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Anomalously High Proton Conduction of Interfacial Water

V.G. Artemov!’, E. Uykur?, P.O. Kapralov?, A. Kiselev?, K. Stevenson?, H. Ouerdane?, M.

Dressel?

! Center for Energy Science and Technology, Skolkovo Institute of Science and Technology, 121205 Moscow, Russia
2 1. Physikalisches Institut, Universitit Stuttgart, 70569 Stuttgart, Germany

3 Russian Quantum Center, 143025 Moscow, Russia

4 Institute of Meteorology and Climate Research, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany

* e-mail: v.artemov@skoltech.ru

Water at the solid-liquid interface exhibits an anomalous ionic conductivity and dielectric
constant compared to bulk water. Both phenomena still lack a detailed understanding. Here,
we report radiofrequency measurements and analyses of the electrodynamic properties of
interfacial water confined in nano-porous matrices formed by diamond grains of various sizes,
ranging from 5 nm to 0.5 pm in diameter. Contrary to bulk water, the charge-carrying
protons/holes in interfacial water are not mutually screened allowing for higher mobility in the
external electric field. Thus, the protonic conductivity reaches a maximum value, which can be
five orders of magnitude higher than that of bulk water. Our results aid in the understanding
of physical and chemical properties of water confined in porous materials, and pave the way to
the development of new type of highly-efficient proton-conductive materials for applications in

electrochemical energy systems, membrane separations science and nano-fluidics.
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Pure liquid water is a low-conductive dielectric medium whose ionic conductivity is governed by
mobility of its intrinsic ions, H3O" and OH". In many natural and artificial systems, such as rocks,
polymers, nanostructures and biological cells, water is confined in small volumes limited by the
boundary surface and exhibits properties significantly different from that of bulk water. In such
conditions, the water layer near the interface boundary often dominates the overall properties of such
aqueous system. Low viscosity, low dielectric constant, high molecular mobility, excess charge, free
energy and ultrafast processes under irradiation in “interfacial water” have been observed
experimentally and studied theoretically'?34567 However, the electrodynamics of interfacial water,
which governs its structural and dynamical properties at microscopic level, is still poorly understood.
In particular, the molecular mechanisms of electrical charge separation responsible for atmospheric
electricity®, pulse propagation in neuronal networks®, charge transfer and storage!® must be
elucidated. In addition, the technological development of electrochemical energy storage systems
including supercapacitors, fuel cells, and batteries is hindered because of the incomplete knowledge

of the physical and chemical properties of interfacial water in nano-scale confinement!1213,

The dielectric properties of interfacial water have previously been studied by means of spectroscopy
in a broad variety of porous solids®'4151617.18 ' Djfferent mechanisms, such as ionic conductivity in
the chemisorbed/physisorbed water®®, space charge effects due to partial adsorption?°, and correlated
near-the-surface-diffusion®, have been discussed. Nevertheless, because the stoichiometry of the
chemical reactions taking place on the walls of the porous matrix is usually unknown, the
generalization of the interfacial water properties is problematic. Indeed, both the geometry and the
material properties of the confining medium may mask the intrinsic water properties, which are
inseparable from the effective media dielectric response. For example, the electrodynamics of

confined water appears to be strongly dependent on the type of material, its porosity, tortuosity, pore
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size, and surface chemical reactions?'. Recently, an anomalously low dielectric constant ¢ of strongly
confined water — one order of magnitude lower than for the bulk water — was reported®. However, the
method used in® did not provide a possibility to measure the conductivity ¢ of interfacial water, and
hence the understanding of water electrodynamics remained incomplete. In the present study, we
derive the previously not reported intrinsic permittivity &'(w) and conductivity o(w) of interfacial
water from the values measured for the effective porous media to obtain the information on the

mechanism of the charge transfer along a water-solid interface??23,

We used single-crystalline diamond particles of different sizes d of 5, 40, 80, 120, 200 and 500
nanometers, to prepare a radio-frequency-transparent porous matrix (ceramic pellets). All diamond
powders were purchased from a single manufacturer (Adamas Nanotechnologies) and produced by
the same high pressure-high temperature (HPHT) method with subsequent milling, except for the 5-
nm crystals, which were obtained by detonation technique?*. We filled ceramic pellets channels with
water by exposing to saturated water vapor, and applied the broadband dielectric spectroscopy to
measure the complex impedance Z* as shown in Fig. 1a. The samples were placed between two
parallel-plate gold electrodes. By applying an AC voltage in the 10 to 107 Hz range, the frequency-
dependent capacitance Cz(w) and conductance G(w) of the sample were obtained in the 0 to 100 °C
temperature interval using the equivalent circuit shown in Fig. 1b. The static dielectric constant ¢, and
DC conductivity ¢ of the sample were obtained from the C2(w) and G(w) spectra using standard
formalism?. Distinctive features of the diamond: high chemical stability, very low electronic
conductivity (g4 ~ 101° S/cm) and dielectric constant (4= 6), allows us to unambiguously unravel

the intrinsic electrodynamic parameters of interfacial water.

Figures 1, c to e, displays scanning electron-microscopy images of the diamond powders, which were

preliminary cleaned to minimize the concentration of unavoidable contaminants: amorphous carbon,
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weakly bound surface groups and metal impurities?*. The powders were boiled in hydrochloric acid,
centrifuged several times in double-distilled water until the pH stabilization was reached, and dried
for four hours at 350 °C. The sample purity was characterized by means of infrared spectroscopy, X-
rays diffraction, titration, electronic microscopy, and energy-dispersive X-ray analysis, which
showed a presence of COOH groups with small concentration about one group per grain, and
negligible amount of foreign contaminants on the treated diamond surface. Porosity, pore size
distributions and total pore volume of the pressed pellets were determined by gas adsorption analysis
(see Sl, Figs. s5-s7). We found a narrow distribution of open pores with consistent change of the
radius r of pores from 2 to 200 nm with the change of grain sizes d from 5 to 500 nm. As the grain
size decreases, the relative amount of bulk water (shown in light blue in Fig. 1, f to h) is consistently

decreasing, and finally approaching the limit of interfacial water (shown in deep blue).
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Fig. 1 | Experimental schematic and samples. a, Measuring cell layout. b, Equivalent circuit for
the media between the electrodes and the equation used to derive the conductivity from the
measurements of complex impedance Z*. ¢ to e, Electron-microscopy images of diamond pellets with
different grain sizes with insets showing single grain size d = 5 nm, d = 40 nm, and d =120 nm,
respectively (grain images for different grain sizes are given in Supplementary Information). f, to h,
Corresponding model structures. As the grains become smaller, the relative volume of the interfacial
water (deep blue) decreases from about 95% for 5 nm grains to 20% for 120 nm grains, while the
relative volume of bulk water (light blue) and diamond grain matrix increases. Black arrows show
trajectories of protons (p*) through the percolated high conductive interfacial water layer. Red arrows

indicate the instant directions of the electric field. The effective cross section of the interfacial water
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is higher for the small grains and reaches 35% of the sample perpendicular-to-the-electric-field area

in case of randomly oriented spherical particles?®.

Results

Figure 2a shows the DC ionic conductivity o of the water-diamond composite material (pellets) as a
function of diamond grains size d. Each point on the graph results from an average of at least ten
measurements. The values of ¢ are obtained from the conductivity spectra o(w) using standard
analysis?”?® from the non-dispersion region unaffected by the electrode polarization and high-
frequency polarization processes (see Sl, Fig.s9). Although a dry diamond pellet is an insulator with
negligible intrinsic and surface conductivities, the specimen exhibits high ionic conductivity as it is
filled with water (see Fig. 2a): @ monotonically increases proportionally to the inverse pore radius 1/r
as the pore size decreases. The highest conductivity of 710 S/cm was measured for grain size of
40 nm. A simple model describing conductivity as a function of pore size predicts the maximum value
of omax = 0.001 S/cm when the pore radius r reaches few nanometers (dash-dot line in the Fig. 2a, see
discussion for details). This predicted maximum conductivity would be up to five orders of magnitude
higher than in bulk water?®. A further decrease of the pore size leads to a reduction of the ionic
conductivity. For pores with radius approaching two nanometers, the conductivity is almost an order
of magnitude smaller than omax. We associate this latter effect with the partial breakdown of

percolation network when the channels between pores reach the size of several molecular diameters.
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Fig. 2 | Electrodynamics of confined and interfacial water. a, DC conductivity, o, of porous
diamond samples filled with water as a function of grain size d. The modeled conductivity behavior
is shown by continuous lines. b, DC conductivity o as a function of temperature T for five different
grain sizes d (identical slope of the fit lines corresponds to the equal activation energy of 0.17 + 0.01
eV). ¢, Conceptual model of the water-diamond system. The grey circles represent diamond grains,
deep and light blue regions are interfacial and bulk-like water, respectively. Black arrows illustrate
the difference between the sample thickness | (dashed line) and the effective path lefs (solid line) for
the high proton conductivity. d, Model of enhanced conductivity of interfacial water oi in comparison
with the bulk water ow. In the bulk water (light blue region), the ions of H3O* and OH" (excess protons
p* and proton holes p°) are screened by each other due to the Coulomb interaction, but in the
interfacial layer (dark blue) they can move freely as a result of polarization due to dynamic
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equilibrium between the high-mobility p* and low-mobility p°*°. The estimated thickness h of the
interfacial layer is 1 nm®L. e, The equivalent circuit for the model is presented in Fig.2d where the
effective resistivity Refr of the pore is the pore-radius-dependent resistivity of bulk-like water Rw(r)

and the constant resistivity of interfacial water R; connected in parallel.

To clarify the possible contribution of the surface COOH and COO- groups into the conductivity of
interfacial water, we measured their concentration by means of infrared spectroscopy and titration.
For the samples with smallest grain size, the number of COOH and COO- groups was found to be
less than 2 groups per single nano-diamond grain (see Sl for details). We performed several tests to
separate their contribution to the ionic conductivity of confined water from those of the changed
intermolecular interactions in the interfacial water. The surface specific concentration of the carboxyl
groups was found to increase with decreasing grain size, but the variability of intensities for different
grain sizes is an order of magnitude smaller than variability of the conductivity value (see Sl, Fig.s8).
We compared pellets prepared from unwashed diamond powders (black dots in Fig. 2a) with those
that were cleaned multiple times in the double-distilled water (open circles), and observed only 10%
difference. Additionally, the diamond powders were exposed to NaCl solution to replace the protons
that could be present on the diamond surface by the less mobile Na* ions. This treatment showed
negligible effect on water conductivity (red circles in Fig. 2a). The charged surface functional groups

thus appear not to be the main source of charge carriers in the interfacial water.

Figure 2b shows the temperature dependence of the ionic conductivity. From the slope of the fit lines,
the activation energy (the energy required for a charge carrier to contribute in DC conductivity) was
calculated to be equal to (0.17 = 0.01) eV independent of the grain size. This value is equal to the

energy of proton transfer reactions?, and activation energy of high frequency terahertz conductivity
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of bulk water®, but differs from the activation energy 0.37 eV of DC conductivity of bulk water?®.
These observations strongly suggest that the conductivity of interfacial water is dominated by the

proton transport, which is reduced by the boundary interaction with surrounding.

Discussion

Although water is a globally electroneutral-nomogeneous system, it exhibits changed physical and
chemical properties near the interface depending on the degree of nano-confinement (i.e. size of
domain) or physico-chemical properties of the surface®3>%, Interfacial water properties are
determined by the changed intermolecular interactions of water itself, by the surface reactivity
(concentration of surface sites, surface charges redistribution, etc.), or by combination of these
factors. Results described above show that the contribution of surface groups cannot explain more
than one tenth of the overall 10° enhancement of ionic conductivity (see Sl for details). Thus, one

should consider the effect of dimension on the water properties.

The surface effects on water properties are local and do not interfere with the properties of bulk water.
The effective thickness h of the interfacial water layer is limited by a few nanometers*23, Therefore,
the enhanced conductivity of confined water observed in our experiment can be explained by the
cumulative effect of the interfacial water with high ionic conductivity ¢i, and the water with bulk
conductivity ow®’. This concept is illustrated in Fig. 2d, schematically showing a cylinder pore
between two diamond surfaces. The overall resistivity Reft = left/oert XA = 1/(Rw+2Ri %) of such water-
filled channel can be described by an equivalent circuit of three resistors in parallel (Fig. 2e). We
suggest that ions in the interfacial water layer have higher mobility than in the bulk region, and thus
ensure a higher conductivity when the external electric field is applied (see Fig. 2d, and section H in

sI).
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In this model, the effective conductivity et Of the pore is given by the formula et (r) = [2oihr+ow(r-
h)]/(hr+(r-h)?), where oi and ow are conductivities of interfacial and bulk water, respectively. The
thickness h of the interfacial water layer is assumed to be constant and independent of the pore size.
For the smallest pores of about few nanometers the pore size becomes less than 2h, thus resulting in
breakdown of percolation and reduction of conductivity. The dash-dotted curve in Fig. 2a corresponds
to the function oett (r)¢/z2, where, T = let/l is tortuosity, ¢ is sample porosity (SI, Table S1), and | and
let ~ 7l are the thickness of the sample along electric field and the effective capillary length,
respectively (see Fig. 2d). In the limiting case of r = h, all water in the pores is confined within the
interfacial layer; in this case the conductivity of the effective media is equal to oeff (h)=cmax, and the
parameter i can be simply found as oi = omax (lefi/1)2/2¢ = omaxt®/2¢ = omax ©212¢. For randomly packed,
slightly irregular particles ¢ ~ 0.35%3, The expected conductivity ai of interfacial water thus becomes

equal to 0.02 S/cm, five orders of magnitude larger than that of bulk water.

Figure 2a demonstrates that this simple model describes the experimental data well, allowing to
estimate the thickness h of interfacial water with the enhanced conductivity. Within the experimental
uncertainty, our data (dash-dot curve) gives h = 1 + 0.25 nm, which is in agreement with experiment
and molecular dynamics simulations on the surface structure of water®4°. In other words, the
conductive interfacial water layer extends for several molecular layers away from the surface. This
result is also consistent with the thickness hmax = 2h = 2-3 nm where the maximum value of the
effective material conductivity approaches omax (See Fig. 2a). This hmax can be understood as the
distance where top and bottom near-surface layers overlap. If the pore size is less than hmax — as for 5
nm diamond grains — the effective cross section of the interfacial water layer is decreased leading to

a reduction of conductivity of the composite porous media (see Fig. 2a).

10
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As water exhibits a distinct layered structure near all surfaces independently of their nature, it is
reasonable to expect that interfacial water has an enhanced protonic conductivity not only near the
diamond surface (such as those studied in this work) but in most cases. We suggest that in interfacial
water, the unscreened ions are responsible for the higher direct current as compared to screened ions
in bulk water**. The mechanism is similar to the one observed for the ionic liquids*?*® and superionic

conductors*.

The conductivity of interfacial water i exceeds the ionic conductivity of different superionic
conductors in the temperatures range between 0 and 100 °C, as shown in Fig. 3. Although water has
a low bulk conductivity (red and blue lines in Fig. 3), water becomes a superionic conductor if
confined in nano-sized pores. All known values of ionic conductivity of confined water in any
material (including Nafion®) fall inside the yellow-shaded region with the upper limit (dashed red)
being ai(T). Our model predicts that water-filled porous materials has a protonic conductivity within
this range with the activation energy of about 0.17 eV*°. The highest possible value for pure interfacial
water in narrow nanopores is ai. The oi(T) line is only an order of magnitude lower than the microwave
conductivity of water omw = 0.1 S/cm at 300 K, previously assigned to the local dynamics of the

intrinsic water ions*!.

11
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Fig. 3 | Electric conductivity of ionic conductors as a function of inverse temperature. Red and
blue lines denote experimental curves for bulk water and ice, respectively. The values inside the
yellow-shaded region were obtained for various water-filled samples®. The dashed red curve is the
upper limit of confined water conductivity and corresponds to pure interfacial water, expected for the

materials with narrow pores about 2 nm and high porosity.

Conclusions

We have studied the DC ionic conductivity of interfacial water and found it to be anomalously high.
We show that water in nano-confinement exhibit properties of two types: that of bulk water and
interfacial water, which differ in their protonic conductivity. Near the interface, the protons have
higher mobility and are responsible for the enhanced conductivity in the external electric field. The
intrinsic protonic conductivity of interfacial water, oi = 0.02 S/cm, is five orders of magnitude larger
than what is observed for bulk water. Our results provide a new insight into the fundamental
properties of water and help to better understand the general electrodynamic effects in porous

membranes and other water-based systems in geological, biological and engineered environments. In

12
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particular, we demonstrate that the conductivity can be enhanced by maximizing the fractional
amount of interfacial water and optimization of pore size to avoid the percolation breakdown.
Outstanding properties of water at nanoscale pave the way to the development of innovative
electrochemical systems, such as proton-exchange membrane fuel cells and redox-flow batteries,

which performance is crucially dependent on the high ionic conductivity of membrane material.
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Materials and Methods

Samples preparation

For the formation of pellets (Fig. s1) we used powders with different, but narrow grain-size
distributions (Figs. s2 and s3) all purchased from the same manufacturer (Adamas
Nanotechnologies, 8100 Brownleigh Drive Raleigh, NC 27617). Pellets were 1 mm thick, 5 mm
in diameter, and pressed from the powders at about 30 tons per cm?. To increase the sample
mechanical stability, we additionally added 5 mass percent of polytetrafluoroethylene. Diamond
grains had high crystallinity as clearly seen on the diffraction pattern (see Fig. s3). The grain-size
dispersion, obtained by the open ImageJ software for grain size analysis from scanning electron
microscopy patterns, did not exceed 0.5. We made about 100 pellets of six different grain sizes

from 5 to 500 nm, and used different pellets of the same kind to test the reproducibility of results.

Samples cleaning and characterization

The powder obtained from the manufacturer was preliminary cleaned to minimize a possible
effect of the surface contaminants on the conductivity of confined water. First, we boiled diamond
powders in hydrochloric acid solution. Second, we centrifugally cleaned diamonds dissolved in
double-distilled water many times until complete stabilization of pH in the rest of water after
precipitation of the powder. The initial pH value was between 4 and 5, at the end it was between
6 and 7, slightly different for samples with different grain sizes. Finally, we dried the washed nano-
diamond powder in the oven for four hours at 350 °C. Samples chemical composition was tested

by energy-dispersive X-ray analysis (see Fig. s4). No traces of foreign species were found except



oxygen (O) and a negligible amount of metals (Ni, Al) that are presumably tracers of the materials
which were used at the manufacturing stage. The large amounts of silicon (Si) and platinum (Pt)
shown in Fig. s4 are due to the silicon substrate, as well as the metal coating, which were used.

See also section | for details of the titration experiment.

Samples porosity and surface area

The pore size distribution in the compressed pellets were measured by gas adsorption with
the Quantachrome® AUTOSORB-iQ-MP-XR instrument (see Figs. s5, s6 and Table s1), using
argon at 87 K, nitrogen at 77 K, and water vapor at 288 K as absorbate. Figure s5 shows
adsorption/desorption isotherms of gases on nano-diamond pellets. All pellets had similar open
porosity and wide network of percolated nano-pores, as found by applying Density Functional
Theory (DFT) and Brunauer-Emmett-Teller (BET) analysis implemented into the standard
Quantachrome® ASiQWin software. Both methods gave consistent results for the specific surface
area, pore volume, and effective pore radius for all pellets with different grain sizes. The specific
pore volume was calculated as: Vo = (Vpellet-Mdry/pd)/Mdry from the pellet mass and geometry, and
coincides with gas sorption estimates. The porosity ¢ of the samples was found from the
gravimetric analysis. The modal micropore radius rest was obtained from Argon adsorption at 87
K. The transformation factor ® = deff /2refr from grain size desr to pore radius resr was taken equal to
the transformation factor ® for the randomly oriented angular particles*®, which are close to the
observed ones (see Fig. s2).

The specific surface area is plotted as a function of the grain size in Fig. s7a and shows inverse
proportionality to the grain size, the same scaling law observed for the conductivity of confined

water (see Fig. 7b). Figure s7c shows direct proportionality of the electrical conductivity and the

4



specific surface area of the porous nano-diamond matrix. The higher is the surface, the higher is

the conductivity of confined water.

Filling nanopores with water

To fill the pores with water we first pumped pellets to remove the air from pores, and then
stored them to the saturated pure-water-vapor atmosphere for 48 hours. We found that the weight
gain Am=(mwet-Mqry) OF the pellet reaches its maximum already after 5 hours of storage in
desiccator, but waited longer to let the water molecules diffuse to the nanopores*’. We calculated
the specific volume occupied by water Vw= Am /pw/ Mary, where p is water density, and found that
Vm is approximately equal to pore volume Vo. Thus, the pores of our samples were completely full
with water. Note that the purity of water inside the pores is not discussed here because the
adsorption from the vapor phase eliminate additional impurities from outside the sample.

Insofar as the porous samples could lose water during the measurements, we isolated pellets
from the air with a closed Teflon cell. To avoid water evaporation, the Teflon cell and the sealing
ring were tightly closed during the measurements. The stability test showed that the reduction of
weight after the sample heating to 90 °C and then cooling down to the room temperature, was less

than 5%.

Electrical conductivity of confined water and density of the diamond surface groups

It is well known*® that nano-diamonds have surface carboxylic groups that could affect the
electrical conductivity of confined water. While the high density of the surface groups is crucial

for the medical applications, it is undesirable in our study. We measured the infrared intensities of



surface COOH and COO- groups (see Fig. s8) and found this concentration too low to explain the
enhanced electrical conductivity of confined water. Moreover, the intensity of the surface groups
normalized to the unit area (Fig. s8b) decreases with decrease of the grain size, while the
conductivity increases (see Fig. s7b). Thus, here the surface groups are not the main contributors

to the conductivity of the confined water.

Measurements of the dielectric constant and conductivity

For the measurement of the complex impedance of the sample, we used Novocontrol alpha-
A analyzer with frequency range 0.1 Hz — 3 MHz. The parallel-plate-capacitor geometry with
circular polished electrodes covered with 50 nm of chromium and 10 nm of gold were used as
shown in Fig. s9. The temperature of the sample was controlled in the range from 283 to 363 K
with the accuracy of 1°. The effective dielectric constant " of the dry pellets was used as a
reference. The low & =3.85 (Fig. s10, d to f) is a result of the diamond (e¢~5.7) and air (e=1)
dielectric constants averaging, and corresponds to the porosity ¢ of the samples according to the
formula eo®™=(1-¢)ea+geo. The electric conductivity of the dry pellets was negligibly small in

comparison with conductivity of bulk water and corresponding wet pellets (see Fig. s10, g to i).

Dielectric data analysis

The dielectric spectra shown in Fig. s10 have regions affected by electrode polarization. The
dielectric constant spectrum shows dispersion at low frequency limits due to formation of the near-
electrode layer and the DC conductivity contribution®®. To find the dielectric constant unaffected

by electrodes, the blocking electrodes schematic was used: we applied Mylar films between the



gold plates and pellets (see Fig. s9d). The corresponding equivalent circuit for this case have the
total impedance Z = 1/(ioC1) + 1/(G+ioCz) and admittance 1/Z = Gp + i0Cp, where ®=2mv is
angular frequency. In the high frequency limit ®—o0 and for C;>>C; we have C,=C; and G, = G.
In other words, the high-frequency dielectric constant corresponds to the dielectric constant of the
sample. Thus, we can consider the high-frequency plateau of the dielectric spectrum obtained with
blocking electrodes as the value of the dielectric constant unaffected by the electrode effects (see
Fig. s10). The conductivity spectrum also shows dispersion at low frequencies due to electrode
polarization mechanisms and Maxwell-Wagner effects®. It was shown that at high frequency the
conductivity spectrum tends to the true value of DC conductivity. The dashed horizontal line in
Fig. s7c shows the extrapolation of the DC conductivity plateau to low frequencies. Another way

to obtain the DC conductivity is to plot the Nyquist plots shown in Fig. s12.

Interfacial water layer thickness

The cornerstone of this paper is the notion of interfacial water whose structure and properties
are not established yet. The main idea of our experiment is to investigate the size effect on water
conductivity and study the interfacial water in such a way. The increase of electric conductivity of
confined water with the decrease of pore size can be explained, as shown in the main text, by the
presence of the thin interfacial water layer (deep blue) and the bulk water layer (light blue) (see
Fig. 2). The latter almost disappears for the case of pores comparable with the interfacial water
thickness. Different models show interfacial water thickness h; from 7 to 8 A%, This value agrees
well with the diffusion distance of short-living excess protons and proton holes in the recently
proposed ionic model of water®. Molecular dynamics simulations using semiclassical methods

independently confirmed high concentration of short-living excess charges in liquid water with



concentration of about 1 M. The average distance between ions at such concentration is | = 7.5
A, which is equal to the commonly accepted interfacial water layer thickness hi. According to the
model, the electrical charges in bulk water are screened by each other as can be seeing from the
calculation of the Debye length Ao=(ggoks T/29°n.)*?~ 1 nm, but can move fast at short distances
inside the screening atmosphere. It was shown that this high mobility, and predicted that at
nanoscale the conductivity of water will increase®. Unscreened ionic species near the interface
show higher mobility than the mutually screened ions in the bulk water. This causes the enhanced

electric conductivity of water near interfaces.

pH titration of diamond nano-powders in NaCl solution

The surface of nano-diamonds is known to have surface-active groups and foreign impurities
(see Ref. % of the main text). Groups and impurities can affect the conductivity of the water in
which they dissolve by donating mobile ionic species. That is why an important part of our work
was the analysis of the possible effect of surface reactions on the properties of water. To evaluate
the surface density of the absorption sites on the diamond surface, we performed a pH titration
test> for 5 and 40 nm diamond nano-particles. The following procedure was applied. First, 0.2 g
powder was "dissolved” in 50 ml of 1M NaCl solution to ensure complete deprotonation. Then,
by automatic adding of small volumes of 0.01M NaOH solution, we obtained a pH dependence on
the amount of NaOH. The solution was stirred magnetically all the time; titration was performed
within 30 min after solution preparation. A step-like increase of pH, which corresponds to the
transition from the “excess hydronium” to “excess hydroxyl” modes, was found at Vi = 1.230 and
1.026 ml of NaOH for 5 and 40 nm particles, respectively. The specific surface area of 1 g of the

5 nm powder was found as Sir= md?/mo =350 m?/g, where mo = 4/3 t (d/2)*p is the mass of single



grain, d is the grain diameter, and p=3.51 g/cm? is the diamond density. The calculated St is in
good agreement with the experimentally obtained effective surface area (see Table s1). A 40 nm
powder surface area was found by analogy. Finally, taking into account the total surface area St
of diamonds and comparing this area with the area of a single sodium ion Sna=90%1024=2.5 A2
multiplied by the amount of sodium that corresponds to the Vi, we found the effective area Sefr
occupied by the titrant, and, as a result, the surface density of absorption sites P=Seft/Stor. The latter
is similar for 5 and 40 nm grains and equal to 0.002. In other words, only 1/1000 of the surface
sites is occupied. Taking into account that 5 nm grains contain about 1000 carbon atoms, this
means that one “free” ion exists per grain. Diamond surface ions thus appears not to be the main

charge carriers in the confined water.



Fig. s1 | Porous nanodiamond (ND) pellets for dielectric study of water at nanoscale. a, Pellets
of 1 mm thick and 5 mm diameter formed from the powders of different grain sizes. To obtain the
mechanical stability of pellets, 5 mass % of polytetrafluoroethylene (PTFE) was used. b, Enlarged

optical photos of parts of the pellets. Scale bar is 1 mm everywhere.
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Fig. s2 | Scanning Electron Microscope (SEM) pictures of ND powders. Samples are shown

for different average grain sizes. The resolution is indicated by the scale bars.
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Fig. s3 | Morphology of the diamond powder. a and b, Transmission electron microscopy (TEM)
pictures of 5 nm diamond powder. Numbers are size of the corresponding single grains.
Aggregates of grains from 50 to 300 nm size are observed. c, Diffraction pattern of 5 nm diamond

powder shows crystallinity of the sample.
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Fig. s4 | Elemental analysis of nano-diamonds. a to e, Energy-dispersive X-ray (EDS) intensities
of atoms of elements found in samples of nano-diamonds of different grain sizes. Red and blue

spectra correspond to different selected areas of the electronic beam interaction with the sample

(see insets).
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Fig. s5 | Adsorption/desorption isotherms of gases on pellets of ND. a, Argon at 87K (solid and
dash lines) and nitrogen at 77 K (dash-dot lines) on 5, 40 and 120 nm grains. b, Water vapor at
room temperature on 5 nm grains. Samples exhibit mesoporosity as indicated by the adsorption-
desorption hysteresis. The difference in adsorption isotherms obtained for different gases is due to
the different size and polarizability of Ar, N> and H20 molecules. The strong rise at P/Po >0.9

(right-site graph) corresponds to the effect of capillary condensation.
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Fig. s6 | Pore size distribution of ND pellets by Ar adsorption at 87 K. Non-Linear equilibrium
DFT (NLDFT) model in cylindrical pores. For ND5, For ND40 ND120, only mesopores in the
size range from 5 to 20 nm can be retrieved with DFT. For ND120, both DFT and Barrett, Joyner,
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samples containing larger grains (> 120 nm) could not be retrieved by NLDFT.
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approximation. b, Electrical conductivity of wet ND pellets vs. grain size d (data from Fig.2A of
the main text). The blue line means the same as above. ¢, Electrical conductivity of wet ND pellets
vs. SSA. Direct proportionality is obvious. A one-order of magnitude difference for conductivity

is observed for the smallest grain size of 5 nm.
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pressed in pellets of KBr in transmission mode. Lines are guides for eyes.
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Table 1 | Properties of nano-diamond pellets. SSA is specific surface area; SPV=(Vpeliet-
Madry/pd)/Mary 1S specific pore volume; resr is effective pore width from QSDFT slit model; ¢ =

SPV/Veliet is porosity; ps = 3.5 g/lcm? is diamond density.

ND (Sssﬁerical SSA SSA  SPV SPV r p
grain P! (BET), (DFT), (exp),  (DFT), '@ &

1 gralns)l 2 2 3 3 nm %
size, nm 9 m?/g m/g  cmi/g cmi/g

me/g

5 342 317 265 0.4+0.1 0.337 3.4 60+ 10
40 43 79 73 0.2+0.1 0.174 6.9 40+ 10
80 21 46 45 0.2+0.1 0.161 9.8 40+ 10
120 14 55 53 0.2+0.1 0.173 108 40+10
200 8.6 15 16 0.2+0.1 0.1 NA 40+10
500 3.42 5.5 4.6 0.2+0.1 NA NA 40+10
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