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ABSTRACT: Encapsulating an electrocatalytic material with a semipermeable,
nanoscopic oxide overlayer offers a promising approach to enhancing its stability,
activity, and/or selectivity compared to an unencapsulated electrocatalyst.
However, applying nanoscopic oxide encapsulation layers to high-surface-area
electrodes such as nanoparticle-supported porous electrodes is a challenging task.
This study demonstrates that the recently developed condensed layer deposition
(CLD) method can be used for depositing nanoscopic (sub-10 nm thick) titanium
dioxide (TiO,) overlayers onto high-surface-area platinized carbon foam
electrodes. Characterization of the overlayers by transmission electron microscopy
(TEM) and electron energy loss spectroscopy (EELS) showed that the films are
amorphous, while X-ray photoelectron spectroscopy confirmed that they exhibit
TiO, stoichiometry. Electrodes were also characterized by hydrogen underpotential deposition (H,,4) and carbon monoxide (CO)
stripping, demonstrating that the Pt electrocatalysts remain electrochemically active after encapsulation. Additionally, copper
underpotential deposition (Cuupd) measurements revealed that TiO, overlayers are effective at blocking Cu®* from reaching the
TiO,/Pt buried interface and were used to estimate that between 43 and 98% of Pt surface sites were encapsulated. Overall, this
study shows that CLD is a promising approach for depositing nanoscopic protective overlayers on high-surface-area electrodes.

mpurity

TiO; / Pt / Carbon foam

KEYWORDS: electrocatalysis, oxide overlayers, condensed layer deposition, buried interfaces, wet chemical synthesis, platinum,

titanium oxide

I. INTRODUCTION

Electrocatalytic processes offer many promising avenues to
harness electricity generated by renewable sources to
decarbonize the chemical industry." However, improvements
in the activity, selectivity, and stability of state-of-the-art
electrocatalysts are necessary to make electrochemical
processes more energy-efficient and economically competitive
with today’s fossil fuel-based chemical processes. Approaches
for enhancing catalyst performance have included modifying
the catalyst support, composition, structure, and Ioading.2_4
One emerging approach to improving electrocatalyst perform-
ance and long-term durability is applying ultrathin oxide
coatings directly to the surface.”~° Within this oxide-
encapsulated electrocatalyst (OEC) architecture, electro-
catalytic reactions can occur at the buried interface between
the overlayer and encapsulated electrocatalyst if the overlayer
is permeable to the reactant and product species. When
properly designed, oxide overlayers can improve electrocatalyst
stability, activity, and durability for a wide range of electro-
catalytic reactions.”'’

Many insights into the functionalities of semipermeable
oxide encapsulation layers have been gained through studies of
model thin-film electrodes for which the structure and
composition of the oxide overlayer can be precisely
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tuned.”®"" For example, thin-film Pt electrocatalysts encapsu-

lated with ultrathin (2—10 nm) SiO, (silicon oxide) overlayers
were found to favor the oxygen evolution reaction (OER) over
the chlorine evolution reaction (CER) in acidic and pH-
neutral seawater, relative to a bare Pt control.' These
improvements have been ascribed to the SiO, overlayer
being selectively impermeable to CI™ ions, thus preventing the
CER at the buried Pt sites. Furthermore, SiO,/Pt thin-film
electrodes have also exhibited enhanced activity for the
methanol oxidation reaction (MOR)’ and the ability to
selectively permit the hydrogen evolution reaction (HER)
while suppressing the O, reduction reaction.'>"? By varying
the synthesis conditions of carbon-modified silicon oxide
(SiO,C,) overlayers, Beatty et al. were able to show that the
composition and structure of oxide overlayers can be tuned to
control the relative fluxes of O, and H" to electrocatalyst active
sites thanks to the different transport mechanisms of O, and
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Figure 1. Rendering of titanium oxide (TiO,)-coated platinized carbon foam (CF) electrodes, where the blue layer, green dots, and gray substrate
represent the TiO, overlayer, platinum nanoparticles, and porous carbon foam support material, respectively. The inset illustrates the basic

operating process of the TiO,/Pt/CF electrode.
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Figure 2. Key steps involved in the synthesis of TiO,-encapsulated platinized carbon foam (Pt/CF) electrodes by CLD. This process was adapted

from the CLD process described by Jasim et al.** Copyright 2020 nature communications materials.

H* within the oxide.'' Although these model thin-film
electrodes are useful for correlating the thickness and
composition of oxide overlayers with their transport properties
and the OEC performance, high-surface-area porous electrodes
are necessary for industrially relevant applications.

The first challenge of applying nanoscopic oxide coatings to
porous electrodes is preparing conformal coatings on complex
three-dimensional (3-D) structures. Atomic layer deposition
(ALD) is one well-known method for depositing thin oxide
layers on porous substrates,'* but its application to porous
electrodes faces several challenges, including inconsistent film
growth rates on porous surfaces, limited choice of precursors,
and relatively high cost.'” Takenaka et al. demonstrated the
application of uniform silica layers onto Pt nanoparticles
supported on carbon nanotubes (CNTs) and Ketjen black
(KB) by successive hydrolysis and polycondensation of 3-
aminopropyltriethoxysilane (APTES) and tetraethoxysilane
(TEOS), as well as APTES and methyltriethoxysilane
(MTEQS)."°""® They achieved control over the diameter of
the pores within the layers by incorporating NH,—(CH,),—
NH, (n = 6, 8, and 10) during the synthesis process'’ and
enhanced stability, durability, and catalyst activity when the
coated Pt/CNT and Pt/KB were tested in a polymer

electrolyte membrane fuel cell (PEMFC).'*™*" These
methods, while effective, involve multiple steps, such as
preparing the catalyst ink, which requires the addition of
ionomers to enhance the adhesion of the coated particles onto
the substrate.””**

A more streamlined approach would apply the oxide coating
directly to catalyst-supported porous electrodes in a way that
completely avoids the need for ionomers. One attractive
method for achieving this structure is the recently developed
condensed layer deposition (CLD) process,”* >* which shares
some similarities with sol—gel processes commonly used to
make oxide nanoparticles and coatings. In the sol—gel
synthesis of oxide materials, metal—organic precursors
dissolved in a solvent undergo hydrolysis reactions to form a
solution of colloidal particles, forming a biphasic gel that can
be applied to a substrate to produce a coating.””*" In contrast,
CLD avoids the formation of colloidal particles in the bulk
solution by carrying out hydrolysis of the metal—organic
precursor directly on the surface of the target substrate. This
surface-confined hydrolysis process is enabled by forming a
thin nanoscopic water film on the substrate surface before
introducing the metal—organic precursor. This leads to dense,
conformal oxide coatings while minimizing hydrolysis in the
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bulk organic solvent.”*™*” Furthermore, Jasmin et al. showed
that varying the thickness of the water film during the CLD
process can be used to control the thickness of oxide layers
deposited on nanoparticle substrates with nanometer-level
precision.24 In the current study, we extend the use of CLD to
deposit nanoscopic titanium dioxide (TiO,) overlayers on
high-surface-area platinum nanoparticle catalysts supported on
monolithic porous carbon foam (CF) substrates (Figure 1).
TiO, was chosen as the overlayer material for this study owing
to its excellent chemical stability over a wide range of pH
conditions,>' low toxicity,‘?’2 and previous successful uses of
TiO, as the overlayer material in oxide-encapsulated electro-
catalysts.”>?>**

In contrast to previously reported uses of CLD, this study
uses the CLD method to directly deposit oxide overlayers onto
the entire electrode structure (catalyst + support) rather than
isolated catalytic nanoparticles or support/binder material. A
potential advantage of adopting this approach is that
depositing the catalytic nanoparticle first ensures a satisfactory
electrical contact between the catalyst and substrate, avoiding
interfacial resistance that could arise between an oxide-
encapsulated electrocatalyst nanoparticle and a support
material. As illustrated in Figure 2, this process consists of
submerging a Pt/CF electrode into a nonpolar hydrophobic
solvent (heptane) and adding water, which condenses on the
surface of the electrode if the electrode is more hydrophilic
than the solvent.”* Next, a metal—organic precursor such as
titanium(IV) ethoxide (TEO) is added to the reaction
solution, where it hydrolyzes to form TiO, when it contacts
the water film on the surface of the electrode (eq 1). As the
surface-confined water is the limiting reagent for the hydrolysis
reaction, the thickness of the coating is determined by the
thickness of the nanoscopic H,O film on the substrate material.
Based on this understanding, enhancing the hydrophilicity of
the substrate by creating surface functional groups should
result in a more uniform coating.”*~*’ Xing et al. reported that
sonicating carbon nanotubes in 3 M H,SO, + 0.1 M HNO; at
60 °C for 2 h significantly increased the oxygen content on the
surface of the nanotubes without major structural damage
compared to samples treated for more extended periods.**°
Based on these observations, a surface functionalization step
(Figure 2, Step 1) was applied in the current study to the CF
substrate before Pt electrodeposition in order to make the
surface of the carbon foam more favorable for the formation of
a uniform water film during the CLD process. To prevent
water from the surface functionalization and electrodeposition
steps from affecting the subsequent CLD steps, samples were
thoroughly dried overnight and in a vacuum oven at 90 °C for
1 h prior to the CLD process.

Ti(OC,Hy), + 2H,0 — TiO, + 4C,H,OH (1)

Oxide overlayers deposited on porous electrodes via CLD
can still exhibit nonuniformities, holes, or cracks. Such
variations will likely give rise to different local selectivities,
undesirable concentration overpotentials, and varying current
densities across the electrode. Thus, this paper explores how
varying the amounts of added precursor and water impacts the
continuity and uniformity of the coating. First, physical
characterization of the as-made high-surface-area carbon
foam electrodes is presented based on the results of scanning
electron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDS), and selected area electron diffraction (SAED). A
small subset of TiO,-coated Pt thin films were also fabricated

to facilitate high-resolution characterization of the CLD
coatings by X-ray photoelectron spectroscopy (XPS) measure-
ments, electron energy loss spectroscopy (EELS), and
transmission electron microscopy (TEM). The influence of
the TiO, coatings on the electrochemical properties of
encapsulated Pt electrocatalysts was also probed by electro-
analytical methods. Specifically, hydrogen underpotential
deposition (H,,q) and carbon monoxide stripping voltammetry
were used to evaluate the electrochemically active surface area
of encapsulated electrodes, while copper underpotential
deposition (Cuupd) measurements were used to assess the
percentage of Pt sites covered by the TiO, overlayer.

Il. MATERIALS AND METHODS

ILI. Chemicals. Solutions were prepared using 18.2 MQ:-cm
deionized (DI) water, concentrated sulfuric acid (Certified ACS plus,
Thermo Fisher Scientific), nitric acid (HNO;, Certified ACS plus,
Fisher Chemical), sodium chloride (ACS Reagent grade, Sigma-
Aldrich), potassium tetrachloroplatinate (99.99% trace metal basis,
Sigma-Aldrich), and copper sulfate (CuSO,, Sigma-Aldrich, Reagent-
Plus), and purged with nitrogen gas (N,, Purity Plus 99.999% purity)
and carbon monoxide (CO, Purity Plus 99.999% purity) as required
by electrochemical experiments. The precursor for CLD was prepared
with heptane (HPLC, >96% Fisher Chemical) and titanium(IV)
ethoxide (TEO, technical grade, Sigma-Aldrich).

ILIl. Electrode Fabrication. Electrodes were fabricated using
porous conductive carbon foam (PCCF) characterized by 100 pores
per inch (PPI) and sheet resistance of 7.82 X 107 Q square™
(McMaster-Carr). The electrode was cut into a 1 cm X 2.5 cm
rectangle. The portion of the electrode tested was a rectangle of 1 cm
X 1.5 cm with a thickness of 1.8 mm, while the portion of the
electrode used as the electrical feedthrough remained at the original
thickness of 5 mm. An electrical connection to the carbon foam was
made by inserting a piece of titanium foil into a thicker segment of the
electrode. See SI Section I, Figure S1. The planar silicon (Si) wafer
electrodes were coated with 2 nm of Ti at 0.5 A s™* followed by 50
nm of Pt (99.99%) at 1 A s™' via electron-beam (e-beam)
evaporation.

ILlIl. Electrodeposition of Platinum Nanoparticles. Electro-
des were sonicated in isopropanol, methanol, and DI water for S min
each to remove impurities from the surface. The electrodes were then
submerged in a 3 M H,SO, + 0.1 M HNO; solution and sonicated for
1 h at room temperature. The electrodes were rinsed thoroughly with
DI water, and they underwent a two-step chronoamperometry (CA)
procedure of § s each in a deaerated 0.5 M H,SO, liquid electrolyte to
further clean the surface of the electrode. The applied potential of the
first CA step was 0.4 V vs Ag/AgCl, and the second CA was —0.8 V vs
Ag/AgCl. Platinum nanoparticle electrocatalysts were deposited to
the electrodes by carrying out cyclic voltammetry (CV) at 100 mV s~
in a 3 mM K,PtCl, + 0.5 M NaCl electrolyte (pH = 2.60) for 21
cycles between —0.7 V vs Ag/AgCl and +0.3 V vs Ag/AgCl while
stirring at 200 rpm.

ILIV. Electrochemical Surface Area. After electrodeposition, the
electrochemical surface area of the electrodes was quantified by
integrating the hydrogen underpotential adsorption and desorption
features recorded during cyclic voltammetry (CV). Each electrode
was cycled from 0.05 V vs RHE to 1.2 V vs RHE at 20 mV s in a
three-neck round-bottom flask where a carbon rod was the counter
electrode (CE) and Ag/AgCl was the reference electrode. The
electrochemical surface area (ECSA) was calculated by integrating the
hydrogen underpotential deposition (Hupd) signal, correcting for
double-layer capacitance, and using the specific capacitance of H,q on
polycrystalline Pt of 210 uC cmp,”%>”*® This procedure was repeated
after coating and prior to electrochemical measurements to calculate
the changes to ECSA resulting from the coating procedure.

IL.V. Condensed Layer Deposition. Following electrodeposition
and the electrochemical characterization, the samples were dried
overnight for 12 h inside the fume hood. To further ensure that no
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water from previous steps was present during CLD, the samples were
dried in a vacuum oven for 1 h at 90 °C. The dried Pt/CF was
submerged in 20 mL of heptane in a 60 mL Nalgene bottle. The total
surface area of the porous electrode was calculated using its volume
and the area/volume factor provided by the manufacturer for 100 PPI
carbon foam of 2000 f* ft3.*° Brunauer—Emmett—Teller (BET)
surface area measurements were also conducted using a Micromeritics
ASAP 2020 adsorption analyzer with ultrahigh-purity N, at a pressure
range of P/P° between 0.05 and 0.30, where P is the equilibrium
pressure and P° is the saturation pressure. The measured surface area
was 0.406 + 0.099 m> g_l, which is in reasonable agreement with the
value provided by the manufacturer. See ESI Section I for more
details. The Nalgene bottle containing heptane + water was mounted
inside the fume hood, and the probe sonicator (QEX 750) was
introduced through a hole (diameter, 0.7 cm) that was drilled on the
lid. To prevent moisture from reaching the sample, a plastic pipet was
introduced to continuously purge the headspace with N, through a
small hole punctured on the side of the bottle. The samples in the
heptane + water mixture were sonicated for 20 min at an amplitude of
27% and on-and-off pulses of S and 1 s, respectively. Once the first
sonication step was finished, a stoichiometric amount of ~0.2 M
titanium(IV) ethoxide in heptane solution was added using a syringe.
Due to the high volatility of heptane, the evaporated solvent in the
bottle was replenished before the second sonication step. The samples
in heptane + water + TEO solution were sonicated for 10 min under
identical conditions as the first step. Finally, the samples were
carefully removed, placed in a glass Petri dish, and dried overnight
inside a fume hood. Dried samples were stored in separate vials. In the
case of planar samples, the surface activation process was skipped to
avoid harming the Pt and Ti layers during a harsh acidic sonication
bath. The preparation steps for these samples were the same as those
for the porous samples. To increase the total surface area, a dummy
carbon foam measuring 1 cm X 1 cm X 0.5 cm was introduced into
the Nalgene bottle to increase reagent quantities to larger and,
therefore, more workable volumes.

ILVI. Materials Characterization. Scanning electron microscopy
(SEM) images and energy-dispersive X-ray spectroscopy (EDX)
elemental maps were obtained by using a Zeiss Gemini 500
instrument and a Zeiss Sigma VOP microscope. Accelerating voltages
ranged from S to 12 kV. EDS maps were used to obtain the platinum
and titanium distribution as a function of cross-sectional position,
which was generated by slicing the Pt and Ti EDS maps into 10 bins
horizontally, counting the pixel intensity in each bin, and normalized
to those of the corresponding carbon EDS map pixel intensities. EDX
elemental mapping and selected area electron diffraction (SAED)
pattern on corresponding TiO, encapsulated carbon form were
collected with an FEI TALOS F200X transmission/scanning
transmission electron microscope (S/TEM) equipped with a high-
angle annular dark-field (HAADF) detector and a CCD camera at 200
kV. TiO,-coated platinum thin films deposited on silicon wafers were
cross-sectioned and prepared using Thermo Fisher Helios G4 UX
Focused Ion Beam milling by applying a protective layer of carbon
using a Sharpie pen, followed by the deposition of a platinum (Pt)
layer through ion beam deposition, see ESI Figure S2. Scanning
transmission electron microscopy (STEM) measurements were
performed using Thermo Fisher FEI Spectra 300 TEM with
ultrahigh-brightness cold field emission gun (C-FEG) and spherical
aberration correction (“Kraken” at Cornell University). The STEM
resolution was 58 pm with probe current at 7S pA and 300 kV. The
high-angle annular dark-field (HAADF) image was collected with a C,
aperture of 70 ym, camera length of 94 mm, and convergence angle of
30 mrad. The HAADF image stacks were taken with 2048 X 2048
pixels with a § us dwell time. The EELS data were recorded by using a
Continuum CMOS camera with an energy dispersion of 0.3 eV per
channel. Cornell Spectrum imaging tool was used to process the EELS
data from images.’” X-ray photoelectron spectroscopy measurements
were conducted in a PHI-5600 spectrometer with an AlI-K a X-ray
source. The scan rate was 0.05 eV s™* with a pass energy of 23 eV. Ti
2p, O 1s, and Pt 4f spectra were calibrated with metallic Pt 4f,, at
71.1 eV.'"*' The peak deconvolution was performed by identifying

the Ti Z}g and O 1s peaks associated with TiO,** and surface oxygen
species.4’

ILVII. Electrochemical Measurements. All electrochemical
measurements were conducted using a SP-200 BioLogic potentiostat.
All standard three-electrode measurements used a carbon rod (Saturn
Industries) counter electrode (CE), a AglAgCl (E° = 0.21 V vs NHE,
Hach, E21M002) reference electrode, and Pt/CF or TiO,/Pt/CF as
the working electrode. Solutions were deaerated with nitrogen (N,,
Purity Plus 99.999% purity) at 1 atm pressure, and the pH was
measured using a benchtop pH meter (Fisherbrand accumet AE150
Benchtop pH Meter) that was calibrated using pH buffers of 1.68,
4.01, and 7.0. Prior to carbon monoxide (CO) oxidation experiments,
each electrode was cycled from 0.01 V vs RHE to 1.2 V vs RHE at 20
mV s7" in 0.5 M H,SO, for 5 cycles in a three-neck round-bottom
flask. Next, the background signal was recorded in deaerated 0.5 M
H,S0, during cyclic voltammetry (CV) for 3 cycles at 20 mV sec™
from 0.4 V vs RHE to 0.01 V vs RHE to 1.2 V vs RHE. CO was then
adsorbed to the surface of the electrode by saturating the electrolyte
with CO(,) for 10 min at 400 rpm while holding the electrode at a
potential of 0.05 V vs RHE. The excess CO was removed by purging
the headspace of the three-neck flask with N, for 10 min while stirring
the electrolyte with a magnetic stir bar (set to 400 rpm) and
maintaining an applied potential of 0.05 V vs RHE. To “strip” the CO,
the stirring was stopped, and a CV scan from 0.4 V vs RHE to 0.01 V
vs RHE to 1.2 V vs RHE at 20 mV s™' was applied. To ensure that all
CO was removed from the surface of the electrode, 2 additional CVs
under equal conditions were conducted. To quantify the ECSA of
platinum particles where CO was adsorbed, the difference between
the integrated charge passed by the first and third CV was calculated
and converted using the known factor of 420 uC cmp, 2

Copper stripping experiments were performed in a well-stirred
(200 rpm) three-neck flask in deaerated 0.5 M H,SO,. Prior to copper
stripping experiments, each electrode was cycled from 0.05 V vs RHE
to 1.2 V vs RHE at 20 mV s™" in 0.5 M H,SO, for 5 cycles in a three-
neck round-bottom flask. The background signal was measured via
linear sweep voltammetry (LSV) from 0.38 V vs RHE to 1.00 V vs
RHE at 20 mV s™". Following the first LSV, 2 mM copper sulfate
(CuSO,) was added to the 0.5 M H,SO, supporting electrolyte
contained in the three-neck flask. The 0.5 M H,SO, + 2 mM CuSO,
solution was stirred thoroughly and purged with N,, and the pH was
measured before reintroducing the working electrode. Three
consecutive measurements were carried out, starting with an LSV
from 0.38 V vs RHE to 1.00 V vs RHE at 20 mV s/, followed by a
chronoamperometry (CA) at 0.38 V vs RHE for S min, and a final
LSV from 0.38 V vs RHE to 1.00 V vs RHE at 20 mV s™. The
background signal was subtracted from the copper stripping LSV, and
the amount of Pt nanoparticles where Cu®* ions were deposited was
quantified by integrating the Cu,,q signal and using the conversion
factor of 420 uC cmp, 2%

lll. RESULTS AND DISCUSSION

lll.I. Physical Characterization. TiO,/Pt/CF samples
were prepared by CLD as described in Sections I and II.
Briefly, samples with varying amounts of TiO, were fabricated
by adding varying quantities of water (3.4, 4.90, and 9.8 uL) to
the reaction vessel, followed by the addition of TEO to trigger
the TiO,-forming hydrolysis reaction shown in eq 1. To
promote the complete conversion of water to TiO,, 10% excess
TEO was added compared to the stoichiometric amount
required according to eq 1 (H,O/TEO = 2:1). Vertical
sonication was used to assist the dispersion of the added water
and TEO throughout the sample. It is important to note that
sonication/deposition time may also impact the uniformity of
the coating, especially for porous material with relatively low
porosity, which might require longer times than the conditions
used in this study. Throughout this paper, samples are labeled
as “low”, “medium”, and “high”, to refer to the relative quantity
of H,O used during the CLD process. Based on previous
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(a) Carbon foam

e

(b) Pt / carbon foam

(d) Low TiO, / Pt / carbon foam

Figure 3. SEM images of coated and uncoated carbon foam and Pt/carbon foam. The images show (a) uncoated carbon foam, (b) Pt/coated
carbon foam (Pt/CF), and carbon foam with (c) “low”, (¢)“medium”, and (g) “high” water concentrations used during CLD. Additionally, (d, f, h)
show the corresponding Pt/carbon foam samples with the same water concentrations used during the CLD process.

studies employing CLD on nanoparticle substrates,”* increas-
ing the amount of H,O relative to the surface area of the
substrate leads to thicker TiO, coatings.

Substrate materials and TiO,-encapsulated electrodes were
first characterized by SEM, with representative images
provided in Figure 3 for surface functionalized bare carbon
foam (Figure 3a), platinized carbon foam (Figure 3b), TiO,-
encapsulated carbon foam (Figure 3c,e,g), and TiO,-coated
platinized carbon foam (Figure 3d,£h). As seen in Figure 3a,
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the carbon foam substrate consists of 50 to 90 um thick
interconnected strands of carbon that form pores having
diameters varying between 200 and 300 ym. In Figure 3b, the
electrodeposited platinum formed a layer that covered a large
percentage of the surface of the carbon foam, although clear
gaps in the Pt layer are evident. Higher resolution SEM images
(SI Section III, Figure S3) showed that the light-colored Pt
deposits formed ~200 nm particles that are often connected to
neighboring particles, forming a semicontinuous network. After
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(a) Medium TiO,/Pt/Si

TiO,

Figure 4. Dark-field TEM images of TiO,/Pt/Si wafer samples for which the TiO, coating was deposited under a “medium” water concentration
during CLD (a, b). EELS elemental mapping shows the (c) Pt (green) + Ti (light blue), (d) Pt (green), and (e) Ti (light blue) distribution on the
sample. See SI Section III, Figure S8 for extended EELS elemental mapping, including carbon and oxygen.
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Figure 5. XPS characterization of the thin-film electrodes. (a) Ti 2p, (b) O 1s, and (c) Pt 4f spectra of the bare Pt/Si electrode; (d) Ti 2p, (e) O
1s, and (f) Pt 4f spectra of a TiO,-encapsulated Pt/Si electrode fabricated using the “medium” water concentration during the CLD process. The y-
axis ranges for the Ti 2p, O 1s, and Pt 4f spectra were kept the same between the two electrodes for easy comparison.

the TiO, coating was applied to the bare carbon foam, splotchy
deposits appeared on its surface (Figure 3c,e,g). These features
are most evident when the CLD process is carried out using
the “high” water concentration (Figure 3g). When the CLD
process was applied to the platinized samples, there was no
noticeable difference in morphology between the uncoated
(Figure 3b) and coated Pt/CF (Figure 3d,fh). Energy-
dispersive X-ray spectroscopy (EDS) images of “medium”
TiO,/Pt/CF samples (SI Section I1I, Figures S4 and S$) reveal
a relatively uniform distribution of platinum and titanium
signals spanning the cross-section of the platinized coated
electrode. The unevenness of the carbon foam shown in the
cross-sectional sample (Figure SS5) is due to the freeze-cracking
method used to preserve the TiO, overlayer. Although the Ti
signal was relatively low due to the thin layer of TiO, (Figure
S5f), the EDS spectra provided in Figure SSg confirm the
presence of Ti. The EDS maps were analyzed as described in
the Section II to obtain the Pt and Ti distributions as a
function of cross-sectional position (Figure SSc).
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To better characterize the nanostructure and chemical
composition of the TiO, coatings, the coating process was also
carried out under “medium” water concentration during CLD
conditions to deposit TiO, onto smooth, 50 nm thick,
platinum thin films supported on 2 nm Ti + Si(100) substrate.
In Figure 4a, a cross-sectional high-angle annular dark-field
(HAADF) image from the “medium” TiO,/Pt/Si wafer
confirms that the TiO, forms an overlayer on the Pt surface
and indicates that the TiO, coating has a highly disordered
structure, in contrast to the adjacent Pt layer. This was
confirmed with selected area electron diffraction (SAED, SI
Section III, Figure S6), which does not show a discernible
diffraction pattern associated with crystalline TiO,, indicating
that the TiO, is disordered/ amorphous.45’46 EELS elemental
maps captured on a different location of the same sample
(Figure 4c—e) showed that the TiO, layer had a thickness that
ranged between <1 and 5 nm. Consistent with the literature for
thin TiO, layers, Ti-L,, edges seen in the EELS spectra (SI
Section III, Figure S7)4O were detected at approximately 455
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Figure 6. Hydrogen underpotential deposition (H,,q) cyclic voltammetry measurements carried out at 20 mV s™' from 0.05 V vs RHE to 1.2 V vs
RHE in deaerated 0.5 M H,SO, before (dashed lines) and after (solid lines) coating each Pt/CF electrode with TiO, using (a) “low”, (b)
“medium”, and (c) “high” water concentrations during CLD. The 3rd CV cycle out of three total CV cycles is shown for “before TiO, coating”
(dashed lines), and the 3rd CV cycle out of five total CVs for “after TiO, coating” (solid lines) for each electrode.

eV, while the O—K edge appeared at 553 eV."” The single K—
O edge is further evidence of the disordered nature of the TiO,
overlayer.

X-ray photoelectron spectra of a “medium” TiO,/Pt/Si
sample are compared to a bare Pt/Si control in Figure 5. For
the bare Pt control sample, the peak center binding energies in
the Pt 4f spectra (Figure Sc) are consistent with the Pt thin
film being present in the metallic Pt state (Pt°),° while the
minor O 1s signal appearing around 531.3 eV in Figure 5b can
be attributed to adventitious oxygen species such as surface
hydroxyls and adsorbed CO,.** XPS results for the TiO,/Pt/Si
sample are shown in Figure Sd—f. In Figure 5d, the Ti 2p,,,
and Ti 2p;,, peak center bmdlng energies of 464.3 and 458.7
eV are consistent with TiO,,** which is further supported by
finding a Ti/O ratio of 0.47 using the Ti 2p peak area and the
lattice oxygen peak area at (530.3 eV) (SI Section SIV, Table
S1). Oxygen species located at higher binding energy (~532
eV) were deconvoluted from the lattice oxygen and included
hydroxyl species, water, and adsorbed CO,. Comparing the Pt
4f peaks of the bare Pt and TiO,-encapsulated samples (Figure
Sc,f), the Pt 4f peak locations are the same, but the intensity of
the Pt 4f peak for the TiO,/Pt/Si sample is attenuated by 16%
due to screening of photoelectrons by the TiO, overlayer. The
Pt 4f and Ti 2p peak areas were also used as inputs to an
overlayer calculation (SI Section SIV and eq S4), which was
used to estimate a TiO, overlayer thickness of 6.5 nm for the
“medium” TiO,/Pt/Si sample. This estimate is consistent with
the observations from the TEM images and EELS maps in
Figure 4. Overall, XPS results provided evidence that an
ultrathin TiO, encapsulation layer was successfully applied
over a metallic Pt/Si substrate.

lILIl. Electrochemically Active Surface Area (ECSA).
The electrochemical surface area (ECSA) of Pt-based
electrodes is commonly determined via hydrogen under-
potential deposition (H,,q) measurements, whereby the charge
associated with the adsorption and desorption of a monolayer
of hydrogen is used to quantify the total number of active
sites.”® Many studies have shown that cyclic voltammetry
profiles for polycrystalline Pt from 0.05 V vs RHE to 1.4 V vs
RHE show well-defined features of electro-adsorption and
electro- desoiptlon of Hyyq as well as PtO, formation and
reduction.”®"” When polycrystalhne Pt electrodes are tested in
sulfuric acid solutions, H,,q features are typically observed
between 0.05 V vs RHE to 0.35 V vs RHE, while the signal
associated with double-layer capacitance dominates the CV
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profile from 0.40 V vs RHE to 0.85 V vs RHE. At more
positive potentials, features associated with Pt oxidation
(PtO,) are seen in the positive scan, and features associated
with the reduction of those species are seen during the reverse
scan.”®*’ As seen in Figure 6, CV curves for all bare Pt (gray
dash lines) and TiO,-encapsulated Pt/CF (solid lines) samples
exhibit features associated with H,,y and PtO, that are
characteristic of polycrystalline Pt electrodes.”®*” The ECSA of
the bare Pt/CF and low, medium, and high TiO,/Pt/CF
electrodes were calculated by integrating the H,,q area,
corrected for double-layer capacitance, and using the specific
capacitance of H,q on polycrystalline Pt of 210 uC cmp, 2
The normalized ECSA for which the electrochemically active
surface area has been normalized by the geometric surface area,
also known as area per area factor, ranged from 55.7 to 270.7
cmgeo2 cmpt_z.

The presence of notable H,,4 features for all TiO,/Pt/CF
electrodes indicates that protons were able to travel through
the TiO, overlayer and reach the buried TiO,/Pt interface.
Nonetheless, the decrease in the magnitude of the H,,
features observed in the CVs after TiO, coating (solid lines)
indicates some loss in electrochemical surface area (Figure 6).
Coated samples exhibited an average of 46 & 12% decrease in

H,,q-derived ECSA. Possible explanations include detachment
of some platinum nanoparticles from the support during CLD
or blocked active sites caused by regions of the electrode that
are encapsulated by thicker coatings or particulate deposits (SI
Section SV, Figure S9), which could significantly suppress the
ability of the buried interface in these regions to access H" and
be in ionic communication with the electrolyte.

Besides affecting the H,4 signal, the addition of the CLD
TiO, coating significantly alters the Pt oxidation redox features
in the CV profiles of Figure 6. Most notably, the presence of
the TiO, coating is observed to shift the onset for Pt oxidation
between —200 and —230 mV compared to that observed for
bare Pt, which is seen to be around 0.85 V vs RHE as expected.
Additionally, increasing the water concentration during the
CLD process resulted in a slightly smaller shift in the PtO,
onset potential. Previous work has claimed that negative shifts
in the Pt oxidation onset potential can be caused by the ability
of the overlayer to suppress sulfate adsorption, which competes
with the formation of Pt—OH by blocking the adsorption of
H,0 molecules.”*’>* Assuming that this explanation applies
to the TiO,/Pt electrodes studied here, the observed shifts in
the PtO, redox features provide further evidence that most of
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Figure 7. Carbon monoxide stripping voltammetry for (a) uncoated Pt/CF electrodes and Pt/CF electrodes fabricated using (b) “low”, (c)
“medium”, and (d) “high” water concentrations during the CLD coating process. All CVs were conducted in deaerated 0.5 M H,SO, at 20 mV s
from 0.4 V vs RHE to 0.01 V vs RHE to 1.2 V vs RHE. Background CV in CO-free 0.5 M H,SO, (gray dotted lines) were recorded before carrying
out three successive CVs for the CO-poisoned electrode, where cycle 1 (solid lines) and cycle 3 (dashed lines) have been included in this figure.

the Pt nanoparticles are successfully encapsulated by the TiO,
layer.

The ECSAs of bare Pt and TiO,/Pt electrodes were also
measured by carbon monoxide (CO) stripping voltammetry, a
technique that closely resembles H,4 but instead uses the
oxidation of monolayer levels of adsorbed CO to probe the
number of active sites on the sample surface. As CO is also
known as a catalyst poison in direct methanol fuel cells
(DMFC), the location (i.e., peak potentials) of CO oxidation
features recorded during CO stripping is also used to probe the
tolerance of an electrocatalyst to this poison.”> CO oxidation
occurs on Pt through a Langmuir—Hinshelwood reaction
mechanism that involves a reaction between adsorbed CO (eq
3) and adsorbed hydroxyls, the latter of which is formed
electrochemically as shown in eq 2.

H,0 + Pt - Pt — OH,; + H" + e~ (2)

©)

In this work, CO was first adsorbed onto the surface of the
electrode while purging the solution with CO and holding the
potential at 0.05 V vs RHE for 10 min. After removing
dissolved CO from the bulk solution by purging with N, gas,
the CO was “stripped” from the surface b;f sweeping the
potential to positive (oxidizing) potentials.”**

CO stripping voltammetry was performed on three different
TiO,-encapsulated Pt/CF electrodes and a bare Pt/CF control
sample. Cyclic voltammetry scans recorded before stripping
(dotted gray lines), immediately after stripping (cycle 1, solid

Pt — CO,, + Pt — OH,y, — CO, + H"+e™ + 2Pt

S
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lines), and after 2 scans (cycle 3, dashed lines) are presented in
Figure 7. The bare Pt/CF sample exhibited a small shoulder at
0.62 V vs RHE and a peak at 0.83 V vs RHE (Figure 7a). Hypq
features were observed during the third scan, indicating that all
of the CO was “stripped” from the electrode surface, allowing
H" to adsorb onto the Pt. A larger peak for PtO, was observed
around 0.85 V vs RHE after the CO was “stripped” from the
surface compared to the background CV, which was conducted
in deaerated 0.5 M H,SO, before all electrochemical
measurements. The CO oxidation peak centers recorded for
the TiO,/Pt/CF electrodes (0.74—0.78 V vs RHE) were all
lower than that recorded for the bare Pt/CF control sample
(0.84 V vs RHE). A prepeak located ~200 mV less positive
than the primary CO oxidation peak was also observed for all
coated samples.

The locations of the CO oxidation peak and onset potentials
observed for the bare Pt/CF sample are consistent with
reported literature values.”® The less positive onset and peak
potentials for CO oxidation recorded for the low, medium, and
high TiO,/Pt/CF have also been observed in other studies for
SiO,-coated and TiO,-supported Pt electrocatalysts.”*" %!
Some of the possible explanations for this phenomena include:
(i) an increased presence of more reactive lattice oxygen in the
TiO, overlayer promotes CO oxidation,”* (ii) hydroxyl groups
(e.g, silanols in SiO,) present in the overlayer may help
facilitate CO removal at lower overpotentials than required for
Pt—OH-facilitated CO removal (eq 3),” and (iii) strong
interactions between Pt atoms bonded to Ti atoms in TiO,,
which can lower the activation energy for CO to adsorb onto
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Figure 8. Copper stripping voltammetry from 0.38 V vs RHE to 1 V vs RHE at 20 mV s in deaerated and stirred 0.5 M H,SO, + 2 mM CuSO,
for (a) “low”, (b) “medium”, and (c) “high” TiO,/Pt/CF as well as (d) low, medium, and high TiO,/CF. Gray solid lines and dotted LSVs indicate
bare Pt/CF Cu®* stripping and background signal in deaerated 0.5 M H,SO,, respectively. Background LSV (dotted lines) was subtracted from all

Cuypg LSVs (solid lines).

the surface and can facilitate its diffusion.”>** Regardless of the
exact mechanism, the less positive onset and peak potentials
for CO oxidation can most likely be attributed to the presence
of the TiO, overlayer and the microenvironment it creates at
the TiO,/Pt buried interface.

The lower CO oxidation onset potential for the encapsu-
lated samples also suggests that the TiO, overlayer alters the
energetics associated with binding of CO to active sites at the
buried interface compared to Pt atoms exposed to the bulk
electrolyte. For example, steric influences associated with a
nanoconfined environment at the buried interface might alter
how the CO molecule coordinates with the Pt, which can
change in orientation and impact its binding energy.
Furthermore, the overlayer might alter the local electric field
by changing the distribution of supporting electrolyte charges
near the adsorbed CO molecules. Overall, the presence and
nature of the CO stripping signal indicate that the CO
molecules can penetrate through the TiO, overlayer and be
oxidized at active sites at the buried interface.

lILII. Cu Stripping Voltammetry. A second under-
deposition method, copper stripping voltammetry, was also
used to assess the ECSA and further quantify the coverage of
Pt by the TiO, overlayers. As shown in eq 4, copper stripping
is based on the underpotential deposition of Cu** ions onto
the Pt surface. The adsorbed underpotentially deposited Cu
atoms (Cu,,y) are subsequently oxidized or “stripped” from
the Pt nanoparticles by sweeping to more positive potentials.
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However, previous work has shown that dense oxide
encapsulation layers are highly effective at blocking the
relatively large solvated Cu®" ions from reaching the oxide/
Pt interface.” Thus, for overlayers that completely block the
transport of Cu®* to the buried interface, the suppression in the
Cu,q signal by encapsulated electrodes compared to bare Pt
controls can be used to estimate the percentage of Pt active
sites that remain exposed to the bulk electrolyte due to cracks,
holes, or partial delamination of the oxide layer. This
quantification is carried out by integrating the Cu,,q signal
and using the known conversion factor of 420 4C cm > Pt for
polycrystalline Pt.**
Cu’t +2¢” = Cuypq (4)
Cu stripping voltammetry measurements were carried out for
bare Pt/CF and TiO,/Pt/CF electrodes made with “low”,
“medium”, and “high” water concentrations during the CLD
process. First, the background signal for all samples was
measured by carrying out linear swept voltammetry (LSV)
from 0.38 V vs RHE to 1.00 V vs RHE at 20 mV s™' in the Cu-
free supporting electrolyte. After adding 2 mM copper sulfate
to the supporting electrolyte, the electrode was held at an
(under)potential of 0.38 V vs RHE for 5 min to allow Cu®**
ions to adsorb onto exposed Pt sites. Immediately after, the
Cu,q ions were oxidized by sweeping the potential to 1.0 V vs
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RHE at 20 mV s™". Both the background and Cu stripping LSV
curves are shown in Figure 8.

In Figure 8, the copper stripping voltammetry curve for the
bare Pt/CF electrode exhibits a distinct oxidation peak
centered at ~0.74 V vs RHE and a shoulder at ~0.46 V vs
RHE, which is similar to the results obtained in other studies
for polycrystalline Pt.*°>°° In contrast, the TiO,/Pt/CF
electrodes show broad, shallow peaks in the background-
subtracted Cu stripping curves (Figure 8a—c), while the TiO,-
coated CF control samples (Figure 8d) do not display any
peaks. The negligible shift in Cu,,q oxidation peak potentials
for the TiO,/Pt/CF electrodes indicates similar binding
energies to the bare Pt control sample, suggesting that the
Cu,q signal is observed due to cracks and holes that expose Pt
nanoparticles and not due to Cu,q stripped from the TiO,/Pt
buried interface. It was also observed that varying the water
concentration during the CLD process, which in theory should
result in different coating thicknesses, did not impact the
transport of Cu®" ions. This observation suggests that a similar
TiO, coverage of Pt was observed for low, medium, and high
TiO,/Pt/CF. Lastly, the inset in Figure 8d shows a significant
reduction current for the low and medium TiO,/CF samples,
possibly due to proton intercalation into the TiO, coating.’”

To summarize the results from H,,4, CO stripping, and Cu
stripping measurements, ECSAs obtained from each electro-
analytical method were plotted in Figure 9. In this figure, the
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Figure 9. ECSAs measured from Cu,,q (circles) and CO oxidation
(squares) signal as a function of area per area factor from the H, 4
signal. Area per area factor for the low (blue), medium (red), and high
(orange) TiO,/Pt/CF samples as a function of H,q- The dashed line
represents the perfect agreement of area per area factors measured
from Cu,yq or CO oxidation and H,q.

ECSAs (i.e, cm® of active Pt) were normalized to the
geometric area of the electrode, and the CO stripping and Cu
stripping ECSAs were plotted vs the H,,y ECSA. Important
insights may be gained based on the location of experimental
data points with respect to the dashed gray line, which
represents perfect agreement in the CO stripping or Cu
stripping-determined ECSA and the H,4-determined ECSA.
Focusing first on the data points for the bare Pt/CF electrode,
ECSAs determined by Cu and CO stripping overestimate
H,yq-derived ECSA by 27-95%, and 31—49%, respectively.
Previous studies have also reported that the Cu and CO
stripping methods overestimate the electrochemical surface
area of bare Pt samples compared to H,,q methods, possibly
due to uncertainties associated with capacitance charge

correction or the selection of the lower potential limit.*®
However, the Cu and CO stripping-derived ECSAs for the
TiO,/Pt/CF electrodes were 43—98%, and 5—43% lower,
respectively, than the H,4-derived ECSAs. Only one TiO,/Pt
sample tested exhibited a CO stripping-derived ECSA larger
than its H,y4-derived ECSA. While the differences between the
CO stripping and H,,q ECSAs are quite small, the significant
discrepancy between the Cu stripping and H,,4 measurements
can be attributed to the suppressed transport of Cu®" through
TiO, coatings to reach the buried interface. If it is assumed
that the TiO, coatings are completely impervious to Cu®* and
all Cu,,q signal is associated with unencapsulated Pt, then the
difference between the H, g and Cu,,4-derived ECSAs can be
used to estimate the percentage of active Pt sites that have
been successfully encapsulated by the CLD process. Applying
these assumptions to the data in Figure 9, between 43 and 98%
of the active Pt sites were covered with dense TiO, layers that
block Cu®', implying that between 2 and 57% of sites still
remained exposed to the bulk electrolyte. The range of
coverages estimated based on Cu,,q and H,,¢-derived ECSAs is
in line with the partial coverages of coatings seen in
representative TEM/EELS images of the planar samples
(Figures 4 and S8).

IV. CONCLUSIONS

Condensed layer deposition (CLD) is a promising method for
encapsulating porous electrodes with nanoscopic coatings.
TEM, EELS, and XPS measurements confirmed that platinized
carbon foam (Pt/CF) electrodes could be successfully coated
with TiO, by using the CLD process. Hydrogen under-
potential deposition (H,,q) and carbon monoxide stripping
measurements showed that Pt sites encapsulated by CLD TiO,
coatings remain active with minimal loss in electrochemically
active surface area compared to bare Pt controls. Concurrently,
these measurements revealed that H" and CO molecules are
able to transport through the overlayer and reach the TiO,/Pt
buried interface. Less positive onset and peak potentials were
observed for TiO,/Pt electrodes during CO oxidation,
indicating that the TiO,/Pt active sites are characterized by
altered binding environments compared to bare Pt sites
exposed to the bulk electrolyte. In contrast to ECSAs derived
from CO stripping measurements, the ECSAs of TiO,/Pt
determined from copper stripping voltammetry were substan-
tially suppressed compared to H,4-derived ECSAs, which was
attributed to the ability of the TiO, coatings to block Cu* ions
from reaching the active catalyst. Assuming the detected Cu,4
signal originates from exposed Pt, the difference between the
Cu stripping and H,4 ECSAs was furthermore used to
estimate the fraction of unencapsulated active Pt sites, which
was found to be between 2 and 57%. Further optimization of
the CLD process is necessary to minimize nonuniformities in
coating coverage and thickness, which can lead to changes in
local current densities, selectivity, and activity.
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