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Abstract

Further improvements and mechanistic understanding of the electrocatalytic enhancements
towards the oxygen reduction reaction (ORR) are required to meet cost/energy demands and
thus enable their practical applications in polymer electrolyte fuel cells. An investigation of
the electrocatalytic enhancement mechanisms and stability of controlled electrocatalysts
comprised Pt nanoparticles supported on TiO,/C materials was herein performed. The
catalysts were prepared by depositing Pt, over the surface of TiO. colloidal spheres. These
materials were then supported onto Vulcan carbon to produce Pt/TiO,/C. The effect of Pt
coverage at the TiO; surface as well as the Pt/TiO; loading on carbon over their ORR activity
and stability were investigated. Results indicate that the control over Pt coverage at the
surface played a pivotal role on activity optimization, in which an association between Pt
content at the TiO; surface and ORR activity was established. The ORR activity and stability
were superior as compared to commercial Pt/C (E-TEK). Variations in catalytic activity could
be correlated with the morphological features and with the concentration of surface reactive
groups. Results described herein suggest that the understanding of the electrocatalytic
enhancement mechanism together with the controlled synthesis of Pt-based nanomaterials

may lead to tailored surface properties and thus ORR activities.
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Introduction

The oxygen reduction reaction (ORR) has been attracting a great deal of attention
towards a sustainable future!™'°. Due to its sluggish kinetics, this reaction requires the
utilization of electrocatalysts and plays a central role at the cathode in proton exchange
membrane (PEM) fuel cells, contributing to the energy production of these devices!'™*°. The
most used electrocatalysts for the ORR in PEMs are based on platinum nanoparticles (Pt NPs)
supported on high surface area materials'®18, Due to the high costs and low abundance of Pt,
the reduction in Pt loading or even developing Pt-free electrocatalysts represents a very
important challenge!®=?2. Recently, significant progress has been achieved in performance
through the control over the Pt shape, size, composition (alloys and multimetallic systems),
and structure (Pt-based nanostructures with hollow interiors)®?3, Nevertheless, further
improvements and mechanistic understanding of the electrocatalytic enhancements towards
the ORR are still required to meet cost/energy demands and thus enable the widespread
application of these devices*?42,

In addition to the control over the abovementioned NPs physical and chemical
parameters, the optimization over metal-support interactions represents an interesting
approach to maximize electrocatalytic performance. This effect has also been intensively
investigated in nanocatalysis?®=°, Regarding the ORR, most supports are comprised of
conductive carbon nanomaterials®2%3!, However, carbon supports usually corrode to form
carbon dioxide, leading to the collapse and agglomeration of Pt NPs and thus the loss of

activity'12632-34 Therefore, the utilization of other supports is promising to improve both the



stability and performances. Among the several materials that show promise as a support, TiO>
represents an important example3#3®. In addition to its corrosion resistance, TiO2 presents a
low cost, is commercially available, and several protocols for the synthesis with controlled
morphologies have been reported®’~*2. However, a major drawback is that, as TiO; is a
semiconductor, its electrical conductivity must be enhanced to be used as a catalyst support
material. In order to circumvent this problem, hybrid materials comprised of TiO, and carbon
have been proposed as supports. Although this system combines the attractive features of
both materials, a deeper mechanistic understanding of effect and role of this hybrid support
over the electrocatalytic activities and stabilities is required3%33:3>43:44,

In this paper, we performed an investigation of the electrocatalytic enhancement
mechanisms and stability of Pt NPs supported on TiO,/C materials. Specifically, our
electrocatalyst was prepared by depositing Pt NPs over the surface of TiO; colloidal spheres
(generating Pt/TiO2 NPs), which were then supported over Vulcan carbon by wet
impregnation to produce Pt/TiO,/C NPs. We investigated the effect of the Pt NPs morphology
and coverage at the TiO surface as well as the Pt/TiO, loading on carbon over their ORR
activity and stability. The performance was benchmarked against the commercial Pt/C (E-TEK)
material. Our results indicated that the control over the Pt coverage at the surface played a
pivotal role over the optimization of activities, in which a relationship between Pt content at
the TiO2 surface and ORR activity was established. The ORR activity and stability were superior
as compared to commercial Pt/C (E-TEK). The variations in catalytic activity could be

correlated with the morphological features as well as the concentration of surface reactive



groups, such as adsorbed oxygenated species. Moreover, as our material contains TiO,, the

electrocatalytic activity could be further enhanced by UV-excitation.

Experimental

Materials and Instrumentation: H;PtCls:6H.O (Chloroplatinic acid hexahydrate,
Sigma-Aldrich), PVP (polyvinylpyrrolidone, Sigma-Aldrich, MW 55 000 g mol?), EG (ethylene
glycol, 99.5%, Synth), CsHsO (acetone, 99.5%, Synth), C;H4O; (acetic acid, 99.7%, Vetec),
CeHsOs (ascorbic acid, 99.0%, Sigma-Aldrich), Ti(OBu)s (titanium butoxide, 97%, Sigma-
Aldrich), Vulcan XC-72 Carbon (Cabot®), H,SOa (sulfuric acid, 70%, P.A. Synth), Nafion® (5
wt.%, Fluka), and Pt/C E-TEK 10 wt.% were used as received. All chemicals were analytical
grade reagents and were used without further purification. Deionized water (18.2 MQ) was
used throughout the experiments.

Scanning electron microscopy (SEM) images were obtained using a JEOL microscope
FEG-SEM JSM 6330F operated at 5 kV. The samples were prepared by drop-casting an
aqueous suspension of the nanostructures on a Si wafer followed by drying under ambient
conditions. Size distribution profile was determined by individually measuring the size of 200
particles from SEM images. Transmission electron microscopy (HRTEM) images were obtained
using a Tecnai FEI G20 operated at 200 kV. Samples were prepared by drop casting an
alcoholic suspension of each particle in a carbon-coated copper grid followed by drying under
ambient conditions.

The X-ray photoelectron spectroscopy (XPS) analyses were performed using a

SPECSLAB Il (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS spectrometer, with an Al Ka



source (E = 1486.6 eV) working at 12 kV, Epass = 40 eV, with 0.2 eV energy step. The
synthesized electrocatalysts were kept on stainless steel sample-holders and transported
under inert atmosphere into the pre-chamber of the XPS staying under vacuum for 2 hours.
The residual pressure in the analysis chamber was of approximately 1x10° Torr. The binding
energies (BE) of Pt 4f, Ti 2p, O 1s, and C 1s spectral peaks were adjusted using the C 1s peak
as reference, placed at 284.5 eV, providing accuracy within £ 0.2 eV.

X-ray diffraction (XRD) data were obtained using a Rigaku - Miniflex equipment with
CuKa radiation of 1.5406 A and the diffraction patterns were acquired in the range of 26 = 10
— 80° with a 1° min—1 scanning speed. Pt atomic percentages were measured by inductively
coupled plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos equipment at
IQ-USP analytical center facilities. Samples were prepared by digesting them using aqua regia

at reflux for 2 hours at 100°C. After digestion, samples were diluted using distilled water.

Synthesis of TiO2 colloidal spheres: The synthesis followed a previously reported
procedure.*~* Typically, Ti(OBu)4 (4 mL) were added dropwise to ethylene glycol (90 mL) and
kept under vigorous stirring at room temperature for 8 hours. This mixture was then quickly
poured into a mixture containing acetone (400 mL), deionized water (5 mL), and acetic acid
(2 mL). Subsequently, the mixture was kept under stirring at room temperature for 2 hours
followed by aging for 3 more hours. At this stage, titanium glycolate microspheres were
formed. They were washed and isolated by successive rounds of centrifugation, removal of
the supernatant, and re-suspension in ethanol. In the next step, deionized water (50 mL) was

added to the solid material comprising titanium glycolate microspheres, the materials were



re-suspended, and this mixture was kept under stirring at 70 °C for 8 hours to produce TiO2
colloidal spheres. This material was washed and isolated by successive rounds of
centrifugation, removal of the supernatant, and re-suspension with water and ethanol. The

TiO; colloidal spheres were then resuspended in deionized water (500 mL).

Synthesis of Pt/TiO2 via Pt seeded growth: TiO, microspheres (12 mg) suspended in
deionized water (6 mL) were added to a mixture containing deionized water (12 mL), ascorbic
acid (12 mg), and PVP (70 mg). This orange mixture was kept under stirring for 10 minutes at
90 °C and at this point, PtCls*(aq) (6 mL, 3.0 mmol L'!) was quickly added to the mixture, which
after 10 minutes produced a change in color to black as a result of Pt deposition at the TiO;
surface. The reaction was allowed to proceed for other 30 minutes at 90°C. This was the first
reduction step, the material obtained at this stage was denoted Pt/TiO>-1, in which the
number 1 refers to one Pt deposition step. A second reduction step was performed by adding
more PtCl®(aq) solution (6 mL, 3.0 mmol L) to the reaction mixture obtained at the end of
the first reduction step, followed by stirring at 90°C for other 30 min. Similarly, a third
reduction step was carried out by adding more PtCle*(aq) solution (6 mL, 3.0 mmol L?) to the
reaction mixture obtained at the end of the second reduction step, followed by stirring at 90
°C for another 30 min. As described in the first deposition step, the solids that were obtained
after the second and third reduction steps were denoted Pt/TiO»-2 and Pt/TiO,-3,
respectively. These materials were isolated by stopping the reaction at the end of each

corresponding reduction step. In all cases, the products were harvested by centrifugation,



washed several times with water and ethanol, and re-suspended in water for further use.

These samples were dried and weighed for ICP-OES analyses.

Impregnation of Pt/TiO,-1, Pt/TiO2-2, and Pt/TiO,-3 onto carbon Vulcan XC-72: The
Pt/TiO,-1, Pt/TiO,-2, and Pt/TiO2-3 materials were impregnated onto a carbon support in
order to produce 10% wt. Pt/TiO,-1/C, Pt/TiO2-2/C, and Pt/TiO;-3/C on Vulcan XC-72 Carbon
(Cabot®) by a wet impregnation method. Typically, Carbon (50 mg) was used as support for
the nanomaterials. The supports were added to aqueous suspensions containing 5 mg of each

material and left under vigorous magnetic stirring at 110°C until dry.

Electrochemical studies: The electrochemical experiments were performed at 25°C
in an electrochemical three-electrode cell with H,SO4 (80 mL, 0.5 mol L?) as support
electrolyte using a potentiostat/galvanostat PGSTAT model 302 N (Autolab®) coupled to a
rotating ring-disk electrode accessory (Pine®) and controlled by the Nova 10.1 software. The
counter electrode was a platinum rod, while an Ag/AgCl electrode (Analyzer®) was used as
reference. The work electrode was a rotating ring-disk electrode consisting of a glassy carbon
disk (0.2475 cm?) and platinum ring (0.1866 cm?) with the collection factor of 0.28. After
thoroughly characterizing the catalysts, a suspension of each material was prepared in milli-
Q water in order to deposit them onto the electrode. An ink was prepared using 1 mg of
electrocatalyst and 1 mL of ultrapure water (Milli Q system, 18.2 mQ cm?) sonicated for 30
minutes. The glassy carbon disk surface was covered by a drop of 20 uL of the electrocatalytic

ink and dried under N2 flux. Subsequently, 20 uL of a 1:100 solution of Nafion® and ultrapure



water were dropped onto the material, and then further dried under N flux at room
temperature. The electrocatalysts were then further characterized regarding their
electrocatalytic properties.

For CO stripping measurements, carbon monoxide was adsorbed on a 20 mV
polarized electrode, during 5 minutes, immersed in a H,SOs4 solution (0.5 mol L?).
Subsequently, CO was removed from the electrolyte by purging with N, for 25 minutes, and
three consecutive cyclic voltammetries were run with a scan rate of 10 mV s within the
potential range of 0.01 to 1.01 V versus RHE reference electrode. The electrochemical surface
areas (ESA)*8 for CO stripping were obtained by integrating the area under each CO oxidation
peaks in the first voltammetric cycle (Qco, in mC), these were then divided by the charge
needed to oxidize a CO monolayer adsorbed onto a Pt surface (Qco = 420 puC cm2). These
values were then normalized by the mass of Pt on each electrode and the ECSA was obtained
inm2g?,

For the oxygen reduction reaction (ORR), linear scanning voltammograms were
collected with a scan rate of 0.01 V st in an ultrapure O, saturated H,SO4 electrolyte (0.5 mol
L1, 30 minutes of O, purge) in the potential range between 1.21 and 0.21 V (vs RHE) in
different rotation speeds (w) from 100 to 2500 rpm. For experiments performed under light
irradiation, a UV LED stick (UVP Pen-Ray (R) Light source) was used. All the analyses were

performed in triplicate.

Accelerated stress tests (AST): In order to study the stability of the electrocatalysts,

the most promising catalyst (Pt/TiO2-2/C) was compared to the commercial material (Pt/C E-



TEK) in accelerated stress tests. A typical test was performed in H2S04 (0.5 mol L) as support
electrolyte. An ORR polarization curve was then collected with a scan rate of 0.01 V st in an
ultrapure O3 saturated H,SO4 electrolyte (0.5 mol L%, 30 minutes of O, purge) in the potential
range between 1.21 and 0.21 V (vs RHE) in different rotation speeds (w) from 100 to 2500
rom. After performing the ORR, the electrolyte was switched for a fresh one and N, was
bubbled for 30 minutes before performing the cycles, 1000 cyclic voltammetries were run
with a scan rate of 100 mV s within the potential range of 0.01 to 1.01 V versus RHE. Oxygen
was once again bubbled for 30 minutes and ORR was performed in the same conditions as

previously established.

Results and discussion

Figure S1A and B show SEM and HRTEM images of the TiO, colloidal spheres that
were employed as starting materials for the production of our hybrid electrocatalyst. The TiO>
spheres displayed spherical shape and were 267.8 + 37.8 nm in diameter. Although they
appear to be smooth from SEM images, HRTEM results revealed that they are comprised of
TiO2 nanocrystallites (around 10 nm in size) and displayed rough surfaces. They were
crystallized as anatase according to previously reported XRD and Raman data*>#9°9,

The TiO; colloidal spheres were then employed as seeds for Pt deposition at their
surface with controllable sizes and coverage by a facile route based on sequential deposition
steps as depicted in Figure $2%°. This approach employed PtCls? as the Pt precursor, ascorbic
acid as a reducing agent, PVP as a stabilizer, water as the solvent, and 90 °C as the reaction

temperature. We were interested in controlling the size and coverage of Pt at the surface by

10



performing successive deposition steps, and then understanding how these parameters affect
the electrocatalytic activity of the generated materials towards the ORR. Specifically, three Pt
deposition steps were performed, which led to Pt/TiO;-1, Pt/TiO2-2, and Pt/TiO2-3 materials
(obtained after one, two, and three Pt deposition steps, respectively).

SEM images for the Pt/TiO2-1, Pt/TiO;-2, and Pt/TiO2-3 materials (Figure 1A-C,
respectively) indicate the efficient deposition of Pt NPs at the TiO, supports displaying a
uniform surface dispersion, spherical shape, and uniform sizes. The Pt content, as well as Pt
NPs size and coverage at the TiO; surface, could be controlled and increased by performing
sequential reduction steps. The ICP-OES analyses indicated the presence of 20.1, 31.0, and
38.4 wt.% of Pt in the Pt/TiO;-1, Pt/TiO;-2, and Pt/TiO,-3 samples, respectively. Moreover, Pt
NPs diameters calculated from the SEM images corresponded to 12.2 + 2.0, 16.0 £ 1.5, and
20.4 + 2.1 nm, respectively. HRTEM images for the Pt/TiO,-1, Pt/TiO;-2, and Pt/TiO,-3 samples
(Figure 1D-F, respectively) revealed that the individual Pt NPs were comprised of aggregates
made up of individual Pt clusters measuring about 3 nm in size (estimated based on TEM
images). While a lower Pt coverage at the TiO; surface can be observed for both Pt/TiO,-1 and
Pt/TiO2-2 samples (Figure 1D and E), the highest coverage was detected in the Pt/TiO2-3
material (Figure 1F). It is highly anticipated that the Pt morphology composed of individual
aggregates could lead to high electrocatalytic activities and that their size as well as Pt surface
coverage should strongly influence their performances.

After the syntheses, the samples Pt/TiO»-1, Pt/TiO,-2, and Pt/TiO>-3 were
incorporated on Vulcan XC-72 Carbon (Cabot®) by wet impregnation. This led to Pt/TiO,-1/C,
Pt/TiO,-2/C, and Pt/TiO,-3/C materials, respectively. In all cases, the Pt/TiO; loading

11



corresponded to 10 wt.%, reaching the overall Pt loading of 2.01, 3.10, and 3.84 wt.% for
Pt/TiO,-1/C, Pt/TiO2-2/C, and Pt/TiO,-3/C, respectively. Figure S3 shows the XRD profiles for
the Pt/TiO,-1/C, Pt/TiO2-2/C, and Pt/TiO;-3/C materials. The diffractograms show the
characteristic reflections assigned to TiO; anatase, fcc Pt, and carbon. This indicates that our
wet impregnation approach was effective for the incorporation of TiO2 onto the carbon
support.

Figure 2A-D show the Ti 2p, Pt 4f, C 1s, and O 1s core level XPS spectra along with
their fitting and deconvoluted curves, obtained for the Pt/TiO,-1/C, Pt/TiO,-2/C, and Pt/TiO5-
3/C materials and Vulcan XC-72 Carbon. The corresponding XPS parameters obtained from
the spectra are shown in Table 1 (for Ti, Pt, and O) and 2 (for C). The Ti 2p spectrum (Figure
2A) displayed doublet peaks at 459.4 eV and 465.1 eV assigned to Ti 2ps3;z and Ti 2pay2,
respectively. The splitting width between the two peaks was 5.7 eV, indicating the presence
of only the Ti* chemical state®l. Ti 2p peaks were slightly shifted towards higher binding
energies as compared to those in TiO,, which indicates a change in the Ti chemical
environment possibly due to strong interactions with the support (such as the formation of
Ti-O-C bonds)2.

As shown in Figure 2B, the Pt 4f region revealed that the 4f;/2 and 4fs/, spin-orbital
components had an asymmetric shape which is typical for Pt%>3>4 The peaks located at 71.5
and 74.9 eV can be assigned to Pt 4f;;; and Pt 4fs/> of Pt respectively. According to the
literature®*>>, the binding energy value of Pt° is located around 71.0 eV. The slight shift
towards higher binding energy values detected herein is attributed to the strong metal-

support interaction and to the Pt nanoparticles sizes (Pt clusters that make up each
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nanoparticle). Interestingly, this positive shift also suggests that the interaction between Pt
and TiO2 modifies the electronic properties of Pt by increasing the d-vacancy at the Pt valence
bond (5d orbital, Pt d-band donation to Lewis acid centers such as Ti** at the Pt/TiO2
interface), leading to the electrochemical activation of both TiO; and Pt%:36:>6,

Regarding the C 1s region, it was possible to deconvolute the C 1s spectrum into six
peaks (Figure 2C). The lowest binding energy and dominant peak at about 284.5 eV
corresponds to the graphitic carbon phase®’, while the peak at around 286.0 eV is assigned to
hydrocarbons (C-H) from defects on the graphitic structure®®. Three carbon-oxygen bonding
structures for the —C-OH, >C=0 and —COOH can also be observed at approximately 287.5,
289.2 and 290.8 eV, respectively. The subpeak located at higher than 292.8 eV is related to it
- i+ plasmonic excitation®. Since acidic oxygenated species are known to be responsible for
the generation of H,0; in the ORR®%®, In our case, the Pt/TiO,-2/C sample presented the
lowest amount of oxygenated species on the surface (as seen on lox/Ic). This material would
thus generate the lowest amount of H,0: during the reaction®’, and hence lead to a higher
ORR current density. The O 1s core electrons peaks for the Pt/TiO,/C electrocatalysts are
shown in Figure 3D. The O 1s peaks could be deconvoluted in three peaks. According to the
literature®%2, the first component (O)) centered at 531 eV was attributed to the lattice oxygen
in the oxides and C=0 functional groups. The second and dominant component (Oy) located
at 533 eV was attributed to chemisorbed oxygen species (e.g., OH’) and functional C-O groups.
The last component (Oy) with BE around 536 eV were characteristic of adsorbed water.

In the next step, CO stripping was employed to estimate the electroactive area of

each material as described in Figure S4. The Pt/TiO,/C materials presented lower onset
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potential for carbon monoxide oxidation when compared to commercial Pt/C E-TEK, a
behavior related to the Pt and TiO; interaction. This interaction modifies the Pt electronic
density and decreases the adsorption of CO on a metal surface, facilitating the oxidation
process. This effect also was studied by Lewera et al.%3. and agrees with the binding energy
shifts detected in our XPS analyses (Figure 2). A main current density peak was detected
between 0.76 and 0.80 V vs RHE (Reversible Hydrogen Electrode) for all materials, which is
assigned to the CO oxidation on the Pt sites interacting with sp® disordered carbon®4. In
addition, a shoulder at lower potentials was observed (0.46 V vs RHE) for the hybrid Pt/TiO»-
3/C electrocatalyst, which can be assigned to the partial agglomeration of Pt nanoparticles on
the TiO2 surface and the increase of the particle cluster size due to the higher Pt coverage in
this material. This peak is considered as the main peak on unsupported Pt nanoparticles,
therefore, it would suggest that due to its high surface coverage, the Pt/TiO,-3/C material
presents a larger similarity to unsupported Pt NPs®®. This agrees with SEM and HRTEM images
(Figure 1). The ESA (electrochemical surface area) and ECSA (electrochemical active surface
area) of the materials calculated from these experiments are depicted in Table S1, which also
presents the Pt loading on the electrodes®®. It can be observed that the ECSA increased with
the Pt loadings, corresponding to 2.14, 9.78, and 25.2 m?g! for Pt/TiO>-1/C, Pt/TiO,-2/C, and
Pt/TiO,-3/C materials, respectively. However, it is important to note that these ECSA values
were lower as compared to Pt/C E-TEK (68.2 m2g1). This is probably due to the aggregation
of smaller Pt particles on TiO as observed by HRTEM.

Figure 3A-D depicts the linear sweep voltammetries (LSV) for the Pt/TiO,-1/C (Figure
3A), Pt/TiO,-2/C (Figure 3B), and Pt/TiO-3/C (Figure 3C) and Pt/C E-TEK (Figure 3D) materials

14



towards the ORR performed in O saturated H,SO4 (0.5 mol L) at different rotation rates
(from 100 rpm to 2500 rpm as indicated by the colors in the inset, Figure 3A). The detected
currents were normalized by the geometric surface areas of the electrodes (0.2475 cm? for
the disk and 0.1866 cm? for the ring) and presented as current densities. Figure 3E-H and I-L
depict the disk currents and Koutechy-Levich plots for ORR, respectively, using each
electrocatalyst shown in Figure 3A-D. These results show an increase in ring current density
values (Figure 3A-D) on potentials lower than 0.81 V vs RHE, which indicates the conversion
of Oz onto H,0;, detected by its oxidation on the ring. The values obtained for our materials,
as well as for the commercial one, are in clear agreement with the literature, using the same
mass of Pt and same medium as in the present work?%67-%, On the other hand, the disk
current density (Figure 3E-H) is lowered in potentials below 0.81 V, which indicates the
formation of H>O0. It is important to note that the current density scale in the ring is on pA cm’
2 while on the disk the current density was in mA cm2, indicating that water is produced as
the main product.

Additionally, LSV of the oxygen reduction on the disk indicate a mixed kinetic —
diffusion control region between potentials of 0.91 V and 0.61 V (vs RHE). This region is
narrower under low rotations and becomes larger at higher rotations. The region between
0.61 V and lower potentials is assigned to the diffusional control region. This behavior is
normally seen for Pt-based electrocatalysts’®. The disk’s limiting current density increased
gradually with the rotation rate, as expected for a diffusional controlled reaction’. The
Koutecky-Levich plots (Figure 3I-L) was employed to give us an idea about the number
electrons involved in the reaction on the disk during ORR for each electrode and the

15



preferential mechanism. This could be correlated to the oxygen reduction current density

with the rotation rate at several potentials according to Equation 1:

1 1 1 1 1
- = _= — 1
Jj jk+ ja fk+3w1/2 (1)

where B stands for the inverse of the K-L slope between 1/j and 1/w? defined by
0.62nFCo2D027?v/?. 0.62 is a constant used when w (rotating speed) is expressed in rpm, n is
the number of exchanged electrons, F is the Faraday constant (96485 C mol?), Coz is the
concentration of dissolved (saturated) oxygen (1.13 x 10® mol cm3), Do; is the diffusion
coefficient of oxygen in the electrolyte (1.8 x 10> cm? s) and v is the electrolyte kinematic
viscosity (0.01 cm? s1)72,

Considering Pt as the standard electrocatalytic metal for ORR via 4 electrons and that
the experimental values obtained for Pt/C E-TEK were close to the theoretical ones (slope =
8), the K-L slopes were compared in the mixed diffusion-kinetic control potentials. These
values lower when the Pt loading on TiO2 increases, which could be assigned to the
preferential 4-electron mechanism of platinum for ORR. Additionally, the water production
efficiency (and consequently, the number of exchanged electrons per O, molecule) was

calculated using the ring current densities applying the Jakobs” method using Equation 2 and

318:
N(—".—D—],%)—
H,0) = —2R L 2
p( 2 ) N(—j-—g—jlg)+1 ( )
n = 2[p(H,0) + 1] (3)

where N is the collection factor (experimentally defined as N= 0.28), jo is the disk
current density, jr is the ring limiting current density at disk potentials (Ep) lower than 0.91V

(vs RHE) and jris the ring limiting current density for disk potentials higher than 0.91 V (vs
16



RHE). These values are listed in Table 3. A small amount of electrogenerated hydrogen
peroxide is observed from the ring current densities presented in Figure 3. When comparing
the limiting current densities of the ring and disk on the commercial material, we can see that
the ring current density is about 2500 times lower than the disk, confirming that these
electrodes produce mainly water (low hydrogen peroxide current). Hence, the number of
electrons is closer to 4.

From the ring curves (Figure 3E-H), two behavior changes are also noticed at 0.71 V
and 0.31 V (vs RHE), which were more significantly seen on the Pt/TiO,-1/C material. It is
suggested that the ORR on the disk, and consequently the oxidation of hydrogen peroxide on
the ring, occur as a function of the applied potential. Our results suggest that there are
probably two mechanisms of formation of hydrogen peroxide, one at lower overpotentials
and one at higher overpotentials. This behavior is also observed for other Pt-based materials’®.
In order to better understand the reaction mechanism, Tafel curves were plotted from RDE
data by the mass-transport correction of the current density measured for rotating disk

electrodes and are presented in Figure 4 according to Equation 4:
i =142 (@)
where j is the experimentally measured current density, jq is the obtained diffusion-
limited current density, and jk is the kinetic current density without the mass-transport effect.
These values were calculated using the current density normalized by geometric area. The
Tafel curves for the electrocatalysts presented two different regions, a behavior which is

expected for Pt-based catalysts. At lower overpotentials, all the electrocatalysts presented

slopes between -60 and -80 mV dec! which indicates that the mechanism of oxygen
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adsorption is similar to bulk Pt at 1.06 - 0.96 V (vs RHE) potentials323344 However, at higher
overpotentials, there is an increase on the slope with the decrease of the Pt amount on the
electrocatalyst’?, from -120 mV dec?! (Pt/C E-TEK) to -266 mV dec? (Pt/TiO2-1/C). This
observation indicates that the current densities are related to the oxygen adsorption energy
on the electrocatalyst surface and that the first electron transfer is the determining step of
the ORR®. These slope values were also observed for other TiO,-based electrocatalysts323>73,

Previous studies have shown that high slopes on the Tafel plot are normally
associated with the rate determining step of the ORR, the O; adsorption onto the metal (M)”4.
Tafel slopes normally increase on materials with lower Pt contents, which indicates that the
mechanism tends to involve a 2-electron reaction. This was also observed for our materials
when compared to the commercial Pt/C”. According to Shinagawa et al.”*, the mechanism of
the ORR is based on three different surface covering species, which are responsible for the
slopes on the Tafel plot. At lower overpotentials, the theoretical slopes can vary from 40 to
120 mV dec? depending on the adsorbed species contributing to the rate determining step.
As the slope lowers, it indicates there are more MOO™ and MOOH species contributing to the
rate determining step of the reaction, while at higher slopes the rate determining step is
governed by MOO adsorption. Hence, while the reaction on the Pt/C E-TEK catalyst is
determined initially by MOO groups, our catalysts depended also on the generation of MOO"
and MOOH groups. On the other hand, at higher overpotentials, the Tafel slope is normally >
120 mV dec?, which indicates that the MOO and MOOH species are converting into MOO"
species. Thus, higher slopes show that the conversion starts in lower overpotentials or these

catalysts already present a high number of MOO" species on their surface. Moreover, based
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on DFT simulations’®, a strong interaction between Pt and TiO; is presumed due to the
overlapping of the TiO; bonding orbitals with the Pt d-orbital. These calculations also indicate
a strong interaction between Ti and Pt that could result in a negative overall net charge in this
structure which could strengthen the Pt-Oaqs bond. Therefore, the desorption process could
become slow in the high overpotential region, thus increasing the Tafel plot as observed in
our results.

In order to better compare the relative ORR electrocatalytic activity of our materials,
the ORR linear scanning voltammetries of all our electrocatalysts, at 1600 rpm rotation rate,
were plotted as shown in Figure 5A. In addition, the electrocatalytic activity normalized by
geometric mass (left hand side) and Pt mass on the electrode (right hand side) at 0.90 V (vs
RHE) is plotted in Figure 5B. The Pt/C E-TEK material presented a more positive onset
potential for ORR (0.89 V) than the other materials, followed by Pt/TiO,-2/C (0.88 V), Pt/TiO;-
3/C(0.84 V), and Pt/TiO2-1/C (0.82 V) which have less than half Pt content in their composition
compared to the commercial electrocatalyst. In agreement with the ORR onset potential, the
number of transferred electrons follows the pattern Pt/C E-TEK > Pt/TiO,-2/C > Pt/TiO,-3/C >
Pt/TiO,-1/C (determined from their K-L plot), indicating that the reaction is kinetically
favorable in this same order.

Interestingly, even though the electrodes covered by Pt/TiO,/C hybrids have Pt
loadings that are from 3 to 5 folds lower than the one containing Pt/C E-TEK, they still present
similar limiting diffusional current densities’’. This led to much higher activities when the data
is normalized by Pt mass in Figure 5B. Specifically, the Pt/TiO,-2/C material displayed a

starting reduction potential close to Pt/C E-TEK (0.89 V and 0.88 V vs RHE, respectively). The
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higher activity of the Pt/TiO,-2/C material could be attributed to its lowest number of acidic
oxygenated species on the surface which lowers the H,0; formation, thus enhancing the
water production and increasing the current on the disk relative to the other materials®°. This
material also displays less Pt aggregation at the surface as compared to Pt/TiO,-3/C (Figure
1). It is noteworthy that the Pt/TiO,-1/C sample presented the highest H,0; production, which
can also be attributed to the higher exposure of anatase TiO; at the surface3*°°. Since anatase
contributes to peroxide generation and our colloidal spheres are mostly composed of anatase
TiO,.

As shown by our XPS data (Figure 2, Table 1 and 2), the carbon percentage increased
in the following order: Pt/TiO,-1/C < Pt/TiO2-2/C < Pt/TiO;-3/C. Even though it could be
expected of the third sample to have a higher activity based on the presence of adsorbed
oxygenated species, the binding energy of these species is the highest. A higher binding
energy indicates a stronger interaction between oxygenated species and the catalyst’s surface.
In order to increase the reaction rate, these bonds must be weakened, thus allowing a quicker
desorption of oxygenated species from the catalyst’®. This leads to a lower activity on the
Pt/TiO2-3/C*7°. These results indicate that the control over the Pt NPs size and coverage at
the TiO; surface significantly influences their physicochemical properties and electrocatalytic
activities towards the ORR. In this case, rather than an increase in activity with the Pt loading
in the materials, a volcano-type relationship was observed, in which the sample produced by
two Pt deposition steps (Pt/TiO,-2/C) displayed the highest activities due to the equilibrium
between surface coverage and Pt loading. These properties were determining factors to the

composition of surface species, which directly influenced the reaction outcome.
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We also evaluated the stability of the Pt/TiO2-2/C material relative to Pt/C E-TEK by
performing accelerated stress tests (AST) as shown in Figure 6. The initial and final ORR
polarization curves are depicted as solid and dashed traces, respectively, in Figure 6A. The
AST curves for the Pt/C E-TEK and Pt/TiO,-2/C are shown in black and red, respectively. It can
be observed that a decrease in activity was detected for both materials after the tests.
However, when comparing their half-wave potential before and after the AST, Ei/,, (Figure
6B), a more significant decrease is detected for Pt/C E-TEK, from 0.747 to 0.646 V vs RHE
compared to Pt/TiO,-2/C, from 0.727 to 0.697 V vs RHE. When comparing half-wave
potentials, shifts to smaller regions indicate an activity loss, thus, since for the commercial
materials the shift is higher (approximately 0.31 V vs RHE) when compared to Pt/TiO;-2/C
(approximately 0.24 V vs RHE), it clearly shows the commercial material is less stable than the
synthesized one. This could be explained by the lower degradation of the carbon support by
Pt when attached to corrosion-resistant supports such as TiO232. Moreover, after the ATS the
number of electrons involved in the reactions and water percentages lowered for both
materials, as seen in Table S2 as estimated by Jakobs” method. While the mean electron
number was of 3.93 and 3.97 on the TiO2 containing material and commercial material,
respectively, they produced 96.5 and 98.4% of water, respectively. This further shows the low
loss of overall activity of our material compared to the commercial material.

In addition to metal-support interactions, the utilization of TiO, as support also
enables the harvesting of its photocatalytic properties to further improve activities. Therefore,
the influence of UV irradiation on the electrocatalytic activity of the Pt/TiO,-2/C

electrocatalyst was also evaluated. In this case, we were interested in investigating to what
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extent the UV-light excitation can lead to an increase in activities. The effect of light
irradiation was probed in chronoamperometry experiments performed at 0.51 V (vs RHE) as
shown in Figure S5A and the activity towards the ORR by linear scanning voltammogram as
shown in Figure S5B (rotation rate of 1600 rpm in O saturated 0.5 mol L'* H2SO4 solution).
Here, the activity under UV excitation was compared with its activity in the absence of UV
excitation. Figure S5A shows a chronoamperometric assay while applying to the electrode UV
light pulses of about 150 seconds. It was observed that under UV light excitation the current
density increased in about 4 mA cm due to the light excitation. The voltammograms on
Figure S5B revealed a slight shift to more positive potentials (~30 mV) and an increase of
11.3% on the limiting diffusion current density under UV-excitation. This indicates that the
utilization that TiO; based electrocatalysts and UV light excitation can be employed to further
improve the electrocatalytic activities towards the ORR. It is anticipated that further
optimizations can lead to further improvements both in the photoelectrocatalytic activities
and in the use of visible light (instead of UV) by TiO, doping or use Au NPs (harvesting

plasmonic effects).

Conclusions

We unraveled herein how morphological features of hybrids materials comprised of
Pt NPs supported on TiO; colloidal spheres (Pt/TiO2) influence their electrocatalytic activities
towards the ORR. To this end, it was demonstrated that employing TiO; colloidal spheres as
physical templates, the uniform deposition of monodisperse and spherical Pt clusters
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comprised smaller Pt NPs (~3 nm in size) could be achieved. In this case, both the size of the
clusters and the Pt coverage could be tuned as a function of the deposition steps. After
incorporating the Pt/TiO, materials into Vulcan XC72 Carbon (to produce Pt/TiO,/C materials),
the electrocatalytic activities towards the ORR, the reaction, and enhancement mechanisms
were investigated. Our results demonstrated that the control over the Pt coverage at the
surface plays a pivotal role over the optimization of activities, in which a relationship between
Pt content at the TiO, surface and ORR activity was established. More specifically, the material
produced from two Pt deposition steps displayed the higher activity as compared with the
materials produces after one or three deposition steps. The ORR activity and stability were
also superior as compared to commercial Pt/C E-TEK, even at lower Pt loadings (between 2.0
and 4.0 wt.% of Pt on the final material). The variations in catalytic activity could be correlated
with the presence and concentration of surface reactive groups, such as adsorbed oxygenated
species with lower binding energies, as a function of composition. These species are
responsible for the highest current density and low generation of H,O, during the ORR.
Moreover, our material contains TiO2, which aside from increasing the materials stability, also
allows a further activity enhancement through UV-excitation. These results illustrate that the
understanding of the electrocatalytic enhancement mechanism together with the controlled
synthesis of Pt-based nanomaterials can strongly lead to tailored surface properties and thus
electrocatalytic activities. We believe the data presented herein shed new mechanistic
insights and fundamental understating on the optimization of ORR activities via controlled

synthesis and may inspire the development of catalysts displaying improved performances.
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Figure 1. SEM images of (A) TiO; colloidal microspheres with supported Pt NPs after one Pt
reduction step, (B) two Pt reduction steps, and (C) three Pt reduction steps, and their
respective TEM images (D), (E), and (F), respectively. Here, the Pt NPs supported onto TiO;
colloidal spheres grew as clusters of particles after each addition of PtCl¢?, on the sample
called Pt/TiO2-1 (A), the apparent sizes seen on SEM were of 12.2 + 2.0 nm, on Pt/TiO,-2 (B)
they measure 16.0 = 1.5 nm, and on Pt/TiO,-3 (C) they measured 20.4 + 2.1 nm. Inset bars

correspond to 100 nm on (A)-(C), and 50 nm on (D)-(F).
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Figure 2. Deconvoluted XPS spectra of Pt/TiO,/C samples and Vulcan XC-72 carbon showing
the binding energy ranges of (A) Titanium 2p, (B) Platinum 4f, (C) Carbon 1s and (D) Oxygen
1s when pertinent. Here, each species in the deconvolution is represented by a different color,
for platinum, platinum (0) is seen in blue, for oxygen, lattice oxygen is seen in blue, surface
oxygen is represented in green, and water oxygen is seen in pink and for carbon, C-C is seen

in red, C-H is represented in blue, C-OH in green, >C=0 in brown, COOH in pink and m = nt* is

seen in purple.
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Figure 3. (A-D) Rotating ring voltammograms for the oxygen reduction reaction on Pt/TiO,-1/C (A), Pt/TiO2-2/C (B), Pt/TiO»-3/C (C), and Pt/C E-
TEK (D). These experiments were performed in O saturated 0.5 mol L'! H,SO4 with a sweep rate of 10 mVs™ at different rotation rates and 273
K. (E-H) depict the respective rotating disk voltammograms for the samples depicted in (A-D). Each color represents the voltammetric profile

obtained when applying their individual rotation rate. (I-L) shows the respective Koutecky — Levich plots for the samples depicted in (E-H).
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Figure 4. Tafel plots of Pt/TiO,-1/C, in green, Pt/TiO,-2/C, in red, Pt/TiO2-3/C, in blue, and Pt/C
E-TEK, in black, normalized by the geometric area of the electrode, data calculated from their
corresponding rotating disk electrode data. In these graphs, the data is divided by higher

overpotentials and lower overpotentials which leads to information regarding the mechanism

of the reaction.
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Figure 5. (A) Comparison of rotating disk linear scanning voltammetry for the ORR on Pt/TiO»-
1/C, green line, Pt/TiO2-2/C red line, Pt/TiO2-3/C, blue line, and Pt/C E-TEK, black line, in O2
saturated 0.5 mol L'? H,SO4 solution at a rotation rate of 1600 rpm and (B) their respective
current densities at a 0.69 V vs Ag/AgCl potential (0.9 vs RHE) on the left hand side of the
figure and currents divided by Pt mass in each electrode on the right hand side of the figure.

T=273K.
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Figure 6. (A) Comparison of ORR polarization curves of Pt/TiO,-2/C, red line, and Pt/C E-TEK,
black line, before and after accelerated stress tests, full line and dashed line, respectively. AST
were performed using a 100 mV s scanning rate and 1000 voltammetric cycles from -0.2 to
0.8 V. ORR was performed in O, saturated 0.5 mol L'! H,SO4 solution at a rotation rate of 1600

rpm. (B) Half-wave potential for each sample before and after the accelerated stress test. T =

273K.
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Table 1 - XPS characteristics of Pt 4f;/,, Ti 2p and O 1s region for Pt/TiO2/C samples and

Vulcan XC-72 Carbon.

Binding energy (eV)

Material O1s
Pt 4f;/2 | Ti2pss2
(o]} O Ou
Vulcan XC-72 n.d. n.d. 530.9 (11)* 533.2 (80) 536.8 (9)
Pt/TiO2-1/C 71.5 459.6 531.4 (34) 533.4 (58) 536.0 (8)
Pt/TiO2-2/C 71.5 459.6 531.4 (32) 533.3 (60) 535.9 (8)
Pt/TiO2-3/C 71.5 459.7 531.7 (28) 533.7 (65) 536.5(7)

*Species percentage

Table 2- XPS characteristics of C 1s region for Pt/TiO,/C samples and Vulcan XC-72.

Intensity
Binding energy C 1s (eV)
(%)
Material Peak Il C-
Peak Ill -C- | Peak IV Peak V - Peak VI
Peak I C-C H loxy/1c**
OH >C=0 COOH non*
(defects)

Vulcan XC-72 | 284.5(57)* | 286.0(21) | 287.5(10) | 289.2 (6) | 290.8 (4) | 292.8 (2) 19
Pt/TiO,-1/C 284.5 (55) 286.0(23) | 287.4(10) | 289.0(6) | 290.6 (4) | 292.4(2) 26
Pt/TiO,-2/C 284.5 (57) 286.0(22) | 287.4(10) | 289.0(6) | 290.8 (4) | 292.5(1) 25
Pt/TiO,-3/C 284.5 (54) 286.0(24) | 287.5(11) | 289.1(6) | 290.8 (4) | 292.5(1) 27

* Species percentage

**Intensity of three oxygen-containing functional groups (peaks IlI-V) in % of total C 1s area.
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Table 3 — Summary of the RDE and RRDE data obtained from oxygen reduction reaction

using Pt/TiO2/C and Pt/C E-TEK materials.*

Pt/TiO.-1/C Pt/TiO.-2/C Pt/TiO,-3/C
E vs Ag/AgCl
NRRDE | p(H20)% | nRRDE | p(H20)% | nRRDE | p(H20)%

0.4 3.95 97.4 3.98 99.2 3.98 99.1
0.3 3.93 96.4 3.98 98.9 3.98 99.2
0.2 3.89 94.4 3.98 98.5 3.97 99.2
0.1 3.85 92.6 3.97 98.3 3.96 99.4
0 3.90 95.0 3.96 98.8 3.97 99.5

* Estimated values using Jakobs’ method
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