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Abstract

Hydrated ruthenium dioxide (RuO2) stands out as the archetype of pseudocapac-
itive materials, renowned for its outstanding capacitance and remarkable stability for
supercapacitor applications. Herein, we introduce a model of amorphous low-density
hydrous RuOs for supercapacitors, utilizing a combined approach of ab initio molec-
ular dynamics simulations (AIMD) and density functional theory (DFT), along with
Nudged Elastic Band (NEB) methods, making the first instance of such an approach.
Starting from an anhydrous amorphous structure, we systematically increase hydration
levels within the model. Our simulations reveal the critical role of OH groups at oxygen
non—bridging sites and molecular water in enhancing hydrogen mobility. Furthermore,
the presence of water facilitates the Grotthuss mechanism, forming a ring of H—bond
donors and acceptors involving water and oxygen. This mechanism connects distant
sites, creating multiple pathways for hydrogen migration within the system, with an
activation range of 0.3—0.4 eV. These findings provide valuable insights into the be-
havior of hydrated RuOs in supercapacitors, shedding light on the interplay between

hydration and hydrogen motion for enhanced energy storage applications.



INTRODUCTION

Supercapacitors, also known as electrochemical capacitors, have emerged as promising energy
storage devices due to their exceptional power density and rapid charge— discharge capabili-
ties.1® They bridge the gap between conventional capacitors and batteries, offering a unique
solution for various applications, including portable electronics, renewable energy systems,
and electric vehicles.* One of the key factors driving the advancement of supercapacitor
technology is the development of new electrode materials with enhanced energy storage ca-
pabilities. Pseudocapacitive materials, unlike conventional capacitive materials, store energy
through fast and reversible Faradaic redox reactions at the electrode—electrolyte interface.®
This distinctive mechanism allows pseudocapacitors to achieve higher energy densities than
their capacitive counterparts. Among pseudocapacitive materials, ruthenium dioxide (RuO,)
distinguishes itself as the quintessential example, embodying unparalleled electrochemical
characteristics. While anhydrous crystalline RuO, show moderate capacitance (a few tens
of F.g71), the hydrous form of RuO, allows increasing the capacitance by several orders of
magnitude, reaching values in the range of several hundreds to thousands of F.g71. Experi-
mental studies have consistently demonstrated that amorphous (72.3 g.cm™) ) low—density
hydrous RuO; outperforms its crystalline counterpart in terms of specific capacitance and
cycle stability.%” However, the underlying reasons for this superior electrochemical perfor-
mance remain a subject of ongoing research.

Hydrous RuQOs is typically obtained through electrochemical means resulting in a low-
ering of the overall material density as compared to defect—less crystalline RuOs. The
exceptional performance demonstrated by electrodes based on amorphous, low—density hy-
drous RuO, has spurred significant research efforts, particularly in the realm of materials
characterization. Various techniques, including electron microscopy,® X—ray spectroscopy,®
X—ray atomic pair distribution function (PDF) analysis,!®!! and nuclear magnetic reso-
nance (NMR),'? have been employed to investigate the structure of hydrous RuO,. These

studies have revealed crucial information about the composition and bonding within this ma-



terial. For instance, X—ray PDF analysis has shown that RuO,-2H50 consists of anhydrous
rutile—like RuOy nanocrystals dispersed within a matrix of structural water associated with
Ru——0 bonds. > NMR studies, particularly those conducted by Fu et al.'® have provided
insights into proton motion and hydrogen bonding in RuOs. They found that the proton
dynamics in RuOy-xH50 samples are temperature—dependent, where higher temperatures
facilitate easier proton diffusion. Furthermore, they reported activation energy (E,) values
for proton diffusion in hydrous RuQOs, ranging approximately from 0.265 to 0.181 eV. Despite
these findings achieving a comprehensive understanding of the relationship between electri-
cal performance, local structural details and transport properties of RuOs-zHO remains
elusive due to its non—crystalline nature and variable chemistry making characterisation
difficult. Only a few attempts have been made to establish a fundamental understanding
from a theoretical standpoint. Atomic—scale modeling of RuO, has primarily been limited
to considerations derived from its crystalline state.'*® As far as our current knowledge is
concerned, no theoretical investigations attempting to understand hydrousRuO, have been
conducted to date.

To address these questions, we employ ab initio molecular dynamics simulations to create
and analyze, for the first time, a model system of amorphous low—density hydrous RuO,.
These structural models are juxtaposed with fully dense and crystalline RuO,, examining
aspects such as the distribution of pores, spatial distribution of polyhedral, and Ru oxida-
tion states. Then the hydration level and water inclusion in the porous system are adjusted
by varying the water content to investigate the protonic arrangement within the inhomoge-
neous structure. This allows investigating and quantifying the various scenario of hydrogen

migration, governing its exceptional pseudocapacitive behavior.



Computational details

Generation of amorphous RuO; model structures

Low density (2.2 g.cm™3) and fully dense (6.3 g.cm™) anhydrous amorphousRuO, model
structures were firstly created for comparison purposes before hydration. Standard melt—

1921 were firstly em-

quench procedures through classical molecular dynamics simulation
ployed to obtain an initial atomic distribution,comprising 24 Ru and 48 O atoms, in a
stoichiometric orthorhombic cell (with dimensions 20.00 x 9.73 x 12.32 A3) (¢f details in
SI). This process resulted in a low—density model structure with an equivalent RuO, mass
density of 2.21 g.cm™3, i.e close to the experimental measured density of hydrous RuO,.%
The structure acquired at room temperature from classical MD simulations served as the
input for ab initio MD simulations based on the Born—Oppenheimer approximation, con-
ducted using the Vienna ab initio Simulation Package (VASP,??). The methodology applied
in this study is adapted from our previous work, facilitating the realization of a realistic
glassy state, especially for more intricate compositions such as calcium—sodium borosilicate
glasses.?! MD simulations based on DFT are recognized for their ability to more accurately
reproduce experimental results compared to force field—based simulations, which is crucial
for capturing the proper polyhedral distribution in bulk and surface structures.?"2? In this
work, we used the GGA—PBE functional,?* which includes D2 dispersion corrections?® to
account for long—range van der Waals interactions. The projector—augmented wave (PAW)
method was utilized, and a plane—wave cutoff energy of 450 eV was employed. The MD
procedure proceeded as the following steps: (i) the obtained classical molecular dynamics
(MD) atomic distribution was initially heated to 2500 K with an NVT run of 15 ps, (ii)
followed by an NVE run lasting 10 ps to equilibrate the system in the liquid state, and
finally, (iii) the system was quenched to 300 K over 10 ps. The MD timestep was set to
1.0 fs. For direct comparison purpose, a fully dense and amorphous reference RuO, was

constructed using the same orthorombic unit—cell, and following a similar procedure, but



considering an additional step: a relaxation in an NPT run at 300 K to equilibrate the sys-
tem at the glass density (5 ps), followed by a final NVE run at 300 K to further equilibrate
the structure at the mean density, determined from the last ps of the NPT run. A density
of 6.31 g.cm ™~ was achieved for this structure,approximating the density of crystallineRuO,
(7.07 g.cm™3). Note that a Nosé—Hoover thermostat and barostat were employed to control
the temperature during BOMD simulations. Subsequently, we allowed the system to relax
under the NVT ensemble for 20 ps at the same temperature. Figure 1 shows snapshots of
both the simulated low—density amorphous RuO, structure and the simulated fully—dense

amorphous RuO, structure.

Low-density amorphous RuO, Fully-dense amorphous RuO,

Figure 1: Snapshots of the AIMD—obtained (a) low—density amorphous RuO, and (b)
fully—dense amorphous RuQOs structures at 300 K. Green balls represent Ru atoms, and red
balls represent O atoms.

Generation of the hydrous form of low density RuO»

We utilized the same VASP package with identical parameters as previously employed to
simulate hydrous RuO,. Our simulations encompass the exploration of both low—density
amorphous structures and porous amorphous structures of hydrated RuO, for which non—
dissociated water molecules can exist. To enable the accurate representation of potential
Grotthuss mechanisms during MD simulations, we reduced the MD timestep to 0.5 fs, as

detailed in.?% Additionally, hydrogen atoms were replaced with deuterium atoms to ensure
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adiabaticity within the Born—Oppenheimer Molecular Dynamics (BOMD) simulations.
Hydration of the dry low—density structure (as obtained from AIMD) was performed
first, introducing three different amounts of water molecules, e.g., 19, 29, and 39 water
molecules, into the pores. Hydration was further carried out at three different temperatures:
350 K, 450 K, and 550 K. Initially, to facilitate rapid equilibration, we conducted an NVE
ensemble simulation for 10 ps, followed by a 60 ps simulation at the target temperature in
the NVT ensemble. In the initial stage, water molecules were carefully distributed to allow
adsorption via their oxygen atom onto the low coordination Ru sites, specifically Ru//!
and Ru!" sites of the dry RuO,. Furthermore, we directly separated some water molecules
to position hydrogen on O bridging sites being under—coordinated (exhibiting only two
bonds with Ru atoms). This was based on insights from a preliminary DFT investigation
aimed at identifying the most stable sites. Extra water molecules, dealing with higher initial

quantities, were positioned into the pores at the second and third layer away from the

hydrated RuO, walls.

Detailed hydration and migrations mechanisms via static DFT cal-

culations

Density Functional Theory (DFT) calculations were performed using the VASP package, em-
ploying the PBE density functional and the projector—augmented wave (PAW) approach,
with a plane—wave cutoff energy of 450 eV. For each calculation, atomic positions were re-
laxed until the forces acting on each atom were below 0.02 eV/ A. Brillouin zone sampling
was limited to the I' point. To account for van der Waals interactions, the semi—empirical
D2 method developed by Grimme?® was employed. This level of computational theory has
demonstrated effectiveness in prior studies involving the hydration of mineral surfaces. 22 To
simulate migration pathways and calculate activation energies of protons within low—density
amorphous RuOs hydrous structures, we utilized the nudged elastic band (NEB) tech-

27,28

nique, including six intermediate images between the initial and final configurations.



The activation energy (E,) was defined as the energy difference between a given (meta)stable
configuration and the saddle point in energy that must be overcome to transition to another

neighboring (meta)stable configuration.

Results and Discussion

Dry amorphous low density RuO,

Ruthenium dioxide (RuOs) manifests in various crystallographic forms, with the rutile struc-
ture being one of the well-known variations.?*3° Besides the rutile (P42/mnm) and or-
thorhombic (CaCls-type) structures,® RuO, can also adopt an amorphous state without a
defined atomic structure over extended ranges. This study primarily focuses on investigat-
ing the amorphous state, which, to the best of our knowledge, has not been theoretically
documented before. We first consider a dry amorphous and low density RuOy (2.21 g.cm™)
model system to provide better understanding of its hydrous form after hydration. The low
density material will also be compared to reference fully—dense amorphous having a density

of 6.31 g.cm™ and crystalline RuO, (density of 7.07 g.cm33%)

, as illustrated in Figure 1
and summarized in Table 1.

The morphological differences between the two amorphous states are significant. The
fully—dense variant is predominantly composed of two distinct ring sizes, three and four
(Ru—Ru, homopolar bonds).?* In contrast, the low—density amorphous phase of RuO,
exhibits significant porosity, with ring sizes extending up to 17 (see Figure S1). Distinguish-
ing between the crystalline and amorphous states requires characterizing the oxygen state
of Ru. In the crystalline state, Ru solely exists as Ru"? (100%) with Ru——0 at 1.92 and
2.00 A, O——0 at 2.52 A, and Ru—Ru at 3.11 A, as well as 0o—ru—o(°) of 76.82 and
103.18 and Ory_o0-_ru(°) of 128.41 (see Table 2 and*?). Upon transitioning to the fully dense

amorphous states of RuO,, two distinct Ru oxygen oxidation states coexist, Ru" at 29.40%

and Ru" at 70.60%. The corresponding Ru— O distance is 1.97+ 0.03 A , O——O ranges



from 2.43 A to 2.78 A, and Ru— Ru extends from 3.13 A to 3.63 A, as well as Oo—ru—0(°)
of 7797 and Or,_o_ru(°) of 103—137 (see Table 2).

In contrast, the low—density structure of RuOsdisplays three distinct oxygen oxidation
states for Ru: Ru/’! at 4.2%, Ru’V at 79.20%, and Ru" at 16.60%. The Ru—— O distances
range from 1.85 £+ 0.03 A, O——O0 ranges from 2.85 A to 3.15 A, and Ru— Ru ranges
from 3.1 A to 3.55 A, as well as Oo—ru—o(°) of 7T7—133 and Or,_o_gu(") of 95—135 (as
indicated in Table 2). Importantly, the transition from the crystalline to the amorphous
state involves a reduction in the oxygen oxidation state, with the lowest oxidation state of Ru
observed in the low—density structure of RuO,. These findings are consistent with previous
experimental investigations using various techniques, including thermogravimetric analysis
(TGA), X—ray diffraction (XRD), and X—ray absorption near—edge structure (XANES)
and extended X—ray fine structure (EXAFS) analyses. However, it is important to note
that XANES cannot distinguish between Ru’// and Ru’V in the hydrous oxides.’

Comparing the three systems, the highly ordered crystalline structure of RuO, exhibits
a uniform distribution of the Ru"’ oxidation state along with a denser atomic packing. In
contrast, the fully—dense amorphousRuQO, manifests a significant presence of Ru"" content,
indicating a greater degree of oxygen deficiency and structural disorder. Notably, the pres-
ence of distinct ring sizes, indicative of homopolar bonds, underlines the formation of a more
intricate network within the fully—dense amorphous phase. On the other hand, the amor-
phous low—density RuO, system displays a remarkable diversity in Ru oxidation states, with
a substantial proportion of Ru/// and Ru’", indicating a higher level of structural flexibility
and oxygen incorporation. Additionally, the extensive porosity observed in the low-density
amorphous phase suggests the presence of interconnected voids, enabling enhanced ion diffu-
sion and accessibility, which are crucial factors for its potential application in energy storage

systems.



Table 1: Characteristics of RuO, in different states described in terms of density, inter-
atomic distances, Ru polyhedra, coordination numbers (CN), and angles. Interatomic dis-
tances within the first shell, including Ru—0, O—0, and Ru—Ru distances and 0r,_o_ru(°),
0o—ru—o(°) angles, are obtained from radial distribution function (RDF) and angle distri-
bution function (ADF) analysis. Meanwhile, the latter and Ru oxidation states for a radius
over 2.3 A are calculated over the last 10 ps.

Crystalline (Rutile)?*?

Density (g.cm™) Ru! (%) Ru’V (%) Ru" (%)
7.07 0 0 0
R | ONmeo | Ora-o-ral?) | bo-rui-0() ___|
100 6 128.41 76.82 and 103.18
,,,,, rmoA) | roold) | rmemdd) ) oo
1.92 ag%f.()() + 9 59 311 o
Amorphous (Fully—dense)

Density (g.cm™3) Ru! (%) Ru!V (%) Ru" (%)
e | 000 | o0 | 2040 |
BTN | ONmeo | Ora-o-r) | Yo-ru-o(’) ___|

70.60 5.76 103—137 T7—=97
,,,,, rmeo(d) | roold) | rmemd b)) oo
1.97 £ 0.03 2.43-2.78 3.13-3.63 ——
Amorphous (Low Density)

Density (g.cm™?) Ru’'(%) Ru’V (%) Ru" (%)
T 0 | w02 | 1660 |
R | ONmeo | Oro-o-ral’) | bo-rui-o() ___|

0 4.21 95—135 77—133
,,,,, rmeo(A) | roold) | rmendd) ) oo
1.854+ 0.03 2.85—3.15 3.1-3.55 ——
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Hydrated form of amorphous and low density RuQO-

With the aim of establishing model systems of the amorphous hydrous RuO, material, we
varied the hydration levels of the dry, low density RuOs by incorporating three different
quantities of water molecules (19 H,O, 29 H,O, and 39 H,O into RuO,, as detailed in the
"Computational details" section. These configurations were relaxed at three different tem-
peratures: 350 K, 450 K, and 550 K. Figure 2 presents snapshots of the resulting low density
structure after the relaxation process at 550 K, over 60 ps. In Figure 2a the case without
hydration (0 HyO) is shown, while Figure 2b , Figure 2c¢ and Figure 2d represent the struc-
ture obtained after hydration with exposures to 19 H,O, 29 H,O and 39 H,O, respectively.
The systematic introduction of water initiates dissociation reactions, generating OH species
on the porous surface. In the case of 19 H,O at 550 K, only one water molecule remains
within the pore, while this amount increases with higher initial water content. Different OH
species configurations coexist, namely Non Bridging Oxygen (NBO), where OH is bonded
solely to one ruthenium atom, and Bridging Oxygen (BO), where oxygen bonded to hydro-
gen shares chemical bonds with two ruthenium atoms. The distribution of NBO results in
isolated, vicinal or geminated hydroxyls. Quantification of species in the hydrated structure
is given in Table 2. Importantly, at 550 K, the hydration process remains at saturation as
the percentage of OH (relative to the total number of Ru atoms) is constant ( 117%) at all
considered initial water content. This implies that the proposed hydrous RuO, structure at
550 K is characterized by a quantity of OH sites exceeding the number of Ru atoms. Further
water content will depend on the initial loading. While the hydration level slightly varies
as a function of the relaxation temperature, the variation is non—linear (see Table 2, OH %
variation from 350 to 550 K). It has to be noted that the hydration level remains high in
the lower loading case (19 H,O). Furthermore, no hydrogen is found in oxygen connected to

three Ru atoms.
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(b) 19 H,0
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(c) 29 H,0 (d) 39 H,0 '
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o 9 2 TSN é
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Figure 2: Amorphous hydrated RuO, after undergoing low—density relaxation at 550K over
60 ps: (a) for 0 HoO, (b) for 19 HyO, (c) for 29 H,0O, and (d) for 29 H,O molecules. Green
balls represent Ru atoms, red balls represent O atoms initially part of RuO,, blue balls
represent O atoms initially part of H,O, and white balls represent H atoms.

Examining the ruthenium oxidation states in Figure 3,we observe a clear increase in the
oxidation state of Ru after all three hydration processes, in comparison to the dehydrated

HI oxidation state is no longer present, re-

low—density RuO,. The previously observed Ru
placed by the noticeable appearance of Ru"’. Concerning the influence of water content, the
percentage of Ru" continues to rise from 34% to 63%, whereas the percentage of the lowest
oxidation state of Ru!"" decreases from 50% to 26%, as illustrated in Figure 3. Overall, this
leads to a slight decrease in the average coordination number of Ru with respect to oxygen,

from 5.4 (19 Hy0) to 5.1 (for 29 and 39 H,0O). Logically, the Ru——0 interatomic distance
is shown to decrease, being 1.92 A for 19H,0, then decreasing to 1.90A for 29H,0 and 1.89A

12



for 29H,0. It is worth noting that the lowest coordination obtained for the de—hydrated
RuO, exhibits an even more contracted bond length, to 1.85 A(Table 2). Focusing on the
impact of the relaxation temperature used for RuOy model elaboration, the lowest oxidation
state (Ru’") and the highest oxidation state (Ru"’) increase as the temperature decreases,
while the intermediate oxidation state (Ru"") decreases with increasing temperature, from
63% to 74%. Again, the average coordination number of Ru with respect to oxygen remains
constant at 5.1 highlighting the robust nature of the structural framework of RuQO, in re-
sponse to temperature fluctuations. While the overall hydration remains stable, specifically
constant upon water loading at 550 K (117% OHs), and slightly fluctuating with increas-
ing the temperature (in the range of 100 to 117%), the coordination being itself also quasi
constant, net tendencies on the amounts of both BO and NBO are observed. An increase
in water loading or temperature results in a rise in the amount of NBO while BO amount
decreases. Notably, the NBO configuration is entirely absent from the de—hydrated struc-
ture. The balance of OH species configurations might influence hydrogen migration within

the RuOy model structures, which will be addressed next.
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Incorporation of 39 H,0

350K 450K 550K
Temperature [K]

Relaxation temperature 550K

B0 s Ru"

g Ru'v
70 4

mm RuY

60 - mm RuY
50 -

2
2%
30 .
20 A
10 A
0 -
0H20 19H;0 29H;0 39H,0
Water Quantity

Figure 3: Coordination number of Ru in low—density amorphous hydrated RuO;. (a) Tem-
perature effect from 350 K to 550 K for a quantity of incorporated water molecules of 39
H,0. (b) Effect of different quantities of incorporated water molecules, namely (0 H,O, 19
H,0, 29 H,0), and 30 H,O, while keeping the relaxation temperature fixed at 550 K.
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Table 2: Characteristics of amorphous hydrated RuO, with low density under different re-
laxation temperatures and quantities of incorporated water molecules. Interatomic distances
and coordination numbers (CNs) were computed from radial distribution function (RDF)
analysis over the last 10 ps. NBO(%) X (o) and OH (%) x ( 100 ).

total number of O total number of Ru

Relaxation Temperature at 550 K

H,0 "ru—0(A) | CNpu_o | BO(%) | NBO(%)| OH(%)

1076
0 H,O 1.85£0.04 4.21 100 0 0 ——
C19M,0 | 1924004 | 54 | 8889 | LI | 1667 | 205 (£2x107) |
C29H,0 | 1904004 | 51 | 79.00 | 2000 | 11667 | 389 (£6x107) |
39 H,O 1.89£0.04 5.1 79.00 21.00 116.67 7.05 (+4 x 1072)

Incorporation of 39 HyO

. 2 —1
Relaxation rino(A) | CNmo | BOW%) | NBO(%) | OH(%) D(H) (cm®.s™!) x

T(K) 10-6

350 K 1.8840.04 5.1 85.48 14.52 108.33 1.65 (£1 x 10_2)
40K | 1L89£0.04 | 51 | 8305 | 1695 | 100.00 | 5.00 (£4x10-2) |

550 K 1.8940.04 5.1 79.00 21.00 116.67 7.05 (+4 x 10_2)

The diffusion of hydrogen through the pores of hydrous RuQO, is influenced by the quantity
of incorporated water molecules and the relaxation temperature. In our molecular dynamics
(MD) simulations, we compute self—diffusion coefficients (D) using Einstein’s relation and
a three—dimensional material model based on mean square displacement (MSD). The MSD

equation is given by MSD = (6r%) = & . [ri(t + to) — ri(to)]*. After computing MSD, the

©r?) _
6t

(MSD)

llmt*)O 6t

self—diffusion coefficient (D) is determined as D = lim,_,

For example, at 39 H,O loading and 350 K, the diffusion coefficient (D) is 1.65 x 107°
(£1 x 107®) cm?/s, increasing to 5.00 x 107% (+4 x 107®) cm?/s at 450 K and 7.05 x 107°
(£4 x 107®) cm?/s at 550 K. Similarly, with an increase in the quantity of water molecules
at 550 K, the diffusion coefficient (D) becomes 2.05, 3.89, and 7.05 x 107% (£1 x 107%) cm?/s

for 19, 29, and 39 molecular water loading, respectively.

In the same context, using density functional theory (DFT), Ozolin et al.'® found that
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proton diffusion in the crystalline state of RuOs has the lowest barrier energy on the surface
RuO,(110), with a diffusion coefficient (D) of about 107! cm? /s, which is very low com-
pared to what we find in the simulated low—density amorphous hydrous state for any given
water quantity. The Arrhenius equation, In(D) = —£2 4 1In(A), reveals an activation energy
(E,) of approximately 0.123 eV, where R is the gas constant and T is the absolute temper-
ature. Experimental investigations by nuclear magnetic resonance (RMN) show a variation
in activation energy (FE,) with increasing annealing temperatures in the range of 298.15 K to
423.15 K, reaching a minimum of 0.0255 eV at approximately 423.15 K.'* The proton dynam-
ics in RuOq-2H50 samples are temperature—dependent, with higher temperatures allowing
for easier proton diffusion, consistent with our AIMD simulation results.

Looking now at the structural distribution of species at the pore walls/water molecule
interface, we observe the formation of hydrogen bond networks. These networks exhibit a
characteristic ring structure, that is the source of a distinct migration pattern for hydrogen
through the so—called Grotthuss mechanism. This is illustrated in Figure 4, showing a ring
structure involving two water molecules. Connections follows one surface H—bond accep-
tor BO site (labeled as site 4) being hydrogen bonded to a water oxygen donor atom (site
3), which is oriented to share another hydrogen bond with a neighbouring water molecule
(site 2), that in turn is hydrogen bonded with a surface BO site. As a general observa-
tion during the AIMD simulations, the adsorbed water molecule donates one of its protons
to the neighboring water molecules within the pores of the hydrous RuO,. Subsequently,
these water molecules transfer one of their protons to a BO site, leading to the formation
of an OH group. This network of hydrogen bonds enhances proton migration due to the
flexibility of the network, allowing for the relaxation of transition states along the migra-
tion path. Moreover, distant active sites for hydrogen migration can interact through water
forming ring. Similar structural configurations have been observed prior studies, notably at

the borosilicate—water interface?® and in Car—Parrinello AIMD simulations exploring the

proton—exchange process between water and a carbamate.?* Additionally, Merte et al.3”
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employed high—speed, high—resolution scanning tunneling microscopy to investigate proton
diffusion on an iron oxide surface. Their research on oxygen—terminated FeO monolayer
films formed on Pt highlighted the role of molecular water in accelerating proton diffusion,
suggesting the potential importance of water—assisted proton diffusion in various catalytic

processes. In a related study, Devanathan et al.3¢

investigated proton hopping in a model
polymer membrane and observed that the barrier for proton transfer decreases with increas-
ing hydration levels. They considered three hydration levels (A) of 3, 9, and 15 H,O/SO3~,
corresponding to the dry, hydrated, and saturated fuel cell membrane, respectively. The

barrier for proton transfer from the SO37-H3O™ contact ion pair to a solvent—separated ion

pair decreased from 0.036 eV for A = 3 to 0.013 eV for A = 15.

T —— y . ———
One Scenario of Creating OH through Grotthuss Mechanlsms

¥ "o
D "
o ) G

H- acceptor and H donor
Og, H-acceptor

Water (2)
H-acceptor and H-donor
L) ‘ ..

.-'
T 9 \\‘.

A L

Figure 4: Illustration of hydration mechanisms involving a ring structure connecting the
adsorbed H—bond donor water molecule (1), two nearby H—bond acceptor and donor—water
molecules (2 and 3), and an H—bond acceptor (4).Green balls represent Ru atoms, red
balls represent O atoms initially belonging to RuO,, blue balls represent O atoms initially
belonging to HyO, and white balls represent H atoms.

2
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In addition to Grotthuss mechanisms, our AIMD simulations unveiled alternative modes
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of hydrogen migration, including proton hopping between two adjacent Ru atoms. Specif-
ically, the migration pathway illustrated in Figure 5a (initial state), Figure 5b (transition
stage), and Figure 5c (final stage) involves a water molecule adsorbed on one Ru atom,
nearby an OH group (NBO type) located on an adjacent Ru atom. This OH group (acting
as an H—bond acceptor) subsequently attracts a proton from the adsorbed water (acting
as an H—bond donor), completing the process of water creation in a swift duration of 0.03
ps. As the diffusion process continues, we observe that the water molecule created after
the proton diffusion (acting as an H—bond acceptor) can further adsorb wia its oxygen onto
another Ru atom. In this capacity, it acts as an H—bond donor to another OH group bound
to an adjacent Ru. This additional process is illustrated in Figure 5e (initial state), and
Figure 5f (final stage), with a similar duration of 0.03 ps. This mechanism demonstrates the
propensity of water dissociation close to neighboring oxygen site being of the NBO type. In
a related study, Tilocca and Cormack?” investigated the water—bioglass interface using ab
initio (Car—Parrinello) AIMD simulations. They found that during their simulation trajec-
tory, a water molecule dissociates close to NBO sites through a sequence of proton transfers

between dissociated water molecules and NBO sites.
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Figure 5: Snapshots illustrating the key stages of protons undergoing spontaneous migration
between hydrated sites via a hopping mechanism. (a—c) First migration sequence of a
proton to form an adsorbed water molecule, which then (d—f) looses one proton at the
benefit of another hydrated site nearby, thus forming a new adsorbed water molecule. The
depicted case is from a 39 HyO loaded RuO,, at 550 K, which is representative across all
investigated temperatures. (Green balls represent Ru atoms, red balls represent O atoms
initially belonging to RuOs,, blue balls represent O atoms initially belonging toH,O, and
white balls represent H atoms).

Finally, Figure 6 illustrates direct hopping mechanisms between two protonated NBO
sites, without water acting as a migration intermediate. This mechanism can lead to the
formation of freed or adsorbed water molecules. Importantly, regardless of the water loading
, direct proton hopping via bridging oxygen atoms, denoted as BO——H = H——BO, was
not observed in the duration of the simulation. This process, however, is likely to occur in
the presence of a chain of water molecules. Additionally, there is no Grotthuss mechanism
of H diffusion between adjacent NBOs or between NBO and one adjacent BO. Moreover, H
can only diffuse from BO to NBO and not in the opposite direction due to the competitive
factors favoring NBO in the adsorption of protons when BO is nearby. Finally, BO'/!, where

an oxygen connected with three Ru atoms, does not exhibit any protonic residence.
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Direct Hopping NBOs ][ BO to NBO via Grotthuss ][ Water Adsorption on H-BO

Figure 6: Snapshots representing three dominant forms of proton migration between differ-
ent kinds of oxygen atoms: (a) proton migration between two H—NBO, (b) proton migration
between a bridging oxygen H—BO wia a Grotthuss mechanism, and (c¢) the adsorption con-
figuration of water via its oxygen towards the bridging oxygen showing the difficulty of
proton migration via a Grotthuss mechanism. The depicted case is from RuO;x39H50 at
550 K, which is representative across all investigated temperatures. Green balls represent
Ru atoms, red balls represent O atoms initially belonging to RuQO,, blue balls represent O
atoms initially belonging to H,O, and white balls represent H atoms.

Inventory and quantification of hydrogen migration

In this section, we provide an energetic quantification of the various hydrogen migration
mechanisms observed through AIMD simulations, as discussed earlier. Determination of the
activation energy (E,) for each mechanism is performed combining DFT and NEB calcula-
tions. All mechanisms are conducted using the hydrous 39H;O-RuO5 model system obtained
after relaxation at 550 K. We first consider the water dissociation and further migration of
hydrogen within the dehydrated structure. This serve as a reference for the hydrated case
and a potential case study in which dehydration of the hydrous material would be achieved
because of annealing. It is worth noting that such procedures have been experimentally in-
vestigated, revealing an intersting optimum in capacitance after annealing at 150 °C. Beyond
38

this temperature capacitance decreased at either lower or higher annealing temperatures.

From Table 3, it is shown that water inside the pore dissociates after overcoming an activa-
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tion barrier of 0.22 eV. The pathway is illustrated in Figure 7a, in which dissociation leads
to the formation of two hydroxyl groups, on NBO and BO sites, respectively.

Table 3: Calculated activation barriers (F, ) and reaction energies (E,,) in kJ.mol™! for
proton diffusion and water dissociation reactions within the pores of dehydrated low—density
amorphous RuO, (utilizing a single molecule) and hydrated low—density amorphous RuO,
(using a system with 39 H,O molecules).

System Reaction E, (eV) | E.z (€V)
Water dissociation near two BO!! 0.22 0.20
Unhydrated H—hopping (H-NBO = BO'/) 0.33 0.31
H—hopping (H-BO!! = BO) 0.60 -0.29
Water dissociation near NBO 0.08 0.08
H—hopping (H-NBO = H-NBO) 0.06 -0.02
Hydrated H—hopping (H—BO!! = H—BO'/) 0.48 -0.25
Grotthuss via one H,O (H-BO!! = H-BO!7) 0.45 0.30
Grotthuss via one H,O (H-BO!! = H-NBO) 0.32 0.25

Two migration pathways are then investigated. Firstly, the migration from a NBO to-
wards a neighbouring BO' gives an activation energy of 0.33 eV. Secondly, H migration
beetwen two BO!! sites has an activation energy of 0.60 €V, indicating the prevalence of the
NBO site. Since the activation barrier for water dissociation is lower than that of diffusion, it
can be argued that molecular water may follow the reverse reaction rather than dissociating
and spreading within the pore walls. In addition, the overall reaction energy is positive in this
particular case. However, calculation under higher water loading clearly shows preferential
water splitting, indicating the self—stabilization of hydration. It is important to note that
all reaction energies, being less than 0.3 eV in absolute value, cannot be deeply considered as
they fluctuate due to the final possibility or inability to locally form hydrogen bonds. Rather,
they signify that all these potential migrations are performed at quasi isoenergy. This, cou-
pled to the low activation barriers calculated, underlines the importance of the density and

spatial distribution of the three actors for hydrogen migration, e.g., BO, NBO and water
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molecules. No proton diffusion is seen between BO!!! sites, where oxygen forms a planar
surface with three interconnected Ru. In this scenario, diffusion occurrs exclusively in the
presence of a water molecule through the Grotthuss mechanism, a phenomenom prominently

observed and discussed in the subsequent analysis of the hydrated system.

(a) Water dissociation near two BO'" |

'i;;‘d :

Figure 7: Pathway mechanism snapshots for three important events related to proton diffu-
sion and water dissociation reactions within the pores of unhydrated low—density amorphous
RuO, (utilizing a single molecule): (a) water dissociation adsorbed wia its oxygen on Ru"
and close two BO!!| (b) H—Hopping diffusion between H—NBO and BO!! oxygen sites, and
(c) H—Hopping diffusion between H—BO'! and BO! oxygen sites. Green balls represent
Ru atoms, red balls represent O atoms initially belonging to RuQO,, blue balls represent O
atoms initially belonging to H,O, and white balls represent H atoms.

Now, turning our attention on the hydrated system, as detailed in Table 3 and depicted
in Figure 8, water dissociation is quasi barrierless, with an activation barrier of 0.08 eV. This
value is lower than that of the dehydrated system by approximately 0.15 eV. This difference
could be attributed to the presence of numerous NBO sites and the formation of water
molecules rings. Furthermore, migration between two NBO sites leads to the formation of a
water molecule adsorbed on one NBO, following a nearly barrier—free pathway of 0.06 eV.
This process occurs without the need of an alternative Grotthuss mechanism, suggesting the

absence of water molecules between the two oxygen atoms to facilitate diffusion.
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| (a) Water dissociation near NBO |

Figure 8: Pathway mechanism snapshots for three important events: proton diffusion and
water dissociation reactions within the pores of hydrated low—density amorphous RuOa:
(a) water dissociation adsorbed wia its oxygen on Ru!" and close NBO, (b) H—Hopping
diffusion between H-NBO and H-NBO oxygen sites, (c) H—Hopping diffusion between
H-BO!? and H—HBO oxygen sites, (d) Grotthuss via oneHyO between H™-BO!! and BO™/,
and (e) Grotthuss via oneHoO between H™-BO! and NBO. Green balls represent Ru atoms,
red balls represent O atoms initially belonging to RuOs, blue balls represent O atoms initially
belonging to HoO, and white balls represent H atoms.
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A second event involves H—hopping between two H—BO! without the local presence of
water molecules. In this case, the activation barrier is 0.48 eV, significantly higher than that
observed between two H—NBOs. This is attributed to the greater freedom degree of the
unique Ru——0 bond of NBO sites, facilitating the H—bond donor and H—bond acceptor
mechanisms compared to the more constrained H—BO.

In the presence of water between two H—BO!! sites, proton diffusion can occur, me-
diated by the formation of a ring comprising H—bond donor and H—bond acceptor water
molecules. Known as Grotthuss diffusion, this process incurs an activation energy of 0.45
eV, nearly identical to the observed activation energy for the direct hopping event between
the two H—BO'! sites. Furthermore, the existence of water molecules between two hydrated
oxygen atoms facilitates the creation of the H3O" compound at the transitional state. Prior
investigations using density functional theory calculations and observations from scanning
tunneling microscopy (STM) have suggested the involvement of a H3O™ transitional state
in the diffusion process. The presence of absorbed water intensifies hydrogen migration,
presumably through a transitional state involving hydronium ions. The acceleration of hy-
drogen atom diffusion over solid oxide surfaces is commonly associated with the presence of
water molecules. This mechanism differs from the observations made in the case of rutile
TiO2(110), where the dissociation of water plays a crucial role in proton diffusion. Besides,
using DFT calculations and comparison with experimental results, Lin et al.?? observed that
proton diffusion in tungsten oxide dihydrate (WO3xoH20), a well—known efficient proton
conductor, occurs within the layers of corner—sharing WO® octahedra, without the direct
involvement of structural water. The calculated barrier for proton migration in WO3x,H,0O
(0.42 eV) closely aligns with the experimental value derived from the temperature depen-
dence of conductivity (0.36 eV).

It is important to emphasize that within the hydrated system, regardless of the quantity
of incorporated water molecules or temperature, no instances were observed where hydro-

gen could diffuse through a ring formed by H—bond donor and H—bond acceptor water
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molecules between two NBO sites. In contrast, a Grotthuss—type migration was observed
for hydrogen migration between an H—BO!! site and an H—NBO site, a process requiring
an activation energy of 0.32 eV, marginally lower than the energy required for migration be-
tween two H—BO!! sites. It is noteworthy that the direction of hydrogen migration is mainly
achievable due to the difficulty of bonding two hydrogen atoms on the BO sites. From these
energetically quantified results, hydrogen migration is shown to be always feasible, even
though overall configurations stabilize through the complex interplay of the hydrogen bond
network that forms upon hydration and water exposure. Also, hydrogen migration is energet-
ically favored when considering NBO sites, which almost annihilate activation barriers, and
water, which allows interaction and migration from distant size. In summary, both the sta-
tistical insights from molecular dynamics simulation and the migration pathways identified
through DFT—NEB calculations emphasize the substantial impact of water and hydroxyl
coverage on the performance characteristics of the porous RuO,. These findings are consis-
tent with the observed decrease in capacitance for hydrous RuO2 submitted to annealing at
temperatures exceeding 150 °C, where water loading is compromised due to the opening of
the experimental set up to vaporization®® Along this line, the reduction in capacitance at
lower annealing temperatures could be associated with a lower amount of NBO sites at the

pore surfaces.

CONCLUSION

This study reports a thorough exploration of the low—density amorphous state of ruthenium
dioxide (RuO,) and its hydration dynamics using advanced computational techniques, aim-
ing to provide new insights into the remarkable supercapacitor performances experimentally
observed in hydrous—RuO, electrodes. The material’s structure and chemical composition
are systematically analysed such as porosity formation, ruthenium oxidation states, alter-

ations in coordination numbers with oxygen, and the emergence of local structures involving
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OH and water, particularly H bonded to RuOs bridging or non— bridging oxygen atoms.
This analysis varies with the hydration process, adjusting the initial water loading in the dry
porous low—density structure and the temperature, while comparisons are made with fully
dense amorphous RuQOs. It is found that full hydration is achieved at all tested initial water
loadings and temperatures, leading to the stabilization of molecular water in the pore regions
with more than one OH group per Ru atom in the structure. Most importantly, rather than
the overall coordination and structural aspects of the obtained hydrous—RuO; model sys-
tem, it is found that the hydrogen motion within the material correlates with the presence
of OH species on non—bridging oxygen sites and the existence of molecular water into the
pores. Finally, the hydrogen migration mechanisms are quantified utilizing the DFT—NEB
technique. For all tested case, relatively low activation energies are calculated for hydrogen
transport within the material (all below 0.5 €V). This underscores the significance of chemical
sites statistics and spatial distribution (distance making direct hopping unlikely), with the
presence of water being crucial for enabling distant hydrogen migration through the Grot-
thuss mechanism. The results confirm the predominant role of non—bridging oxygen sites,
which, in all tested case, significantly reduce activation barriers, making hydrogen migration
nearly barrierless (0.06 eV). These findings not only enrich our general comprehension of
these intricate processes involved in metal oxide hydration but also contribute to a deeper
understanding of electrochemical performance, offering valuable insights into the potential

of amorphous hydrous RuO, as an advanced electrode material for supercapacitors.
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