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Design rules of pseudocapacitive electrode materials: ion adsorption,
diffusion, and electron transmission over prototype TiO,
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ABSTRACT The development of a high-performing pseudo-
capacitor requires a comprehensive understanding of elec-
trode materials from the aspects of electron transfer and
electrolyte ion adsorption and diffusion. Herein, these factors
are considered over the prototype TiO,, and a high pseudo-
capacitance is achieved via the introduction of various defects,
i.e., oxygen defect (Vo) and co-doped defect (Vo+No). The
study is based on joint explorations of first-principle calcu-
lations and the transfer matrix method. Relative to pristine
TiO; (300 F g'), defective TiO, produces pseudocapacitance
as high as 1700 F g™'. Moreover, defects induce small barriers
for electron transmission caused by surface band bending. The
climbing image nudged elastic band diffusion of H ions dis-
plays a much higher barrier in TiO,-V, than in TiO,-Vo+No.
Such a result indicates easy H diffusion in the co-doped sys-
tem. This work provides insights into the adsorption and
diffusion of electrolyte ions and the influence of defects on
electron transfer. The results are also significant for the design
and optimization of electrode materials for the next genera-
tion of supercapacitors.

Keywords: pseudocapacitance, charge storage, ion diffusion,
electron transmission

INTRODUCTION

Pseudocapacitor continues to gain attention in applications of
energy storage and conversion systems because of its high
energy density and power density [1-7]. Pseudocapacitance is
largely determined by the properties of the electrode materials
[2,8]. In the development of highly efficient pseudocapacitive
electrode materials, a full picture of electron transfer, electrolyte
ion adsorption, and diffusion on electrode materials should be
considered simultaneously. For electron transfer, the transfer
coefficient is governed by the tunneling barrier and results from
the conduction band (CB) bending [9,10] of the electrode
materials when exposed to aqueous environments. The reduc-
tion of the transfer barrier requires minimal CB bending, which
is principally achieved through the introduction of considerable

amounts of defects. For electron transfer, no barrier induced by
band bending forms in metallic electrode materials. From the
aspect of ions, ion adsorption determines the charge storage
capability. Moreover, ion diffusion from the top surface to
sublayers is of great significance as the diffusion barrier controls
the feasibility of ion travel. Specifically, a relatively low ion
diffusion barrier increases the amount of hydrogen ions on the
surface and sublayers of the electrode. In sum, existing materials
rarely meet all the aforementioned requirements. Therefore,
material modifications must be made to achieve high pseudo-
capacitance.

Transition metallic oxides (TMOs) [4,11] are potential semi-
conductor electrode material candidates because of their unique
behavior of localizing d-orbitals around the Fermi level (Er) of
electronic structures. Among the TMOs, TiO, shows great
promise because of its ultra-hydrophilic property [12], high
chemical stability [13], flexibility in creating defects [14,15], and
so on. However, pristine TiO, exhibits semiconducting behavior
and low density of states around Er with a large bandgap of
~3eV [16]. For intrinsic TiO,, the high Schottky potential bar-
rier and low carrier concentration inhibit electron carrier
transport at the interface of aqueous materials. Therefore, pris-
tine TiO, cannot be easily considered a promising pseudoca-
pacitive material.

Material modifications are desirable to achieve TiO,-based
pseudocapacitors. For instance, defective black TiO, nanotube
arrays show a capacitance of 168 mF cm™, which is over 30
times that of pure samples [17]. On the one hand, the pseudo-
capacitive charge storage is confirmed by the valence state
changes of Ti**/Ti*" obtained by X-ray photoelectron spectro-
scopy (XPS) analysis for the redox reaction; on the other hand,
the surface amorphous layer induced by surface-confined pro-
tonation/deprotonation is measured using high-resolution
transmission electron microscopy. Wang et al. [18] further
introduced co-dopant Vi and substitutional N on O sites and
achieved higher capacitance (210 Fg ') than that of the oxygen
vacant sample. Huang et al. [19] prepared amorphous defective
TiO, that achieved a capacitance as high as ~1800 F g™'. Despite
the extensive experimental investigations [17-22], the role of
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defects in TiO, to produce pseudocapacitance remains unclear.
The rapid development of TMOs’ pseudocapacitance could thus
be restricted by factors such as carrier electron transmission, ion
adsorption and diffusion, etc., which are not considered in
material design.

In the current work, we adopted a well-studied TiO, electrode
material to demonstrate the comprehensive evaluation and
tuning of the capacitance of TiO, structures, from pristine to
defective ones, on the basis of the aforementioned aspects and by
applying first-principle calculations and the transfer matrix
method (TMM) [23]. On the (101) surface [24] of the anatase
phase TiO,, two defective structures (TiO,-Vo and TiO,-Vgo
+No) along with a pristine lattice were considered for the
pseudocapacitance through rigid band approximation (RBA)
[25,26]. The two defective TiO, structures were found to lead to
a high density of states around Er and thus resulted in ultrahigh
capacitance values greater than 1400 F g™}, which are five times
that of pristine TiO,. Furthermore, both types of defects caused
Er pinning and could largely avoid CB bending. The Vo+No
defect assisted in the high H diffusion by reducing the H dif-
fusion barrier. In sum, the TiO, structure with Vo+Ng showed
great promise as a pseudocapacitive electrode material after the
consideration of all the proposed requirements. This work offers
comprehensive insights into pseudocapacitive material design in
terms of electrolyte ion adsorption and diffusion and electron
transfer on electrode materials.

CALCULATION MODELS AND METHOD
The Vienna ab initio simulation package [27] was used for the
density functional theory calculations. The exchange correlation
energy was developed by the plane wave base vector and pro-
cessed by the Perdew-Burke-Ernzerhof scheme in the general-
ized gradient approximation [28]. The electronic structure was
calculated using the spatial nonlocal hybrid density functional
HSE06 [29]. Cutoff energy of 400eV was employed, and the
convergence criteria of the force and energy were set to be
0.02eV A and 107° eV, respectively. k points with a density of 2
x 6 x 1 in the Brillouin zone were produced by the I" centered
Monhkorst-Pack grid. A vacuum layer of 15 A was used in all
the slab structures to prevent periodical interactions between the
top and bottom surfaces (Table S1). The 1 x 1 anatase (101)
surface supercell was constructed with three TiO, atomic layers
(36 atoms), and the bottom TiO, layer was frozen to simulate the
bulk bonding properties (Table S2). The charge calculation was
obtained from the Bader charge analysis [30,31]. The transition
state of hydrogen migration was determined by the climbing
image nudged elastic band (CI-NEB) method [32]. Different
oxygen vacancy concentrations were achieved by enlarging the
size of the supercell. The oxygen vacancy concentrations of
2.78%, 1.39%, 0.93%, 0.69%, and 0.46% corresponded to the 1 x
1,1x2,1x3,1x4,and 2 x 3 supercells, respectively.

The binding energy of hydrogen ion adsorption (E;) is cal-
culated by

Eb:Etot_ETiOZ_:uHa (1)

where ETio2 and E, are the energies of the systems before and
after hydrogen adsorption, respectively; and uy is the energy of
the H atom. The formula of defect formation energy is

Ef0m1 = Edcfcctivc_ Epn'stinc+:u0 _:uN9 (2)

where Egefeciive and Eprigiine are the total energies of the defective
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and pristine TiO,, respectively; and po and py are the chemical
potentials of the oxygen and nitrogen atoms, respectively. The
range for the chemical potential of oxygen is determined from
the O-rich condition (yo = (402/2) to the O-poor condition (o =
(#rio, — pmi)/2); pri represents the chemical potential of bulk Ti.
The chemical potential of N is considered between the N-rich
(un = px,/2) and N-poor conditions (px = prin — phri)-

The transfer coefficient of electron tunneling through the
barrier induced by the CB bending of the surface of TiO, was
calculated using TMM [23]. Owing to the variant band barrier in
the space charge region, solving the Schrodinger equation
directly would be difficult. Hence, we utilized TMM to deal with
the arbitrary potential term in the Hamiltonian, which enables
the division of arbitrarily continuous potential vs. distance into
numerous small rectangle potentials (Fig. 1) so that the Schro-
dinger equation could be solved analytically within each piece of
divided potential. Then, the continuous boundary was applied to
combine all the divided pieces and essentially deliver the whole
electron tunneling coefficient (Fig. 1) (further details are avail-
able in our previous publication [23]).

RESULTS AND DISCUSSION

Structural properties of pristine and defective TiO,

The bulk anatase TiO, has a tetragonal structure with a space
group I4,/amd. By combining this symmetry and the low-index
surface energies, we constructed the (101) surface herein. The
lattice constants after relaxation were a = 10.443 A and
b = 3.806 A, starting from the optimized bulk lattice constants a
=b=3.784 A and ¢ = 9.534 A; this result was consistent with the
experimental value [33]. For TiO,, an oxygen vacancy is one of
the major defects under Ti-rich synthesis conditions [34]. To
mimic the natural n-type defect of TiO,, we introduced oxygen
vacancy and substitutional N. We labeled the oxygen sites with
numbers so that they can easily be recognized in the succeeding

~

Electrolyte Electrode

Electron

Space charge region

Figure 1 Energy band diagrams of semiconductor and electrolyte contacts.
The blue line represents the potential barrier of each small rectangle divided
in the space charge region. CBM and VBM represent the conduction band
minimum and valence band maximum, respectively.
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analysis (Fig. 2a). To comprehensively examine the defects in
TiO,, we considered four typical defective configurations: one
oxygen vacancy (Vp), one substitution N (No), two oxygen
vacancies (2V(), and one oxygen vacancy coexisting with sub-
stitutional N (Vo+No). For each defect case, we calculated all the
possible configurations and adopted only the most stable
structure for further analysis.

Specifically, the oxygen vacancy Voo located in the subsurface
layer was the most stable oxygen vacancy configuration (Fig. 2b).
This location was in good accordance with the reported site
[35,36]. Our calculations showed that the stable position of Ng
was also at position O9 in Fig. 2a (Table S3). On the basis of Vo,
one O atom was replaced with an N atom to obtain the complex
defect Vo+No. The stable site of the substitutional N was at O7
(Table S4). Intuitively, this No site emerged from the unsatu-
rated Ti bonds in the presence of the neighboring oxygen
vacancy. Therefore, the relatively strong interaction between N
and Ti made the structure increasingly stable, as confirmed by
the short Ti-N bond length (drix = 1.938 A, drio = 1.964 A)
and negative charge state (N: —1.31, O: —1.16). Furthermore, we
considered a high oxygen defect concentration of 2V,. On the
basis of the one oxygen vacancy configuration, an additional
oxygen vacancy was created at the O8 site (Fig. S1).

To evaluate the feasibility of the surfaces with the aforemen-
tioned defects, we calculated the formation energy vs. oxygen
chemical potential under the N-rich condition (the calculation
details are available in the CALCULATION MODELS AND
METHOD section); and the results are shown in Fig. 2c. The
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results for the N-poor condition are provided in the Supple-
mentary Information (Fig. S2). In the O-rich condition, Vo
showed the highest stability. As the oxygen partial pressure
decreased, i.e., O-poor condition, Vo+Np showed the highest
stability. As the two types of defects are energetically favorable,
we adopted them to explore the origin of the pseudocapacitance
in the following sections.

Upon the (101) surfaces, the adsorption of hydrogen ions was
simulated to mimic the acid electrolyte condition (Fig. S3). Take
the total energy of H adsorption at the O2 location as the
reference energy. The total energy with H located from the
vacuum to the sublayers was calculated accordingly (Fig. 2d). In
a vacuum, H formed no bonds with the surface, and the total
energy was thus 2.5eV higher than that of the reference. As H
was located in the first (04, O5), second (O8), and third layers
(0O16) on the pristine surface, the energy increased up to 0.84,
0.68, and 0.97 eV, respectively. Additionally, hydrogen tended to
fill the site of oxygen vacancy in the vacant models. As the
binding energies of H adsorption were all negative (Fig. 2), the
structures were thermodynamically stable. These energy differ-
ences among different sublayers actually reflected the feasibility
of H diffusion from the top to the sublayers.

Electronic property variations among different defect
configurations

The electronic structure essentially determines the conductivity
of materials, which is of great significance for the application of
electrodes. To explore the conductivity of pristine and defective
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Figure 2 Structure and defective formation energy of TiO,. (a) Side view of TiO; (101) in anatase phase. The numbers represent different oxygen sites. The
blue 9, green 7, and purple 8 represent the sites of one O vacancy in Vo, the substitutional N in Vo+No, and the second O vacancy in 2V, respectively.
(b) Relative energy of Vi configurations. V,, is the oxygen vacancy labeled as x. (c) Defect formation energies of TiO, under different oxygen chemical
potentials. (d) Energy of one H migrating from the vacuum to TiO; relative to that of the H adsorbed on the surface. The numbers represent the H adsorption

sites based on Fig. 2a.

February 2022 | Vol.65 No.2

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

393



ARTICLES

SCIENCE CHINA Materials

TiO,, we calculated the electronic density of states (Fig. 3).

We found that the pristine TiO, (Fig. 3a) surface was semi-
conductive with a large bandgap (3.30eV) and was free from
surface states (Figs S4 and S5). The surface Ti and O atoms were
saturated and thus led to the absence of gap states. The VBM
was aligned up at 0eV on the basis of the projected density of
states (PDOSs), as shown in Fig. 3. We should note that the
occupied states of pristine TiO, were dominated by the O 2p
orbital and that the empty states were mainly composed of Ti 3d
states. As reported, the introduction of defects results in
impurity levels for different defect types and concentrations.
Varying oxygen vacancy concentrations would tune the loca-
tions of the shallow defect levels in the upper region of the
bandgap region because of Er = E; + koTIn(Np/n;), where kyis the
Boltzmann constant; T is the temperature; Np and #; are the n-
type doped carrier concentration and intrinsic carrier con-
centration, respectively. For the defective configurations, Er was
pinned in the gap states contributed by the Ti 3d orbitals.
Additionally, the apparent discrepancy of states below the CBM
was observed in the two defective TiO, (Figs S6 and S7), that is, a
locally sharp peak (Fig. 3b) and continuous lower states (Fig. 3c)
in TiO,-Vg and TiO,-Vo+No, respectively. Owing to the n-type
doping of the oxygen vacancy, the dangling bond of the unsa-
turated Ti atoms contributed to the impurity states. As shown in
Fig. 3D, the defect states in Vo were highly localized and led to
the peak with a large intensity. By contrast, the sharp impurity
level disappeared, and the continuous states became dominant
below the CBM,; this result was consistent with reported findings

Ti 3d

O 2p N 2p

Pristine

Normalized PDOS (a.u.)

Partial charge ﬁ
-1.5 0.0 1:5 3.0 4.5
Energy (eV)

Figure 3 Density of states and partial charge densities of TiO,. Normalized
PDOSs for Ti, O, and N atoms of (a) pristine TiO,, (b) TiO, with one oxygen
vacancy (Vo), and (c) TiO, with one oxygen vacancy and one substitutional
nitrogen (Vo+Np). The gray dotted line represents the Fermi level. The
partial charge densities of Vo and Vo+Ng are within 0.1eV above the Eg
(isosurface = 0.007 e A7).
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[37]. The conductivity (o) of materials is known to be deter-
mined by the density (n), lifetime (7), and effective mass (m") of
the carrier according to the formula ¢ = ng*z/m’. Hence, the
introduction of defects, i.e., Vo and Vo+No, certainly increased
the electron concentration. Moreover, the ionized acceptor N
weakened the electron capture effect and thus improved the
electron transfer.

To further explore the effects of the defects on the electron
transport of TiO,, we investigated the charge distributions of the
Vo and Vo+No structures within 0.1 eV above the Eg (Fig. 3b, ¢).
With the same partial charge isosurface values, the partial charge
was more continuous in the system with Vo+No than in the
system with V¢ from the TiO, atomic layer to the sublayers. The
partial charge of TiO,-Vo was discrete and detrimental to the
charge transfer during the surface redox reactions.

Combining the electronic structures and the partial charge
distributions, we found that the systems with defects were more
suitable as electrode material candidates than the pristine TiO,.
More specifically, the introduction of the complex point defects
Vo+Np led to the continuous states below the CBM. This result
indicated the great potential applications of such defective
structure to the electrode of capacitor from the charge transport
point of view.

Pseudocapacitance of TiO, from the aspect of H adsorption
Pseudocapacitance is basically determined by two factors, i.e.,
charge transfer amount and variation of voltage during the
charge and discharge processes. For the former case, the Bader
charge scheme is widely utilized to obtain the charge difference
before and after electrolyte ion adsorption. However, conflicts
occur in calculating the voltage change during the charge and
discharge cycles [38,39] as the band variations are not con-
sidered during the charge and discharge process. In fact, our
previous study [25] on Ti;C,T, electrode materials showed that
the shape of band structures is not visibly altered in the charging
process with various amounts of charging electrons and that
only the position of Er changes. Therefore, we adopted the RBA
to reasonably calculate the voltage change after H ion adsorption
herein. Electrode materials, such as transition metal disulfides
[40] and MXenes [41,42], normally display higher capacitance
values in acidic electrolytes than in neutral and alkaline elec-
trolytes. Therefore, we took the protons as the objects to explore
the ion chemisorption-induced pseudocapacitance. For the
alkaline or neutral electrolyte ions, the mechanism could be
similar.

In terms of the charge transfer amount, H adsorption con-
centrations of ~20%-100% were covered to obtain the pseudo-
capacitances of pristine and defective TiO,. The charge state
changes of the Ti atoms with increasing hydrogen adsorption
concentration are listed in Table S5. For the case of fully covered
hydrogen, an individual titanium atom enabled the storage of
0.3e. As shown in Fig. 4a, the number of charges, AQ, trans-
ferred from the electrode surface to the hydrogen ions was lin-
early correlated with the H coverage.

In contrast to those of the pristine TiO,, the linear slopes of
the defective TiO, were large when the H coverage surpassed
50%. The defective structures increased the number of active
sites and thus the hydrogen ion storage. In principle, the valence
of the host element would vary for proton adsorption. Therefore,
spectrum techniques such as XPS enable the detection of such
peak shifts. For example, the Ti**/Ti** ratio obtained by fitting

February 2022 | Vol.65 No.2
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Figure 4 Charge storage and pseudocapacitances of pristine and defective TiO,. (a) AQ and (b) AWF before and after H was adsorbed on TiO, with and
without defects. (c) WFs of neutrally charged pristine and defective TiO, before and after H was fully adsorbed. (d-f) H binding energies and pseudoca-
pacitances (Creqox) Of pristine TiO, (101), TiO,-Vo, and TiO,-Vo+No, respectively.

the XPS of the discharged electrode deduced the amount of
charge storage per TiO, [17]. With the RBA method, we cal-
culated herein the variations of work function (AWF) (Fig. 4b).
In contrast to the pristine TiO, with relatively large changes of
AWE, the defective TiO, with different H coverages showed
fluctuations of AWF less than ~0.4eV. As observed in Fig. 4c,
the defective TiO, displayed smaller WFs, i.e., 6.97 eV (reported
value is 6.99¢eV) [43], 4.74, and 4.75¢V, for the pristine TiO,,
Ti0,-Vo, and TiO,-Vo+No without H adsorption, respectively
(Fig. S8). Fundamentally, the decrease of the WF stemmed from
the extra electrons on the surface after the introduction of the
defects.

According to the calculations of the above electronic struc-
tures and the charge transfer amount of H, the pseudocapaci-
tances (C) of the pristine and defective TiO, were obtained
(Fig. 4d-f) using the formula C = AQ/AV, Where AQ and AV are
the charge difference and the change in electrode potential
before and after hydrogen adsorption, respectively. As the H
adsorption concentration increased, the pseudocapacitances of
the three models showed an increasing tendency. As AWF was
basically unchanged or decreased when the hydrogen con-
centration increased (Fig. S9), the enhancement of the pseudo-
capacitances was mainly attributed to the increased charge
storage rather than the WF variations. When the adsorption
capacity of the hydrogen ions reached 100%, the maximum
gravimetric capacitance value of the pristine TiO, reached
301 Fg'. By contrast, the pseudocapacitances of TiO, with Vo
and Vo+No rose to 1774 and 1426F g, respectively. The
capacitance difference between the Vo and Vo+Ng systems
could be explained from a detailed WF perspective. The corre-
sponding WF with Vo+Ng decreased less than that with Vo,
thereby resulting in a large voltage variation because of the high
Vo+No defect states above the Eg. Therefore, defect Vo showed a
relatively high capacitive value when only H adsorption and the
corresponding AWF were considered.

February 2022 | Vol.65 No.2
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Although the local charge transfer-induced pseudocapacitance
of TiO,-V was higher than that of TiO,-Vo+No, the practical
pseudocapacitance should also include ion bonding strength and
ion migrations on the surface. In principle, neither too strong
nor too weak bonds between the electrode surface and the
electrolyte ion are helpful in gaining high capacitive perfor-
mance. On the one hand, excessively strong binding energy
prevents hydrogen ions from migrating; on the other hand,
excessively weak bonds hinder charge storage.

A previous study [25] revealed that binding energy in the
range of 0.5-5.0eV is favorable for ion binding and migration.
In our work (Fig. 4d-f), the H binding energy varied from 1.3 to
1.6eV. As the adsorption amount of hydrogen atoms increased,
the binding strength gradually decreased because of the repul-
sion among H ions (Fig. S10). In general, such a moderate
bonding strength is favorable for the simultaneous enhancement
of charge storage and H migration.

H migration on pristine and defective TiO,
As mentioned previously, H tends to moderately bond on sur-
faces and thus shows great promise in the application of capa-
citive electrode materials. However, the sole consideration of H’s
surface adsorption is not enough to evaluate the material’s
overall capacitive property. In fact, the total charge storage
amount is determined not only by H adsorption from the top
surface but also by the sublayers. Intuitively, the sublayer H
originates and migrates from the top surface. Therefore, H
migration could be crucial to determine the total amount of H
adsorption and thus the total charge storage. In other words,
excellent electrode materials should be able to realize the facile
migration of electrolyte ions to achieve large charge storage [44-
46].

For the TiO, electrode, Fig. 5a shows three possible diffusion
paths of one H ion from the top surface to the subsurface. The
migration barrier was obtained through the CI-NEB method.
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Our calculations revealed that on the pristine TiO, (101) surface,
following path A, O5-011, H migrated from the surface O to the
sublayer requiring energy as high as 2.25eV (Fig. 5b). The fur-
ther introduction of defects significantly reduced the H migra-
tion barrier through paths A and B (05-09). Relative to the
large barrier of pristine TiO,, the barriers of the defective
structures with Vo and Vo+No on path A could drop to 1.54 and
0.73 eV, respectively. The H diffusion barrier in TiO,-Vo+No
was the lowest because of its smallest charge variation during the
transfer from the initial state to the final one (Fig. S11). For path
C (06-012), which was similar to path A, the migration process
could be difficult as the calculated barrier was ~2eV (Figs S12
and S13), which was close to that of the pristine TiO,. On path B,
hydrogen migrated from O5 to the oxygen vacancy, and the
barriers of the two defective structures were close (~0.6¢eV,
Figs S14 and S15). Therefore, the defects played a key role in
suppressing the migration barriers. Fundamentally, either V or
Vo+Np introduced n-type doping, thus causing the surface to be
rich in electrons. Such an environment provided electrons to the
surface oxygen atoms so that the polarized covalent H-O bond
strength was reduced. On the basis of the Brensted-Evans—
Polanyi relations, the H migration barrier decreased accordingly.
As shown in Fig. S16, no clear relationship was noted between
binding energy and the diffusion barrier. The binding energies
of H on the pristine and defective TiO, were in the range of 1.0-
1.6 eV. Such small binding energy resulted in the corresponding
small diffusion barrier, which ensured the migration of hydro-
gen ions from the surface to the subsurface. As a result, the total
H adsorption amount could increase to achieve high capacitive
performance.

According to the previous discussion about pseudocapaci-
tance, the Vo and Vo+Np systems indicated high capacitive
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values of about 1700Fg™ when H coverage reached 100%.
However, the H migration results revealed that H showed a
much lower migration barrier in the presence of Vo+Ng than in
the presence of V. Given the large barrier (Vo: 1.54eV), the Vo
system could not easily achieve 100% H coverage. By combining
these two factors, we found that the defect Vo+Ngo could be
superior to Vo in terms of improving pseudocapacitance.

Influence of band bending on electron transfer

In a practical capacitive process, the adsorption and migration of
electrolyte ions and electron transfer play key roles in essentially
determining the overall capacitance. Band bending is known to
exert greater influence on 3D materials than on low-dimensional
materials, such as graphene-derived materials and MXenes. To
date, most explorations have disregarded the electron trans-
mission process. Thus, the current understanding of electrode
materials could be misleading in terms of material design and
screening. As a matter of fact, when semiconductive electrode
materials interface with aqueous electrolytes or metallic contacts,
band bending occurs because of the carrier recombination
(Fig. 6a) at interfaces. As a result, the electron travel in the
electrode materials could be severely prohibited. Taking n-type
TiO, as an example, the band upbends in the space charge
region (Fig. 6b). The upbending CB forms a quadratic barrier for
the electron transfer from the bulk to the surface. The barrier
height and width are fundamentally governed by material
dielectric properties and defect dopant concentrations (further
details are available in the Supplementary information). The flat
band potential and carrier concentration could be obtained
through Mott-Schottky analysis. Reports have shown that car-
rier concentration for TiO, nanotube arrays is 10¥cm™
according to Mott-Schottky plots [47]. Basically, the higher and
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the wider the barrier is, the lower the electron tunneling coef-
ficient will be from bulk to the surface or vice versa. Therefore, a
small barrier is always required for a given electrode material
with excellent performance.

To calculate the width and height of the bending band and
thus gain the barrier properties, we chose the effective mass m,"
= 0.0468m, and mp’k = 0.6614m, for further investigations, where
My, mp* and my are the effective mass of electrons, the effective
mass of holes, and the rest mass of electrons, respectively. The
carrier concentrations of the pristine TiO,, TiO,-Vo, and TiO,-
Vo+No were calculated to be 5.09 x 1071, 5.31 x 10, and 2.66 x
10* cm?, respectively (detailed calculations in the Supplemen-
tary information). We note that the pristine carrier concentra-
tion was 30 orders of magnitude smaller than that of the system
with defects. Meanwhile, the width of the space charge region of
the defective TiO, significantly decreased to the order of ang-
stroms, thereby making the charge transfer feasible. In terms of
barrier height, it is actually determined by dopant concentra-
tions. A large dopant concentration leads to minimal band
bending and a small barrier height. When the material is heavily
doped, the Er could reach the CB (Fig. 6¢). Consequently, the
material becomes conductive in the process known as semi-
conductor degeneracy.

In this study, the probability of electron transfer at the
interface was assessed. Specifically, we calculated the transmis-
sion coefficients of electrons in several defective TiO,, i.e., TiO,—
Vo+No and TiO, with various Vo concentrations, to mimic
realistic doping environments (Fig. 6d) by using the developed
TMM. The defect concentrations, which are shown as blue
curves from dark to light in Fig. 6d, provided a comprehensive
picture of the effects of the defects on the carrier transmission.
The most stable oxygen vacancy configurations in the structures
with different defect concentrations were observed on the sub-
surface layer, as shown by the O9 position in Fig. 2a. The energy
differences for the other surface locations are listed in Table S6.
For the defective structures with oxygen vacancy concentrations
higher than 0.69%, the transmission coefficients rapidly reached
99% (~0.39 eV). For the case of the Vo concentration lower than
0.46% (within 1.0 eV), the transmission was lower than 98%. As
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the defect content increased up to 0.69%, the transmission
increased slowly to 99% within 0.93 eV. Such variation could be
extended to the TiO,-Vo+Ng system.

Transmission is essentially decided by the shape of the barrier
(i.e., CB bending) and the initial kinetic energy. The former
factor was fixed herein because its shape was only controlled by
the dopants of the materials. The latter one could change on the
basis of extrinsic conditions, such as the variation of the electric
double layer (EDL) field.

To obtain a reasonable energy range of electrons and trans-
mission coefficients, we considered the influence of applied
voltage and the EDL field. The applied voltage was assumed to
be the threshold voltage of aqueous electrolytes (i.e., 1.23 V) that
caused electrons to gather on the H ion side of the EDL. Under a
voltage of 1.23V, the electron gained kinetic energy of 1.23 eV.
As the EDL pointed inside, the electrons at the surface could be
suppressed during the transfer from the surface to the sublayers.
Quantitatively, the kinetic energy lost in the EDL was calculated
through the formula W = e x E x d, where e is the elementary
charge, E is the electric field intensity of ~1/3V A™! and d is the
charge transfer length of ~1 A. In sum, the kinetic energy
remained at ~0.9eV at the band bending surface. Therefore,
energy of 0.9eV was set as the theoretical kinetic energy limit.

To mimic all the possible practical electron kinetic energy, we
varied the energy from 0 to 1.0eV and then calculated the
corresponding transmission coefficient from the sublayers to the
top surface. For the energy limit of 0.9eV, the transmission
coefficient of the structure with the lowest doping concentration
reached 97%. In other words, an energy barrier for electron
travel at the surface region was almost nonexistent.

In practice, kinetic energy could be rather lower than the
theoretical limit of 0.9 eV. As shown in Fig. 5d, the transmission
efficiency rapidly decreased for the systems with low defect
concentrations. In addition, the Vo and Vo+Ng defective
structures showed similar electron transmission behaviors.
Therefore, electron travel in defective systems rather than pris-
tine systems is not an issue, and their pseudocapacitance values
generated by the charge storage of H ions could be realized to a
large extent.
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Total capacitance of pristine and defective TiO,

The total capacitance of TiO, was calculated according to the
connection between the quantum capacitance and the EDL
capacitance in series and then according to the parallel con-
nection with pseudocapacitance [48,49]. For the EDL capaci-
tance (Cgpr), the values of the pristine and defective TiO,
calculated according to the formula Cgpr = &e,/d were ~47 and
48 Fg ™!, respectively. & and ¢, are the vacuum dielectric constant
and the dielectric constant of the electrolyte solution, respec-
tively. d is the width of the Helmholtz layer. In the series with
quantum capacitance (Fig. S17), the combination of the EDL
and quantum capacitance values decreased to 33 and 47 Fg! for
the pristine and defective TiO,, respectively. By adding up their
capacitances, we obtained the total capacitances of the three
TiO, structures as 334 Fg™! (pristine), 1821 Fg™! (TiO,-V,), and
1473 Fg™ (TiO,-Vo+Np), respectively. Obviously, the pseudo-
capacitance made a major contribution to the total capacitance.

The calculated capacitance of pristine TiO, was 16 times that
of the experimental value (~20Fg™) [18]. The large difference
stemmed from the high hydrogen migration barrier and the
difficulty of electron transport. By contrast, the difference
between the theoretical values and the experimental results of
the defective structures was significantly small. As the defective
TiO, significantly reduced the ion migration barrier and facili-
tated the electron transport, the pseudocapacitance could ulti-
mately be achieved [18].

In conclusion, charge storage capacity, ion migration, and
electron transfer should be comprehensively considered to
evaluate efficient electrode materials. In TiO, cases, although
defects largely improve charge storage, the reduction of ion
migration barriers and electron transmission is strongly required
to essentially achieve high capacitance. As demonstrated in this
work, the defect Vo+Ng was more advantageous than Vo.
Through this work, we provide a route for the design of effective
electrode materials via the simultaneous consideration of charge
storage capacity, ion migration, and electron dynamics transfer.

CONCLUSIONS

From the perspectives of charge storage, electrolyte ion diffu-
sion, and electron transfer of electrode materials, we system-
atically investigated the origin of the capacitances of pristine and
defective TiO, and discovered the key role of defects in the
production of high capacitances by using first-principle calcu-
lations and TMM. Using the H ion insertion model, we calcu-
lated the maximum capacitances as 334Fg' (pristine),
1821 F g™ (Vo), and 1473F g™ (Vo+Np), respectively. In parti-
cular, TiO,-Vo+Ng realized the theoretical capacitance value to
a large extent in the experiments because of its small ionic
migration barrier and favorable electron transport character-
istics. This work provides theoretical guidance for improving the
performance of semiconductor electrode materials and proposes
a comprehensive design role to regulate the capacitance per-
formance of supercapacitor electrode materials.
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