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GRAPHICAL ABSTRACT

Introduction

The rapid increase in the world’s population and
industrialization has resulted in a rising demand
for energy supply, considered one of the topmost
challenges over the past few decades [1]. Recently,
more than two-thirds of world energy demands are
still supplied by traditional carbon-based fossil fuels,
which are finite and unsustainable [2]. Burning of
fossil fuels is considered one of the main reasons for
carbon dioxide emissions into the environment [3],
causing global warming and climate change, insti-
gating a search for alternative, renewable, and clean
energy sources [1, 4-6]. Among various available
alternative energy sources, hydrogen is one of the
promising clean energy sources that are replacing
traditional sources of fossil fuels as it is renewable
and clean [1, 7]. It has zero carbon footprint, high
energy density, and produces only water after com-
bustion [1, 2]. Compared to hydrogen production
using natural gas steam at high temperatures, elec-
trochemical water splitting produces green hydro-
gen in an environmentally friendly concept toward
a decarbonized future [1, 4, 8]. Electrolysis of water
which involves two pivotal half reactions, one is
hydrogen evolution reaction (HER) at cathode and
another is oxygen evolution reaction (OER) at anode
[3, 5, 9], has advantages over other processes as it
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offers the availability of unlimited reactants, scal-
able nature, safety, stability, and excellent purity of
product [6, 10, 11].

In the past few decades, tremendous exertions
have been made to find practically efficient, useful,
abundant, and cost-effective electrocatalyst for OER
since water electrolysis efficiency is usually reli-
ant on slow reaction kinetics and unfavorable OER
and HER thermodynamics [6]. The thermodynamic
potential required for electrochemical water split-
ting is 1.23 V (0 V for HER and 1.23 V for OER) at
25 2C and 1 atm, but due to kinetic barrier of reac-
tion, it requires usually higher potential than 1.23 V;
hence, the excess potential required beyond 1.23 V is
overpotential (1) [12]. Tafel slope is a way to under-
stand how fast a chemical reaction is happening at an
electrode surface as well as to explicate the reaction
mechanism [13]. The Tafel slope helps to understand
the relationship between voltage and reaction rate.
Empirically, the following Tafel relation has been
well confirmed: n=a+b log (j), where ‘" defines the
overpotential, ’j’ denotes the current density, and ‘b’
is the Tafel slope [13]. Among the various reported
OER electrocatalysts, ruthenium oxide (RuO,) is con-
sidered as a state-of-art catalyst having improved
electrical conductivity, reversible redox properties,
wide potential window, and, more importantly,
lower overpotential and lower Tafel slope [14, 15].
Nonetheless, ruthenium is scarce and costly which
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inhibits its excessive capitalization in bulky scale. So,
one of the best strategies is to reduce the amount of
catalyst used without sacrificing overall efficiency.
This may be done by reducing the size of the cata-
lyst to the nanometer level, which will increase the
specific surface area. Due to particle growth during
cycling and oxidation of ruthenium to higher oxi-
dation states, OER activity of RuO, nanoparticles
is severely hampered by their poor cycling stability
[9, 15, 16]. TiO, nanoparticles when combined with
RuO, prevent corrosion of RuO, to RuO, or RuO, .
The composites provide efficient pathways for
charge transfer with improved stability [17, 18]. The
use of less expensive transition metals/metal oxides
(TiO,) reduces the cost of catalyst [5, 19, 20]. Mixed
metal oxides like TiO,/RuQO, with oxygen vacancies
expedite the water dissociation [21]. The presence
of oxygen vacancies helps in reducing high energy
barrier of water splitting by decreasing the activation
energy [22, 23]. Until now, a number of strategies
have been reported to improve OER performance of
RuO,, such as elemental doping (Pt [24], Rh [9], and
Zn [25]) and surface/interface engineering [26, 27], as
well as forming composite [28-30]. As reported in the
recent years, chromium-ruthenium oxide [16] and
iridium-ruthenium oxide [31] displayed excellent
OER performance at low overpotential with supe-
rior stability [16, 31]. Different researchers reported
fabrication of RuO,/CeO, [30], RuO,/NiO [32], RuO,/
IrO, [33], and many more composite electrocatalysts
with enhanced OER performance.

Surface design and modification of electrocatalysts
are important in electrocatalytic conversion because
they happen mostly on the surface of the catalyst. The
surface chemistry can be changed by forming the het-
erostructure [34, 35]. The heterostructure materials
are superior to those of a single nanomaterial. They
have a large specific surface area, which assists in the
exposure of more active sites and increases the contact
area between catalyst and electrolyte, hence enhanc-
ing catalytic reaction. The intrinsic catalytic activity
of the material can be enhanced by the redistribution
of electrons between the two phases of the hetero-
structure interface [36, 37]. In heterojunction, electron
rearrangement can be done at the interface of the het-
erostructure to alter the characteristics of the active
sites to speed up the reaction kinetics. In fact, hetero-
junction catalysts frequently perform better in water
electrolysis than single-component catalysts and are
considered crucial in the field of electrocatalysis [37].
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Herein, we report the strategies for constructing
heterojunction and designing self-supporting nano-
composites via block copolymer-mediated one-pot
synthesis method which is efficient for OER activities
in an alkaline medium. The structure of the catalyst
was directed and stabilized by using poly (styrene-
2-polyvinyl pyridine-ethylene oxide), an amphiphilic
block copolymer. Strong interactions between the pol-
ymer and metal precursors created a heterointerface
that has a synergistic impact and serves as a bridge
for electron transport between TiO, and RuO,, both
of which can quicken the water splitting reaction. The
synthesized nanocomposite catalyst showed compe-
tent catalytic activity for water splitting with an OER
overpotential of only 260 mV for obtaining a current
density of 10 mA/cm? with a Tafel slope of 80 mVdec™.

Experimental section
Materials

All the chemicals were used as received without
further purification: titanium (IV) isopropoxide
(TTIP) (97%, Alfa Aesar), ruthenium (III) chloride
hydrate (RuCl;.3H,0, 99.99%, Thermo scientific),
hydrochloric acid (HCl, 37%, Fisher Chemical),
and poly (styrene-2-vinyl pyridine-ethylene oxide)
(PS13000-P2VPypgg-PEO14500)- During all the experi-
ments, 18.2-MQ) Millipore deionized water was used.

Synthesis of TiO,/RuO, nanocomposites

TiO,/RuO, nanocomposites were prepared by sol-gel
method (Fig. 1). A triblock copolymer PS-PVP-PEO
was used as template and structure-directing agent.
Forty mg of PS-P2VP-PEO was dissolved in 8 mL of
tetrahydrofuran (THF), and 0.2 mL of HCl (37%) was
added into it. Different concentrations of RuCl;.3H,0
(100 mg, 150 mg, and 200 mg) were added into poly-
mer solution containing 0.2 mL of TTIP. The samples
were named as TiO,/Ru0O,-100, TiO,/Ru0O,-150, and
TiO,/RuO,-200. The number represents the amount of
RuCl;.3H,0 added. The resulting solution was stirred
for 2 h. The solution was left for drying in Petri dish
for two days. After complete drying, the obtained sam-
ples were put for calcination at 500 °C for 3 h. Sixty-
seven mg, 116.5 mg, and 170 mg samples were obtained
for TiO,/Ru0,-100, TiO,/RuO,-150, and TiO,/RuO,-200,
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Figure 1 Schematic illustra-
tion of synthesis procedure of
TiO,/RuO, nanocomposites.

respectively, after calcination. For comparison, individ-
ual TiO, and RuO, samples were also prepared by using
similar procedures.

Characterization

Field emission scanning electron microscopy (FESEM,
JEOL, JSM-IT800) was used to study the morphology
of prepared samples. The FESEM elemental mapping
and energy-dispersive X-ray spectroscopy (EDX) of
sample were analyzed by using Oxford Instrument to
study the chemical composition of the catalyst. Trans-
mission electron microscopy (TEM, JEOL JEM-2100
Plus TEM) was used to observe the morphology and
crystallinity of the catalyst. X-ray diffraction (XRD)
(Rigaku, Miniflex 600) was used for confirming the
presence of ruthenium oxide and titanium oxide and
studying their crystal phase. Fourier transform infra-
red spectra (FTIR) of prepared sample and polymer
were measured with IRTracer-100 FTIR spectrometer.
Brunauer-Emmett-Teller (BET) analysis (Quantachrome
Instruments NOVA 2200) was used for measurement of
surface area of all calcined samples and their respective
pore size and volume. The X-ray photoelectron spec-
troscopy (XPS) (Thermo Scientific ESCALAB™ XI-Al
Ka and 200 eV) was used for the chemical analysis of
calcined samples.
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Calcination Evaporation

Preparation of electrode
and electrochemical measurements

Working electrode catalyst ink was prepared by mix-
ing 4 mg of as-prepared finely ground electrocatalyst
into 500 pL of ethanol (95%) followed by addition of
50 uL of Nafion solution (5%w/w). The whole mixture
was sonicated for 45 min to get homogeneous well-
dispersed ink. Then, copper foil (1 x 1 cm) was washed
with deionized water followed by ethanol (95%) and
dried in an oven. The catalyst ink was drop-casted on
surface of clean copper foil followed by drying in oven
at 60 °C. All the electrochemical experiments were per-
formed in potentiostat (CH Instruments 760E) by using
a three-electrode setup having catalyst (working elec-
trode), the platinum electrode (counter electrode), and
Ag/AgCl-saturated KCl (reference electrode) in 0.1-M
KOH solution. Potentials were calibrated to reversible
hydrogen electrode (RHE) scale by applying the equa-
tion E (5 rup) = E(ag/agar +0-198 +0.059pH.

Results and discussion

The different diffraction peaks (Fig. 2) of anatase TiO,
(black line) and rutile RuO, (red line) have been well
matched with JCPDS: 02-0406 [38] and PDF: 731,469
[39], respectively. The diffraction pattern in the TiO,/
RuO, nanocomposite clearly shows that most repre-
sentative peaks of TiO, and RuO, maintained their
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Figure 2 XRD pattern of TiO,, RuO,, and TiO,/RuO, nanocom-
posite.
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Figure 3 Comparison of FTIR spectra of pure polymer, uncal-
cined, and calcined TiO,/RuO, nanocomposites.

20-positions. The existence of diffraction peaks for
both TiO, and RuO, oxides in TiO,/RuO, nanocom-
posite provides proof that composite structures were
made. The FTIR spectra of the polymer and TiO,/
RuO, nanocomposites, both before and after calcina-
tion, were measured (Fig. 3). The intriguing findings
reveal that in addition to the titanium and ruthenium
source to the host polymer matrix, the N-H stretch-
ing vibration band at 2887 cm™ and C-N stretching
band at 1100 cm™! diminish, and their wavenumber
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is slightly shifted in the uncalcined composite sam-
ple, confirming the strong interaction of Ti or Ru with
nitrogen group of triblock polymers. The region at
1085-1160 cm™! is mainly for C-O-C stretching due
to the interaction of Ru and Ti cations with ether oxy-
gen atoms in PEO (Fig. 3). The presence of hump-like
peak at 3250 cm™ in uncalcined sample also indicates
the presence of anions in the sample (OH", CI") [40].
After calcination, all the signature peaks of polymer
disappeared confirming the complete removal of block
copolymer. The calcination not only removes the poly-
meric content but also induces crystallinity. The as-
prepared samples of TiO,/RuO, were amorphous in
nature (Fig. S1). The FESEM image in Fig. 4a shows
nanocomposites TiO,/RuO,-150 with homogeneous
distribution of Ti, Ru, and O as shown in SEM elemen-
tal mapping in Fig. S2. The individual nanoparticles
with heterojunction were clearly observed under TEM
(Fig. 4b—e). The average particle size was 20-30 nm.
The particle size was not uniform and larger when the
polymer was not used in the synthesis confirming that
the polymer has critical role to control the morphology
of nanocomposites (Fig. S3). The elemental mapping of
the TiO,/RuO, nanocomposite along with high-angle
annular dark imaging (Fig. 54) further validates the
successful fabrication of TiO,/RuO, nanocomposites.
The HRTEM indicates the presence of clear crystal-
line materials without amorphous domains which are
regarded as good electrocatalytic properties for water
splitting. The TiO, nanoparticles are oriented in the
(200) direction [1, 41] which are attached with nearby
particles of RuO, oriented in the (101) direction [42,
43] indicating that interfaces are formed between dif-
ferent lattice fringes of the two materials, supporting
the conclusion of interface coupling from XPS analysis.
The lattice plane distance is calculated from HRTEM
images, and values for d,, of anatase TiO, and 4, of
rutile RuO, are determined to be 0.19 nm and 0.25 nm,
respectively.

The isotherms of all nanocomposite samples exhibit
a type-1V isotherm [44, 45] with hysteresis loop sug-
gesting the presence of mesopores [46]. The change in
hysteresis loop of different samples indicates change
in pore size and pore volume, which is due to change
in concentration of RuO, (Fig. S5). The presence of
mesopores was further validated by pore size distri-
bution curve as shown in Fig. S5b. The pore volume
of different nanocomposites TiO,/RuO,-100, TiO,/
RuO,-150, and TiO,/Ru0O,-200 calculated by DFT
method was found to be 0.17 cc/g, 0.19 cc/g, and 0.15 g/
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Figure 4 a FESEM images, b SAED pattern, c—-d TEM images, and e HRTEM of TiO,/Ru0O, nanocomposites.

cc, respectively. The increase in porosity of materi-
als (0.19 cc/g for TiO,/RuO,-150) further boosts the
mobility of ions in electrolyte which results in better
performance of electrocatalysis by increasing active
sites [47]. The specific surface area of nanocompos-
ites TiO,/Ru0O,-100, TiO,/Ru0,-150, and TiO,/RuO,-
200 calculated using multi-point BET method was
found to be 21.69 mz/g, 27.52 mz/g, and 18.69 mz/g,
respectively. The adsorption of N, in case of TiO,/
RuO,-150 is higher as compared to that of TiO,/RuO,-
100 and TiO,/RuO,-200 as indicated by adsorption/
desorption isotherm showing the highest surface area
(27.52 m*/g) which may be attributed to well disper-
sion of large number of RuO, nanoparticles with less
agglomeration with TiO, nanoparticles. This condi-
tion is advantageous for OER since charge transfer
kinetics increase with increase in surface area of elec-
trocatalysts because of exposure of more active sites
by increasing the contact area between catalyst and
electrolyte [36, 37]. These results of BET analysis are
in good agreement with OER electrochemical perfor-
mance of different nanocomposites. The XPS spectra
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of Ti 2p clearly show the presence of Ti*" and Ti*" spe-
cies [48], while the spectrum of Ru 34 indicates the
existence of Ru*" and Ru®" species [4, 48, 49] as shown
in Fig. 5 a, ¢, respectively. The deconvolved doublets
peaks in composite as displayed in Fig. 5f with bind-
ing energies of 280.63 eV (Ru 3d5),) and 284.92 eV (Ru
3ds),) are attributed to the Ru**~O bond [1, 49], while
peaks at 281.90 eV belong to Ru®*~O bond [49]. The Ru
3ds), peak’s positive binding energy shift is observed
in TiO,/Ru0,-150, indicating a possible partial electron
transfer from Ru to the nearby Ti site at the TiO,/RuO,
interface [4], as illustrated in Fig. 5c, f. The existence
of high valance state of Ru in TiO,/RuQ, system with
Ru®" and Ti** may also cause the transfer of electron
from Ru to Ti [50, 51]. The O 1s spectrum of nanocom-
posite is displayed in Fig. 5g with different peaks at
529.18 eV, 530.13 eV, and 531.79 eV representing lattice
oxygen, defect oxygen, and adsorbed oxygen at sur-
face of catalyst, respectively. The intensity of O, peak
distinctly increased in TiO,/RuO,-150 as compared to
TiO, and RuO,, showing the oxygen vacancy defect
[25]. Transfer of electrons and the existence of different
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Figure 5 XPS spectra of TiO,, RuO,, and TiO,/RuO,; a Ti 2p
spectrum of TiO,, b 0 1s spectrum of TiO,, ¢ Ru 3d spectrum
of RuO,, d 0 1Is spectrum of RuO,, e Ti 2p spectrum of TiO,/

oxidation states of elements in electrocatalyst are ben-
eficial for electrolysis of water.

TiO,/RuO, nanocomposites were tested for OER
activities in 0.1-M KOH solution. Cyclic voltammetry
(CV) of different samples (Fig. 6a—c) was performed
to analyze electrochemical behavior of the surface
oxidation states of nanocomposites in potential win-
dow of -0.1-1.7 V versus RHE with different scan-
ning rates (20 mVs™!, 40 mVs™!, 60 mVs™, 80 mVs™},
and 100 mVs™). The observed oxidation state changes
in CV during the potential scan at 0.6 V and 0.8 V
versus RHE are responsible for redox transitions of
Ru(III)/Ru(IV) and Ru(IV)/Ru(VI), respectively [52],
and cathodic peak at low potential may be attrib-
uted to hydrogen absorption in the oxide lattice [52].

Binding energy (eV)

RuO,-150, f Ru 3d spectrum of TiO,/Ru0,-150, g 0 1s spectrum
of TiO,/Ru0,-150, and h survey spectrum of composite TiO,/
RuO,-150.

Moreover, the current density and area of CV curve
are higher in TiO,/RuO,-150 than other composite
materials, and it might be due to creation of higher
number of heterojunction interfaces between TiO, and
RuO, where electron cloud density of metal atom and
oxygen has altered and is considered advantageous
for oxygen evolution reaction [53]. The CV curve area
and current were increased as the scan rate increases
due to fast reaction kinetics. The shape of CV curve
remains the same as it is on changing the scan rate
which shows stability and high-performance catalyst.
The OER performance of bare TiO, and RuO, is lim-
ited, as demonstrated in Fig. S6, while TiO,/Ru0O,-150
demonstrates comparatively significant OER activity.
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Figure 6 a—c Cyclic voltammetry of different composite samples and d Nyquist plot of all the samples.

The diameter of semicircle at high-frequency
region of electrochemical impedance spectroscopy
(EIS) is directly related to the charge transfer kinetics
[8, 54-56] as well as intrinsic catalytic activity [57] of
the electrocatalysts during the OER [52]. The repre-
sentation of impedance is divided into real part (2’
or Z..,) depicted on x-axis and imaginary part (Z" or
Zimag) €xpressed on y-axis to form Nyquist plot where
each point plotted on graph corresponds to an imped-
ance at a specific frequency, with the imaginary part
(Z") being represented as negative (Fig. 6d) [54, 58].
The impedance is represented as Z(w) = Z;ey—jZimag
with Z,, denoting resistance (R) and Z;;,,, = 1/wC
(where, C = capacitance and w = angular frequency)
[59]. Nyquist plots obtained at high frequency for the

different samples are shown in Fig. 6d. Among all
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samples (TiO,, RuO,, TiO,/Ru0,-100, TiO,/RuO,-150,
and TiO,/Ru0O,-200), TiO,/RuO,-150 poses the smallest
semicircle diameter or low impedance due to electro-
lyte ion diffusion, and it shows smaller charge transfer
resistance (R.) expedited by faster electron transfer
and conductivity in an electrochemical reaction caus-
ing higher oxygen generation efficiency which may
be due to interface coupling effect of TiO,/RuO, [3].
Linear sweep voltammetry (LSV) was recorded
between 1.3 and 2.26 V versus RHE at 100 mV/s to
study OER activity of different samples as shown in
Fig. 7a. The overpotential at 10 mA/cm? parameter
is used to compare the OER performance of differ-
ent samples. The overpotential of TiO,/Ru0O,-150 at
10 mA/cm? is only 260 mV which is way better than
Ru0O,, TiO,/Ru0,-100, TiO,, and TiO,/Ru0,-200
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(Fig. 7b) since the surface area of TiO,/Ru0O,-150 is
highest among other composites. The high surface
area and greater pore volumes endeavor innumerable
active catalytic sites [5] and make it easier for the free
diffusion of oxygen and gas molecules [60], as well as
high surface area helps for adsorption of more num-
ber of OH™ ion on its surface [5]. The comparison of
recently reported Ru-based electrocatalysts for OER is
shown in Table 1. The effective coupling of RuO, and
TiO, may be the cause of the above-reported low value
of the overpotential for the TiO,/RuO,-150 nanocom-
posite, which could be responsible for increasing the
OER activity.

Tafel slope usually indicates the reaction kinetics
of the catalysts. The OER Tafel slope of TiO,, RuO,,
TiO,/Ru0,-100, TiO,/RuO,-150, and TiO,/RuO,-200 is
found to be 154 mVdec™!, 85 mVdec™, 121 mVdec},
80 mVdec!, and 186 mVdec™, respectively, as dis-
played in Fig. 7c. Smaller the Tafel slope of catalysts,
greater will be the reaction kinetics of catalysts [8, 13,
19, 25]. The smallest Tafel slope (80 mVdec™) of TiO,/
RuO,-150 shows the kinetics advantage of TiO,/RuO,,
and this small value of sample might be because of
nanocomposite constructed by nanoparticles of TiO,
and RuO, which was beneficial for the mass transfer as
well as diffusion and instant bubble release. Stability
of catalyst is considered as an important parameter to
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Table 1 Comparison of OER activity of Ru-based electrocatalysts

J Mater Sci (2024) 59:10193-10206

Catalysts Methodology Morphology Electrolyte ~ Overpotential at Current  Tafel slope Ref.
10 mV/cm?[mV vs. [mA/ [mVdec™]
RHE] cm?]
TiO,/Ru0O, Sol-gel Nanoparticles 0.I-M KOH 260 10 80 This work
Ru0O,/CeO, Hydrothermal Nanosphere I-M KOH 350 10 74 [15]
V,C-TiO, Solvothermal Nanoparticles 0.1-M KOH 425 50 189 [62]
Ru0,/Co50, Impregnation Nanocubes I-MKOH 302 10 74.37 [53]
CuCo,0,/ Hydrothermal Nanoneedles I-MKOH 279 10 115 [63]
CuO@Ru0O, Electrodeposition
Au@TiO, Spin coating Nanoparticles/film 0.1-M KOH 350 10 99 [57]
Ru/RuO,-Mo0O, Solid-phase reaction Sphere I-MKOH 260 10 65 [64]

evaluate the catalytic performance of prepared sam-
ples in order to fulfill the need for in-the-field applica-
tions [61]. The stability of catalyst is directly connected
with cost-effectiveness, efficiency, and scale-up poten-
tial as well as long-term reliability of material. A stable
catalyst can be used for long term without frequent
replacement resulting in reduced overall operational
costs, and stable catalyst also ensures consistent per-
formance with predictable outcomes [61]. The OER i-¢
curve of TiO,/Ru0O,-150 is shown in (Figs. 7d and S7)
which shows constant current density over the time at
different applied potential.

Conclusions

This work represents TiO,/RuO, nanocomposite pre-
pared by one-pot sol-gel method followed by calcina-
tion process. The stabilizing and structure-directing
capabilities of block copolymer induce sterling heter-
ointerface between TO, and RuO, which unclogs the
transfer of electrons between the interfaces. Electron
interaction of interface coupling effect between TiO,
and RuO, nanoparticles with irregular surface showed
improved OER activities at quite low overpotential of
260 mV with a Tafel slope of 80 mVdec™ in 0.1-M KOH.
Therefore, this work provides an easy and effective way
to synthesize block copolymer-mediated TiO,/RuO,
electrocatalyst in water splitting for oxygen evolution
reaction with potent activity and stability. Fabrication
of TiO,/RuO, nanocomposite can also be scaled up by
increasing the concentration of metal sources for vari-
ous commercial applications. In future, different other
block copolymers will be investigated as templates for

@ Springer

preparing well-ordered nanostructure, size, shape, and
spatial distribution of TiO, and RuO, nanoparticles as
well as other metal oxides. Theoretical modeling and
simulation of material can be done in order to predict
structural and electronic properties for experimental
design and to comprehend underlying mechanism of
OER.
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