrokinetic ζ-potential of 
the diamond particles increase, but the size of the particles 
remains the same, indicating that aggregation does not 
occur. Aggregation of the diamond particles appears at pH 

values below 4 and reaches its maximum at pH = 2.4 and 
pH = 1.3, for lower and higher ionic strength, respectively. 
These values are within the same pH range as the 
isoelectric points obtained by electrophoresis of the 
diamond particles. An increase in ionic strength causes 
larger hydrodynamic diameter of diamond particle 
aggregates in the isoelectric point region. 

Potentiometric Mass Titration 
Potentiometric mass titration was conducted by 
continuous addition of solid diamond particles into sodium 
chloride aqueous solution. The aim of this measurement is 

 

Figure 4. Hydrodynamic diameter of diamond particles 
during acidimetric potentiometric titration in aqueous 
solution with different concentration of sodium chloride  
(■ = 1 mmol dm–3; ● = 100 mmol dm–3). γ = 0.06; θ = 25 °C. 
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Figure 5. Potentiometric mass titration of colloid diamond 
particles in 2 mmol dm–3 sodium chloride aqueous solution. 
(■) Pure sodium chloride solution, (●) sodium chloride 
solution with the addition of HCl. θ = 25 °C. 
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to reach a constant pH value by addition of solid particles, 
at which one can assume that the obtained pH value 
represents point of zero potential (PZC) of the system (pH∞ 
→ pHpzc). In the case of the diamond particles, the constant 
pH, pH∞ could not be reached due to their small surface 
area (s = 6.0 ± 0.2 m2 g–1). Therefore, the small amount of 
HCl was added into the initial sodium chloride solution to 
adjust the initial pH value closer to the expected pH 
plateau. The constant pH was reached at mass 
concentration greater than 10 g L–1 and pH∞ = pHpzc = 3.5 
value was obtained (Figure 5). 
 Obtained value of the PZC is at higher pH value than 
the pHiep of diamond particles obtained via electrophoretic 
measurements (pHiep = 2.2). As explained earlier, during 
electrophoretic measurements there is a constant change 
in ionic strength of the suspension due to the addition of 
NaOH. During potentiometric mass titration experiment, 
mass concentration of the diamond particles and the pH of 
the suspension change, but the ionic strength of the 
suspension remains the same. To conclude, the observed 
discrepancy in the measured PZC and IEP value indicates 
the asymmetric association affinities of counterions 
towards the diamond surface. 
 Temperature dependency of the PZC was obtained 
by varying the temperature of the suspension after 
potentiometric mass titration (γ = 50 g dm–3). The results 
are presented in Figure 6, together with the temperature 
dependency of the isoelectric point of a flat diamond (100) 
crystal plate measured by means of streaming potential. 
 The effect of temperature on electroneutrality is the 
same for the diamond particles and the flat (100) diamond 
crystal plate. An increase in temperature causes pHiep and 

pHpzc to decrease. Also, for both systems a linear 
dependency of the pH(1/T) function can be obtained and in 
accordance with the Eq. (5), thermodynamic parameters 
can be obtained. Table 1 shows calculated values of Gibbs 
energy, enthalpy and entropy for the overall reaction 
represented by Eq. (7). While the calculated values of Gibbs 
energy are similar for the flat diamond crystal plate and 
diamond particles, there is significant difference in 
calculated enthalpy and entropy. The positive value of 
Gibbs energy obtained for both diamond surfaces indicates 
that the reverse reaction, in which hydroxide ions enter the 
inner layer of the IWL and push hydronium ions into the 
bulk of the solution, is more favorable. This observation is 
in agreement with results obtained for inert / aqueous 
solution interfaces and the conclusion that hydroxide ions 
more easily accumulate inside the IWL than hydronium 
ions.[12,20,40] In the case of the diamond crystal, reverse 
reaction is both enthalpy and entropy driven while in the 
case of diamond particles it’s entirely enthalpy driven with 
unfavorable entropic contribution. The difference in the 
obtained thermodynamic parameters between flat plane 
and the particles could arise from different hydrogen bond 
structuring around the plains and curvatures, but there is 
insufficient evidence in this research to support that claim. 

Ab Initio Molecular Dynamics 
Molecular dynamics simulations using the parallel localized 
approach where water molecules were divided into inner 
system batches of 20 molecules and outer system 
molecules that serve as an external potential were 
performed for both diamond surfaces (100) and (111). The 
outer system was built from the molecules within the 5 Å 
radius of each inner system molecule ensuring the proper 
potential description of the forces acting on the inner 
system molecules. Diamond surfaces (diamond (100) and 
(111)) were included in all local calculations for molecules 
of the inner system positioned near the surface (Figs. 7 and 
8). Collected trajectories were analyzed and the PMF of 
solvent distribution was calculated in both cases. Global 
maximum in distribution analysis was at 4 Å for diamond 
surface (100) (Figure 9) and at 3 Å for diamond surface 
(111) (Figure 10). One can expect these results because of 

 

 

Figure 6. Temperature dependency of (■) pHiep of diamond 
(100) crystal plate obtained via streaming potential 
measurements; and (●) pHpzc of colloid diamond particles 
obtained via potentiometric mass titration. 
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Table 1. Thermodynamic parameters for hydronium and 
hydroxide ion distribution between the diamond interface 
and the bulk of the aqueous sodium chloride solution 
described by reaction (7). 

 slope / K ΔrG°(overall) / 
kJ mol–1 

ΔrH°(overall) 
/ kJ mol–1 

ΔrS°(overall) 
/ kJ mol–1 

Diamond 
crystal 

880 38 22 –54 

Diamond 
particles 

92.78 40 52 42 
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the different directions of C–H bonds on the investigated 
surfaces of diamond. The maximum number of water 
molecules was similar for both surfaces whereas the 
distribution curves show two distinct layers near the 
surfaces with two local maxima in water density for (100) 
and (111) surfaces. It is clear that approximately after 8 Å 
distance surface has no additional effect on the water 
molecule distribution and their behavior starts to be the 
same as in bulk. 

 Simulation performed with the charged water 
molecules (pH=1.5) on the surfaces of the diamond 
provided a distribution of charged water clusters (with 
charge +1) (Figure 11). PMF shows that the first layer of 
charged water clusters is placed in the range from 3 to 8 Å 
followed by the charge hole with no charged clusters. From 
12 Å further, there is a smooth distribution of charged 
particles with transition to the constant number of charged 
particles in the bulk. 

 

 

Figure 7. Water box (30 × 30 × 80 Å) placed on the surface 
of the diamond (111). 

 

 

Figure 8. Water box (30 × 30 × 80 Å) placed on the surface 
of the diamond (100). 
 

 
Figure 9. Probability mass function of water distribution in 
dependence on the distance from the diamond (111) 
surface. 

 
Figure 10. Probability mass function of solvent distribution 
in dependence on the distance from the diamond (100) 
surface. 

 
Figure 11. Probability mass function of charged particle 
distribution in dependence on the distance from the 
diamond (100) surface. 
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CONCLUSION 
We have presented a comprehensive analysis of the 
diamond / aqueous sodium chloride interface conducted 
on diamond single crystal and diamond particles, coupled 
with computational QM/MM calculations. The observed pH 
dependence of the zeta and inner surface potentials 
indicates that hydronium and hydroxide ions are potential-
determining ions for diamond surface. 
 Thermodynamic parameters for the reactions 
involving the distribution of H+ and OH– ions between the 
interfacial layer and bulk of the solution were obtained 
indirectly from the temperature dependency of equilibrium 
parameters i.e. measured electroneutrality points. A 
positive value of reaction Gibbs free energy shows that 
substitution of hydroxide ions with hydronium ions in the 
inner layer of IWL is an energetically unfavorable reaction. 
Therefore, a large concentration of hydronium ions is 
needed for IWL neutralization (low pH value), which is in 
accordance with other experiments conducted on inert / 
aqueous solution interfaces.[20,27,30,41] However, a 
difference was found in the entropic contribution toward 
free Gibbs energy between measurements conducted on 
the diamond single crystal and the diamond particles, 
indicating that surface curvature influences the hydrogen 
bond network of water molecules surrounding it. 
 For the first time, the inner surface potential of a 
diamond was measured in an aqueous electrolyte solution 
by means of a diamond single crystal electrode. An increase 
in ionic strength caused a significant reduction in the 
absolute value of the surface potentials, explained by the 
reduction in thickness of the IWL due to the increase in the 
ionic strength of the solution (IWL compression). However, 
in the case of diamond particles (electrophoresis and DLS 
measurements), an increase in ionic strength led to a more 
“classical” effect of asymmetric counterion association 
being observed. We conclude that two competing effects 
occur in both types of systems. Asymmetric counterion 
association is the more dominant effect in the case of larger 
surface areas and thus larger IWL volumes. But as the 
concentration of counterions increases, more energy is 
needed for them to enter IWL, and thus IWL compression 
effects become more dominant. 
 Simulations of QM/MM molecular dynamics 
confirmed the existence of multiple layers near the 
diamond surfaces (at least two) and provided insight into 
the microscopic picture of water molecules distribution. 
Distinct maxima present at 3 Å for (111) surface and at 4 Å 
for (100) surface show the increased density of the water 
layer near the surface and the reduced density follower by 
an additional maximum for both surfaces. As expected, due 
to the different chemical structures of surfaces, the 
maximum for (100) surfaces is shifted to 4 Å revealing that 

there is an additional space of approx. 1 Å between the 
diamond surface and solvent molecules compared to the 
(111) surface. 
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