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ABSTRACT: Semiconductor systems for photocatalytic overall
water splitting into H2 and O2 gases typically require metal
cocatalyst particles, such as Pt, to efficiently catalyze H2
evolution. However, such metal catalyst surfaces also serve as
recombination sites for H2 and O2, forming H2O. We herein
report the photon-induced fabrication of microporous SiO2
membranes that can selectively restrict passage of O2 and larger
hydrated ions while allowing penetration of protons, water, and
H2. The SiO2 layers were selectively photodeposited on Pt
nanoparticles on SrTiO3 photocatalyst by using tetramethylam-
monium (TMA) as a structure-directing agent (SDA), resulting
in the formation of core−shell Pt@SiO2 cocatalysts. The
resulting photocatalyst exhibited both improved overall water splitting performance under irradiation and with no H2/O2
recombination in the dark. The function of the SiO2 layers was investigated electrochemically by fabricating the SiO2 layers on a
Pt electrode via an analogous cathodic deposition protocol. The uniform, dense, yet amorphous layers possess microporosity
originating from ring structures formed during the hydrolysis of the silicate precursor in the presence of TMA, suggesting a
double-role for TMA in coordinating silicate to cathodic surfaces and in creating a microporous material. The resulting layers
were able to function as a molecular sieve, allowing for exclusive H2 generation while excluding unwanted side reactions by O2 or
ferricyanide. The SiO2 layer is stable for extended periods of time in photocatalytic conditions, demonstrating promise as a
nontoxic material for selective H2 evolution.

KEYWORDS: photocatalysis, electrocatalysis, overall water splitting, structure directing agent, membrane, hydrogen, SiO2

■ INTRODUCTION

Solar water splitting into H2 and O2 gases represents one of the
ideal routes for the storage of renewable energy in the form of
H2.

1−4 Among the numerous proposed configurations for H2
generation using sunlight and water, direct photon-to-chemical
conversion using photocatalyst powders in a single reactor
retains the advantage of simplicity, lacking the need for
advanced electric or optical equipment.3,5 State-of-the-art
photocatalysts, in many cases under UV-light illumination,
efficiently achieve overall water splitting using a single
semiconductor material.2,5 Photocatalytic semiconductor par-
ticles are usually decorated with metal cocatalyst nanoparticles
on the surface that function as both electrocatalysts for the H2
evolution reaction (HER) as well as electron sinks to assist in
the separation of photogenerated charges.6−8 However, such
metal surfaces can catalyze the recombination of H2 and O2 to
water, leading to the loss of overall efficiency for the
photoproduction of H2.

7

To achieve efficient overall water splitting, it is therefore
essential to prevent the surface of cocatalyst nanoparticles from
facilitating H2/O2 recombination. CrOx is the most effective
recombination-blocking material reported to date, functioning
as a blocking layer for O2 even with extremely thin (<2 nm)

layers.9−11 However, Cr toxicity and dissolution under acidic
and anodic conditions remains a concern for the large-scale
application of CrOx in photocatalysis, necessitating the need for
new recombination blocking materials.10,11 Recently, we
reported acid-tolerant MoOx, another Group VI-based blocking
layer that effectively suppresses H2/O2 recombination during
photocatalytic water splitting.12 Other blocking layers com-
posed of oxides of early group transition metal oxides (Ta, Nb,
and Ti) and lanthanoids (La, Pr, Sm, Gd, and Dy) have also
been reported,13,14 but each of these materials has its own
disadvantages, including corrosion due to in situ oxidation or
pH, low blocking activity, nonselective deposition, or general
impracticality due to intrinsic toxicity or expense.
SiO2 is versatile, abundant, and chemically stable and can

overcome these disadvantages, but the successful application of
SiO2 layers to the suppression of H2/O2 recombination has not
been reported to date.15 Thanks to the wealth of knowledge on
the controllability of SiO2 synthesis, SiO2 materials with
controlled porosity can be synthesized by the alkaline
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hydrolysis of various silicate precursors in the presence of
organic quaternary ammonium SDAs.16−20 The alkaline
hydrolytic synthesis of SiO2 can be extended to cathodic,
OH−-generating electrochemical reactions in a process referred
to as electro-assisted self-assembly (EASA), where films with
vertically aligned uniform mesoporous channels are deposited
in the presence of cetyltrimethylammonium bromide
(CTAB).21,22 While EASA can be used for the fabrication of
high surface area structures of a diverse range of other materials
such as Zn metal−organic frameworks and Pd electrodes,23,24

SiO2 remains the ideal material for applications where a redox-
inert membrane is required as it is difficult to oxidize or reduce
under ambient conditions. In this capacity, SiO2 films deposited
using EASA have been demonstrated to function as membranes
for molecular separation,25−27 even allowing for single-molecule
detection.28 SiO2 can also serve as a proton conductor,
although such behavior is heavily dependent on the in situ
conditions, such as thickness, pore size, and additives.29−34

While these properties are conducive for synthesizing O2
blocking layers in photocatalysis, it is critical that any such
layers be deposited selectively on HER sites without affecting
O2 evolution reaction (OER) sites on the photocatalyst.
This work demonstrates the photodeposition and electro-

deposition of SiO2 layers from silicate precursors hydrolyzed in
the presence of TMA that are capable of restricting O2 diffusion
to the underlying HER catalyst surface while allowing for the
conduction of protons and the passage of H2. By exploiting the
concurrent accumulation of electrons on cocatalyst surfaces
during OH−-generating reduction reactions,35 SiO2 was
selectively photodeposited on HER sites, which in the absence
of protective layers would also serve as H2/O2 recombination
sites. TMA is already used as a SDA in the synthesis of SiO2-
containing microporous materials, such as zeolites.36−38

Theoretical and experimental evidence suggest that TMA is
responsible for directing the formation of ring structures that
eventually compose the pores of the final material.39−42

Although zeolite synthesis utilizes high temperature conditions
to generate crystalline macromolecules, we demonstrate here
that the structures that form over the course of the initial acidic
hydrolysis process in the absence of heat can be harnessed to
form microporous layers that restrict O2 diffusion, and
therefore, H2/O2 recombination.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. SrCl2·6H2O

(99.995%), Na2PtCl6·6H2O (98%), tetramethylammonium
bromide (TMAB, ≥98%), NaNO3 (99.995%), KClO4
(99.99%), H3PO4 (99.999%), HClO4 (99.999%), KOH (ACS
reagent grade, ≥ 85%), 0.1 M K4Fe(CN)6 (≥99%), KH2PO4
(≥99.995%), K2HPO4 (≥99.999%), methanol (≥99.8%), and
HCl-ethanol solution (for GC derivatization) were acquired
from Sigma-Aldrich. Tetraethylorthosilicate (TEOS, analytical
grade) was acquired from Sinopharm Chemical Reagent Co.,
Ltd. Absolute ethanol was acquired from VWR Chemicals.
Nanosized SrTiO3 was acquired from Wako Pure Chemical
Industries. 37% HCl (TraceMetal grade) and KCl (ACS
reagent grade) were acquired from Fisher Chemicals. Electro-
chemical supplies (reference electrodes, scrub pads, cleaning
solutions, and rotating disc electrodes (RDEs)) were acquired
from BAS, Inc.
Photocatalysis. Flux-treated SrTiO3 was prepared as

previously described.43 In an agate mortar, 2 g of nano-
SrTiO3 and 8.6 g of SrCl2·6H2O were mixed and ground for 1

h. The flux was loaded into alumina crucibles and heated at
1000 °C for 10 h with a ramp rate of 10 °C min−1 and cooled
to room temperature naturally. Pt/SrTiO3 was prepared by
dissolving 7 mg of Na2PtCl6·6H2O in 10 mL of deionized water
and adding 200 mg of the prepared SrTiO3. The resulting slurry
was stirred while heating in a water bath at 80 °C until dry, after
which it was further dried at 110 °C for 15 min. Next, the
sample was placed in a muffle furnace and heated at 300 °C for
1 h. The SiO2 photodeposition solution was prepared by mixing
2.62 g of TMAB, 425 mg of NaNO3, 50 mL of deionized water,
and 50 mL of ethanol, to which 7.6 mL of TEOS was added
after TMAB and NaNO3 had dissolved. The pH of the solution
was adjusted to 3 with 0.1 M HCl, after which the solution was
left stirring for 2.25 h. At this point, Pt/SrTiO3 (50 mg) was
added, and the solution was alternately stirred and sonicated for
short periods of time (1 min) until homogeneity was achieved.
The mixture was placed in a recirculating batch reactor and
irradiated with a 300 W Xe lamp (CM 2.5) for 30 min. After
irradiation, the powder was collected by centrifugation at 5000g
and washed with ethanol for three repetitions before being
dried at 110 °C for 16 h. For photocatalytic testing, 50 mg of
the semiconductor powder was sonicated in 100 mL of
deionized water, 0.1 M KClO4 adjusted to pH 2, or 10% v/v
methanol in water and placed inside the reactor. The solution
was then irradiated with a 300 W Xe lamp (full arc). Quantum
efficiency testing was performed with a selective 347 nm filter.
Data were collected using a Bruker 450-GC equipped with a
thermal conductivity detector, 13× molecular sieves, and an Ar
gas flow.

Electrochemistry. All electrochemical experiments were
carried out using a VMP3 Multichannel Potentiostat (Bio-
Logic, France) at room temperature. Hg/Hg2SO4 (saturated
K2SO4) calibrated to the standard hydrogen electrode was used
as the reference electrode. Pt RDEs or Pt sputtered on Si with a
Ti adhesion layer were used as working electrodes, and Pt wire
was used as the counter electrode. The RDEs were polished
with 1 μm diamond and 0.05 μm alumina colloid solutions and
scrub pads. The electrodes were then cleaned by applying 2.0 V
vs RHE in 1 M HClO4 for 5 min followed by cyclic
voltammetry between +2.0 and −0.1 V vs RHE at a scan rate
of 200 mV s−1 until stabilization. For film preparation, 2.5 mL
of 0.1 M NaNO3 and 2.5 mL of ethanol were mixed with 131
mg of TMAB, after which 0.38 mL of TEOS was added. The
pH of the solution was adjusted to 3 and left stirring for 2.5 h.
Deposition was then carried out by applying −0.75 mA cm−2

for 13−20 s to a freshly cleaned RDE immersed in the solution
in a three-electrode configuration. The deposition time was 13 s
for electrochemical characterization, 15 s for cross-section
imaging, and 20 s for thick films. The electrode was quickly
removed from the solution, washed with ethanol, and dried at
110 °C for 16 h, although the drying time was varied, as
discussed in the text. For the late addition films, a precursor
solution was prepared without the addition of TMA; after 2.5 h
of hydrolysis, TMA was added, dissolved, and immediately used
(<5 min) for electrodeposition. For an acid-wash control
experiment, a RDE with film was suspended in a 0.1 M HCl/
ethanol solution heated to 78 °C for 1 h. Electrochemical
testing was carried out in 0.1 M potassium phosphate (pH 7),
0.1 M H3PO4 adjusted to pH 2 with KOH, 0.1 M K4Fe(CN)6,
or 0.1 M HClO4 with the appropriate bubbling gas (Ar, O2, or
H2), and a rotation speed of 1600 rpm. For voltammetry, the
scan rate was 25 mV s−1. For Tafel experiments, the step time
was 30 s. Electrodes were cycled once between 1.4 V vs RHE
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and −0.1 V vs RHE for stabilization; cycling was performed to
destroy any potential TMA on the surface of the electrode.44

For the rotating ring disc electrode (RRDE) experiments, SiO2
films were deposited on the inner disc of a Pt RRDE with an
inner disc radius of 2 mm and an outer ring width of 1 mm.
During testing, the potential was held at 1.3 V vs RHE.
Electron Microscopy. Transmission electron microscopy

(TEM) was performed on either a FEI Titan 80-300 CT at 300
kV equipped with a Gatan Image Filter (model GIF-Quantum
966) and electron energy loss spectroscopy (EELS) or a FEI
Tecnai Twin G2 Spirit TWIN at 120 kV. High angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) was performed on a FEI Themis TEM equipped with
EELS. Cross sections of the SiO2 layers were prepared by a
Helios 400S focused ion beam (FIB)/scanning electron
microscope (SEM) dual-beam system with a Ga+ ion source.
Ir contrast layers were deposited on the sample, followed by in-
scope deposition of C and Pt for contrast and protection. The
sample was thinned to a thickness of 80 nm using gradually
reduced ion beam energies to 5 keV.
Other Characterization. Diffuse reflectance infrared Four-

ier transform spectroscopy (DRIFTS) was carried out on a
Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific)
with a Harrick Praying Mantis diffuse reflection accessory and a
mercury cadmium telluride (MCT) detector. The optical
velocity was set at 0.63, and the aperture was set to 64. The Pt
RDE was placed directly in the cell. The IR spectrum of TMAB
was collected via a universal attenuated total reflection
accessory on a Spectrum 100 spectrometer (PerkinElmer).
Carbon, hydrogen, and nitrogen (CHN) analysis was carried
out using a Flash 2000 Organic Elemental Analyzer (Thermo
Fisher Scientific). SiO2 powder from films scraped off the Pt-
sputtered electrode on Si was weighed to 5 mg and placed in a
tin capsule (Elantech). Raman spectroscopy was carried out on
a Horiba LabRAM Aramis microscope with an Olympus 100×
lens and a 633 nm He−Ne laser (Melles Griot). The Au RDE
was first cleaned and cycled in 0.1 M KCl to form high surface
area structures for enhanced Raman signals.45 SiO2 films were
then deposited on the Au electrode as discussed above. Au wire
was used as the counter electrode. Spectroscopic measurements
were carried out immediately after deposition. Profilometry was
carried out with a Veeco Dektak 150 Surface Profiler.
Secondary ion mass spectrometry (SIMS) depth profiling
experiments were performed on a dynamic SIMS instrument
(Hiden Analytical) operated under ultrahigh vacuum con-
ditions, typically 10−9 Torr. A continuous Ar+ beam of 2 keV
energy was employed to sputter the surface while the selected
ions were sequentially collected using a MAXIM spectrometer
equipped with a quadrupole analyzer. In order to avoid the
edge effect, the SIMS data were extracted from a small area of
50 × 50 μm2 centered in the middle of the sputtered area
estimated to be 500 × 500 μm2 using an adequate electronic
gating. An electron beam was also used to eliminate the charge
buildup during the analysis.

■ RESULTS AND DISCUSSION
Photocatalytic Water Splitting on SiO2-Decorated Pt/

SrTiO3. The primary goal of this work was to determine if SiO2
layers capable of blocking H2/O2 recombination could be
photodeposited on Pt cocatalyst nanoparticles that were
attached to photocatalytic SrTiO3 powders. As Pt serves as a
reaction site for both HER as well as the chemical
recombination of H2 and O2 to water, it was preferable that

blocking layers deposit on Pt as opposed to the SrTiO3 surface.
Selective SiO2 deposition on Pt was proposed to be possible
through a mechanism similar to CTAB-based EASA,22 as
illustrated in Scheme 1: first, under irradiation, electron−hole

separation should lead to electron accumulation on Pt,8,35,46

where the subsequent reduction of H2O and NO3
− catalyzed by

Pt should lead to the generation of OH−. The OH− in turn
should hydrolyze the silicate precursors into larger SiO2
particles. Second, the positively charged TMA should create
an association between the negatively charged SiO2 and the
negatively charged Pt nanoparticles. The photodeposition of
SiO2 by this method should be analogous to the electro-
deposition of SiO2 from a solution containing TMA on a flat Pt
electrode. The Pt/SrTiO3 photodeposited with SiO2 in the
presence of TMA will be referred to as “Pt@TMA-SiO2/
SrTiO3”; the SiO2 material itself will be referred to as “TMA-
SiO2”.
As a result of the described photodeposition process, the Pt

nanoparticles on SrTiO3 were observed to be covered by ∼7
nm-thick films of SiO2 when imaged by TEM, forming an
apparent core−shell structure (Figure 1). Thinner layers of
SiO2 were also visible on the surface of the underlying SrTiO3

Scheme 1. Proposed Mechanisms of TMA-SiO2 Layer
Deposition via (a) Photodeposition on the Pt Cocatalyst
Nanoparticles on the SrTiO3 Photocatalyst and (b)
Electrodeposition on a Pt Electrode

Figure 1. Transmission electron micrograph of Pt@TMA-SiO2/
SrTiO3.
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nanoparticle, indicating that SiO2 deposition on the bare
SrTiO3 could not be completely avoided. Composition
mapping of the nanoparticles confirmed that the shell material
was indeed Si-based, uniformly covering the core Pt nano-
particles (Figure S1). Furthermore, the Si EELS signal was
found to be superimposable on the high-z signal corresponding
to Pt; therefore, photodeposition resulted in the formation of
Pt@SiO2 core−shell nanoparticles.
The photodeposition of SiO2 on Pt/SrTiO3 resulted in

significantly improved performance for photocatalytic overall
water splitting compared to the bare Pt/SrTiO3 in pure water,
as shown in Figure 2a. The photodeposition time used (30

min) reflected the time point at which the photocatalyst had
the highest activity without any loss in activity due to
recombination during irradiation (Figure S2). The average
rates of H2 and O2 evolution were 110 and 49 μmol h−1,
respectively, close to the theoretical stoichiometric 2:1 ratio for
overall water splitting. Most importantly, the H2 and O2
concentrations in the reactor remained unchanged over the
subsequent 4 h in the dark, suggesting that H2/O2
recombination did not occur on Pt@TMA-SiO2/SrTiO3. The
quantum efficiency of Pt@TMA-SiO2/SrTiO3 at 347 nm was
22.5%. The photocatalytic performance of Pt@TMA-SiO2/
SrTiO3 was stable for 20 h under irradiation with a 300 W Xe
lamp (Figure S3), demonstrating that the SiO2 layer was stable
for extended periods of time during photocatalysis. In
comparison, bare Pt/SrTiO3 irradiated under the same
conditions exhibited average evolution rates of 29 and 14

μmol h−1 for H2 and O2, respectively, as shown in Figure 2b. In
addition, H2 and O2 were exponentially consumed at a 2:1 ratio
(H2:O2) in dark reaction conditions on bare Pt/SrTiO3,
consistent with thermal H2/O2 recombination to water.
One advantage of using SiO2 as a H2/O2 recombination

blocking layer is the stability of SiO2 in acid, which allows for
acid-stable photocatalysis. In acidic solution (0.1 M KClO4, pH
2), Pt@TMA-SiO2/SrTiO3 exhibited H2 and O2 evolution rates
of 40 and 17 μmol h−1, respectively, with no observed back-
reaction after irradiation was stopped, as shown in Figure 2c. In
comparison, the H2 and O2 evolution rates for bare Pt/SrTiO3
were 25 and 12 μmol h−1, respectively, as shown in Figure 2d.
Moreover, after irradiation was stopped, H2/O2 recombination
was observed on the bare sample, as more than half of
photogenerated H2 and O2 were lost within 4 h. Based on the
rapid consumption rates of H2 and O2 in the dark, concurrent
H2/O2 recombination, even under illumination, was one of the
primary sources of rate loss on the bare Pt/SrTiO3 in both
neutral and acidic conditions. Still, the water splitting activity
observed in acidic conditions was much poorer than that
observed for pure water. Based on the improvements in
photocatalytic activity observed when SrTiO3 is treated in
alkaline compared to neutral conditions, it is likely that SrTiO3
has poor surface energetics for water splitting in acidic
conditions.47 However, TMA-SiO2 would not be an effective
or stable blocking layer in alkaline conditions due to the native
instability of SiO2 at high pH, where SrTiO3 can still serve as a
functional photocatalyst.11

The vastly improved water splitting rates of Pt@TMA-SiO2/
SrTiO3 over bare Pt/SrTiO3 were observed despite the
potential loss of O2 evolution sites on SrTiO3 due to SiO2
coverage. To determine the extent of coverage of SrTiO3 by
SiO2, the rate of H2 evolution during photocatalytic methanol
oxidation on Pt@TMA-SiO2/SrTiO3 was compared to that of
bare Pt/SrTiO3, as shown in Figure 3. Since short-chain

alcohols (methanol and ethanol) are preferentially oxidized
over water during photocatalysis,48 the blocking of oxidation
sites would either result in a reduction in the H2 evolution rate
or in the case of more extensive blocking, complete water
splitting due to the larger size of methanol compared to
water.13 The observed H2 evolution rate of Pt@TMA-SiO2/
SrTiO3 was 143 μmol h−1 under methanol oxidation
conditions, corresponding to 33% of the H2 produced by
bare Pt/SrTiO3 under the same conditions (415 μmol h

−1). O2

Figure 2. Time courses of gas evolution of Pt@TMA-SiO2/SrTiO3
during and after irradiation (300 W Xe arc lamp) in (a) H2O at pH 7
and (c) 0.1 M KClO4 at pH 2. Time courses of gas evolution of bare
Pt/SrTiO3 during and after irradiation in (b) H2O at pH 7 and (d) 0.1
M KClO4 at pH 2. Squares, H2; circles, O2.

Figure 3. Time courses of gas evolution of Pt@TMA-SiO2/SrTiO3 (a)
and bare Pt/SrTiO3 (b) during irradiation (300 W Xe arc lamp) in
10% v/v methanol in water. Squares, H2; circles, O2.
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evolution (e.g., complete water splitting) was negligible during
methanol oxidation, confirming that a significant portion of the
SrTiO3 surface remained uncovered by SiO2 in Pt@TMA-
SiO2/SrTiO3. Despite the partial coverage of SrTiO3 by SiO2,
Pt/SrTiO3 immersed in the TMA-SiO2 deposition solution
without illumination exhibited a H2 evolution rate of 228 μmol
h−1 in the methanol solution, corresponding to 45% of the H2
evolution activity of bare Pt/SrTiO3 (Figure S4). Therefore, the
nonselective deposition of SiO2 through an adsorption-based
process accounted for the majority of the obstruction of the
SrTiO3 surface. The Pt/SrTiO3 decorated with SiO2 without
irradiation also exhibited both poorer overall water splitting
activity in pure water compared to photodeposited Pt@TMA-
SiO2/SrTiO3 as well as H2/O2 recombination in the dark
(Figure S5). Therefore, the Pt surface was not completely
covered through adsorption without irradiation, and photo-
deposition was required to selectively deposit SiO2 on Pt.
Similarly, Pt/SrTiO3 irradiated in the SiO2 precursor solution in
the absence of TMA exhibited minimal difference in water
splitting activity compared to bare Pt/SrTiO3, demonstrating
that TMA was a critical component for the successful
photodeposition of SiO2 on the Pt nanoparticles on SrTiO3
(Figure S6).
In summary, SiO2 layers capable of blocking H2/O2

recombination were photodeposited on Pt nanoparticles on
SrTiO3, resulting in improved photocatalytic water splitting
activity and suppressed H2/O2 recombination. Effective block-
ing layers were only deposited under irradiation in the presence
of TMA, reflective of the proposed deposition mechanism and
in contrast to other blocking layers that are formed by direct
reduction on Pt surfaces.10,12−14 Although direct comparison is
difficult due to differences in testing methods and cocatalyst
materials, Pt@TMA-SiO2/SrTiO3 with a H2 evolution rate of
2.2 μmol h−1 mg−1 under these conditions (300 W Xe arc lamp,
pure water) is comparable to Rh/SrTiO3 protected by
transition metal oxide layers reported by Takata et al., which
exhibited H2 evolution rates between ∼2−4 μmol h−1 mg−1.13

Pt@TMA-SiO2/SrTiO3 also exhibits a quantum efficiency
(22.5% @ 347 nm) comparable to the maximum reported
quantum efficiency for a SrTiO3-based material impregnated
with Rh/Cr2O3 at a similar UV wavelength (30% @ 360 nm),
suggesting that the TMA-SiO2 layers are comparable to the
benchmark Cr at preventing H2/O2 recombination.44 Finally,
the improvement in activity resulted in spite of the unavoidable
adsorption of SiO2 on SrTiO3, reflecting the importance of
blocking H2/O2 recombination. Still, understanding the
mechanism of blocking proved difficult in the photocatalyst
system, requiring the use of a model electrochemical system for
functional studies.
Structures of the SiO2 Films Deposited with TMA.

Since the photodeposition of TMA-SiO2 was analogous to
CTAB-based EASA, TMA-SiO2 layers could also be electro-
deposited, allowing for more detailed characterization. For
structural characterization, TMA-SiO2 electrodeposited on a flat
Pt/Si electrode was sectioned using FIB. Based on electron
microscopy of the resulting section, a 15 s electrodeposition
period at −0.75 mA cm−2 resulted in a ∼25 nm film of TMA-
SiO2 on the sputtered Pt electrode, as shown in Figure 4a. The
film was composed of irregularly shaped contrast features
typically ∼0.3 nm in size (upper inset), which is on the same
order of size as the crystal grains present in the substrate and
contrast layers. However, unlike the crystal grains, the TMA-
SiO2 film had an amorphous structure with no regular structural

patterns, as determined by nanobeam diffraction (lower inset).
In contrast, TMA-containing SiO2 materials produced via both
hydrothermal synthesis and CTAB-EASA have ordered
diffraction patterns as a result of their systematic pores.22,39

The successful electrodeposition of films from the TMA-SiO2
precursor solution contrasted with the poorly adherent films
deposited in the absence of TMA (Figure S7), confirming the
necessity of quaternary ammonium molecules for conformal
film deposition. In EASA, the quaternary ammonium CTAB
constitutes part of the final film structure through its role as a
template molecule for mesochannels.22−24 To determine if
TMA was present in the TMA-SiO2 film, CHN analysis was
carried out on films desorbed from the sputtered Pt electrodes.
The film was confirmed to contain 7.6% C, 2.7% H, and 2.2%
N for a total CHN mass percent of 12.5%, as shown in Table 1.
The molar ratio of the measured C:H:N was 4.0:17.0:1.0,
similar to that of pristine TMA (4:12:1), indicating that almost

Figure 4. Electron micrograph studies of a TMA-SiO2/Pt/Si FIB
section. (a) FIB cross-section of TMA-SiO2/Pt/Si. Center inset, close
up of TMA-SiO2 layer with pores marked in red. Lower right inset,
nanobeam diffraction pattern of TMA-SiO2 layer. (b) EELS
composition maps of TMA-SiO2 FIB section for Si (green), O
(blue), and C (red). (c) Line scan of C composition across the
denoted line. Visual aid (red dotted line) is provided for reference.

Table 1. CHN Composition Data of the TMA-SiO2 Film
Compared to the Ideal Composition Assuming All N Is from
TMA

material/mass % C H N total CHN

TMA-SiO2 7.6% 2.7% 2.2% 12.5%
ideal TMA-SiO2

a 7.2% 1.8% 2.2% 11.2%

aNormalized to N.
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all of the C and H present could be attributed to TMA, with the
extra H likely arising from adsorbed water. Assuming that the
non-CHN component of the film was SiO2, the molar ratio of
SiO2 to TMA in the film was 9.6:1, compared to the ratio of 2:1
in the precursor solution.
To examine the distribution of TMA throughout the film,

EELS spectra were collected while imaging the FIB section, as
shown in Figure 4b. The molar concentration of N was too low
to be detected via EELS (<5%); therefore, C was used as a
proxy indicator of the TMA concentration. Based on the line
scans of the section for C, TMA was uniformly distributed
throughout the film, suggesting that the mechanism of TMA
deposition did not change during the deposition process. The
presence of Si and O also did not display any obvious spatial
variations, confirming the formation of a uniform film.
Electrochemical Characterization of TMA-SiO2 for O2

Blocking. To examine the origin of the H2/O2 recombination
blocking, the O2 permeability of TMA-SiO2 was studied using
the O2 reduction reaction (ORR) as a proxy reaction. TMA-
SiO2 films of various thicknesses (16−50 nm) were deposited
on Pt RDEs by controlling the deposition time (Figure S9);
thinner films were difficult to deposit consistently. Despite the
variation in thickness, the ORR activity on TMA-SiO2/Pt
remained suppressed compared to bare Pt (<20%), suggesting
that H2/O2 recombination blocking arose from the blocking of
O2 passage through TMA-SiO2. Indeed, more than thickness,
the extent of drying after SiO2 deposition was a greater
determinant of ORR blocking. When the TMA-SiO2 films (16
nm) were dried at 110 °C for 16 h, as in the procedure used for
the Pt/SrTiO3 photocatalyst, the ORR limiting current density
(jlim) at 0.3 V vs RHE was −0.8 mA cm−2, compared to −5.3
mA cm−2 for bare Pt, as shown in Figure 5a. In contrast, for the
TMA-SiO2 films tested for ORR immediately after electro-
deposition (“undried”), the jlim of the ORR was −5.0 mA cm−2,

reflecting a nearly complete absence of O2 blocking.
Intermediate drying times of 15 min and 1 h yielded ORR
jlim values of −1.8 mA cm−2 and −1.1 mA cm−2, respectively.
Therefore, O2 blocking required drying; however, the effect of
drying occurred quickly, as 76% of the total ORR activity that
could be suppressed after 16 h of drying was lost within 15 min
of drying at 110 °C. Critically, the onsets and slopes of the
HER cathodic currents at potentials more negative than 0 V vs
RHE remained largely unaffected by the presence of the TMA-
SiO2 films, suggesting that the films did not inhibit HER (vide
infra).
The TMA-SiO2 films exhibited rotation speed-dependent

ORR behavior (Figure S10), making it possible to study the
films following a Koutecky−Levich analysis for nonreactive thin
films,49 as shown in Figure 5b. Under diffusion-limiting
conditions, the relationship between the Koutecky−Levich
plots of the bare and film-covered electrodes can be described
by eq 1:

= + +
j j j j
1 1 1 1

lim L m k (1)

where jlim and jL are the diffusion-limiting current densities of
the film-coated electrode and the bare electrode (the Levich
current), respectively, jk is the kinetic current density, and jm
represents the contribution of the nonreactive membrane. The
value of jm is given by eq 2:

=j
nFC D

dm
f f

(2)

where d is the thickness of the film, n is the number of electrons
transferred, F is Faraday’s constant, and Cf and Df are the
solubility and the diffusion coefficient of O2 through the film,
respectively. At infinite rotation speed (e.g., the y-intercept of a
Koutecky−Levich plot), the reciprocals of jL and jk become
negligible so that jm can be isolated, allowing for the calculation
of the combined diffusion term CfDf. During the initial 15 min
drying period, CfDf fell rapidly from 6.3 × 10−12 mol cm−1 s−1

to 1.4 × 10−14 mol cm−1 s−1, as shown in Table 2. The CfDf

values continued to decrease with increased drying time,
reaching 7.3 × 10−15 and 4.9 × 10−15 mol cm−1 s−1 after 1 and
16 h of drying, respectively. For comparison, ion exchange
membranes have typical CfDf values for O2 in the range of 10

−11

to 10−13 mol cm−1 s−1.50,51

To examine how drying improved blocking, DRIFTS was
performed on the SiO2 films deposited on Pt RDEs with
different drying times, as shown in Figure 5c. The most
significant differences between the spectra occurred in the
−OH region at 3500 cm−1, which decreased in intensity upon
drying for 15 min but did not change significantly thereafter.
Since complete SiO2 dehydration is slow at low temperatures,
this slight loss in the peak intensity at 3500 cm−1 was attributed
to the loss of loosely bound solvent (water and ethanol).52 All
spectra shared common, unchanging features, including a

Figure 5. Effects of drying time on the ORR for TMA-SiO2 films
deposited on Pt RDEs. (a) Cathodic sweep voltammograms (25 mV
s−1, 0.1 M potassium phosphate (pH 7), bubbling O2, 1600 rpm
rotation speed), (b) Koutecky−Levich plots, (c) DRIFTS data, and
(d) thicknesses of the TMA-SiO2 films dried for different periods of
time (undried, 15 min, 1 h, and 16 h). The cathodic sweep values used
to generate the Koutecky−Levich plots are labeled (jlim for TMA-SiO2
films, jL for Pt). The Koutecky−Levich plot intercepts were used to
calculate the CfDf values, as noted in the text.

Table 2. CfDf Values for O2 in TMA-SiO2 Films Dried for
Different Periods of Time

drying time CfDf/(mol cm−1 s−1)

0 6.3 × 10−12

15 min 1.4 × 10−14

1 h 7.3 × 10−15

16 h 4.9 × 10−15
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strongly absorbing peak between 1000 and 1300 cm−1, a small
peak at 810 cm−1 (both corresponding to SiO2), and a TMA
peak at 1488 cm−1, which could be confirmed by FTIR analysis
of the TMAB powder (Figure S11). A second TMA peak
coincided with a Si−OH peak at 948 cm−1, making this peak
unreliable for study; however, as the 1488 cm−1 peak did not
change throughout the drying process, TMA was stable during
the drying, and the changes in the 948 cm−1 peak arose from
the loss of hydrogen bonding between the solvent and silanols
upon drying.
The presence of solvent in a SiO2 film should result in

swelling; therefore, the film thicknesses were measured using
profilometry. Freshly deposited undried films were found to be
29 nm thick, shrinking to 16 nm after 15 min of drying, as
shown in Figure 5d. However, no further change was observed
with additional drying time. Combined, these data suggest that
the initially deposited films are swollen with solvent, allowing
the passage of O2 molecules; the removal of solvent leads to
film densification and diffusion restriction. Further minor
improvements in ORR blocking activity over the remaining
drying time likely arise from subsequent silanol cross-linking.
Origin of Gas Permeability. The requirement of heating

to form a proper O2 blocking layer through SiO2 densification
suggests that TMA-SiO2 blocks the movement of O2 in a
physical, pore-based manner. In comparison, Group VI
transition metal (Cr and Mo) oxide layers inhibit electro-
chemical activity through nearly monolayer active regions.10,12

If pore-based diffusion is the main mechanism of molecular
passage through TMA-SiO2, the redox activities of molecules
with different sizes should demonstrate an increasing trend in
activity as the size of the molecule is reduced. Therefore, the
activities of the H2 oxidation reaction (HOR) and ferricyanide
reduction were compared to the ORR, as summarized in Figure
6a (example data in Figure S12). The TMA-SiO2-coated
electrodes blocked 95% of ferricyanide oxidation, 86% of the
ORR, and 43% of the HOR, suggesting that size-selective pores
were responsible for establishing the observed blocking
behavior.
TMA plays an important role in the formation of silicate ring

structures during hydrolysis, even in the absence of the high
temperatures typically utilized for hydrothermal zeolite syn-
thesis.41 To examine the possibility that the ring structures
formed during hydrolysis were responsible for inhibiting
diffusion, films were electrodeposited from a silicate precursor
solution where TMA was added immediately before electro-
deposition to prevent extensive ring formation (late addition-

TMA-SiO2, or “LA-TMA-SiO2”). The LA-TMA-SiO2 films
blocked 95% of ferricyanide oxidation, 95% of ORR, and 78%
of HOR compared to bare Pt, which is substantially more than
the TMA-SiO2 films of the same thicknesses. Even thicker
TMA-SiO2 films (>50 nm) were unable to reach the H2
blocking levels of LA-TMA-SiO2 (Figure S13), suggesting
that TMA-SiO2 films contain structures formed during the
hydrolysis process that are responsible for establishing porosity.
The mechanism of molecular transport through the film was
further examined via the kinetic order of the HOR. When the
limiting current of the HOR was plotted against the H2
pressure on a log−log plot (Figure 6b), the slope of the
resulting line was 1.01, which is close to that of bare Pt (1.08)
and is indicative of first-order kinetics, e.g., molecular diffusion.
The passage of H2 molecules through TMA-SiO2 therefore
appeared to be a physical process.
To understand the microstructure of TMA-SiO2, the Raman

spectra of TMA-SiO2, LA-TMA-SiO2, and TMA-free SiO2
layers on electrochemically roughened Au were compared.46,53

The primary difference between the Raman spectra of TMA-
SiO2 and LA-TMA-SiO2 was the presence of a strong peak at
300 cm−1 in TMA-SiO2, which was absent in LA-TMA-SiO2, as
shown in Figure 6c. This peak corresponds to the presence of
6-membered rings,54,55 which have diameters of approximately
0.3 nm,56 similar to the size of the features observed in Figure
4. The remaining portion of the Raman spectra between 400
and 700 cm−1 was shared between TMA-SiO2, LA-TMA-SiO2,
and TMA-free SiO2, which appeared to arise from the presence
of smaller 4- and 5-membered ring structures that could form
even in the absence of TMA.54 Interestingly, the presence of 6-
member rings appeared to be necessary to allow for H2
diffusion, suggesting that these rings are the building blocks
of the observed pores in TMA-SiO2. Smaller rings, present in
both systems, inhibit H2 diffusion,

56,57 explaining the poor H2
diffusion of LA-TMA-SiO2 films that do not include 6-member
rings. The late addition of TMA also proved to be an effective
method to deposit dense, conformal SiO2 films; the only
difference in the Raman spectra between TMA-free SiO2 and
LA-TMA-SiO2 was a sharp peak at 750 cm−1 corresponding to
TMA. As the TMA-free sample was left to hydrolyze for 2.5 h,
the similarity between the spectra of LA-TMA-SiO2 and TMA-
free SiO2 suggest that TMA forms the new ring structures over
the course of a 2.5 h hydrolysis and that the late addition of
TMA to the electrodeposition solution did not provide
sufficient time to form larger ring structures.

Figure 6. (a) Remaining limiting current on Pt RDEs after the deposition of SiO2 films measured at a rotation speed of 1600 rpm in 0.1 M potassium
phosphate (pH 7) with either 0.1 M K3Fe(CN)6, bubbling O2, or bubbling H2. (b) log−log plot of H2 pressure vs limiting current density of Pt
electrodes with (squares) and without (circles) TMA-SiO2 films measured in 0.1 M potassium phosphate (pH 7). (c) Raman spectra of TMA-SiO2
(black), LA-TMA-SiO2 (red), and SiO2 (blue) films deposited on electrochemically roughened Au RDE electrodes.
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In zeolite and EASA syntheses, SDA is incorporated into the
final structure and must be extracted to unlock the full porosity
of the material.21,58 In the case of TMA-SiO2, extracting TMA
should yield layers with a greater porosity that would
subsequently have a poorer O2 blocking ability. To determine
if extraction would degrade the extent of O2 blocking, TMA-
SiO2 films dried for 16 h were washed in a SDA extraction
solution (0.1 M HCl/ethanol) for 1 h at 78 °C before testing
for ORR; however, the ORR activity was not restored after the
attempted extraction (Figure S14). Cathodic cycling can also be
used to destroy TMA;45 however, no change in N
concentration was observed between freshly prepared TMA-
SiO2 films and TMA-SiO2 films treated by cathodic cycling as
determined by SIMS (Figure S15). Therefore, the O2 blocking
behavior was confirmed to be robust, likely because of the
inability to extract TMA.
Effect of the TMA-SiO2 Films on HER Activity. Although

the TMA-SiO2 layers were capable of blocking O2-based
reactions, the HER was minimally affected, suggesting that
TMA-SiO2 had good proton transport properties under these
conditions. Similar behavior was observed during the electro-
chemical characterization of Group VI metal oxide layers;10,12

however, proton transport in SiO2 can be variable depending
on the characteristics of the specific material.29−31 For a deeper
understanding of how the TMA-SiO2 films affected H2
evolution, electrochemically active surface area (ECSA) and
kinetic measurements of TMA-SiO2 and LA-TMA-SiO2 films
were compared to bare Pt. Based on cyclic voltammetry in the
hydrogen under potential deposition (HUPD) region in 0.1 M
HClO4, as shown in Figure 7a, the TMA-SiO2 films retained
78% of ECSA compared to bare Pt. The LA-TMA-SiO2 films
had a smaller HUPD peak of only 66% that of bare Pt. Neither
SiO2 system exhibited non-Pt peaks, reflecting the redox-inert
nature of SiO2. Still, in both cases, the formation of Pt−H peaks
suggested that the HER sites were not directly blocked by
TMA-SiO2.
In addition to HUPD, Tafel measurements were used to study

the direct effects of TMA-SiO2 on the HER, as shown in Figure
7b. In 0.1 M phosphoric acid at pH 2, the Tafel plots of TMA-
SiO2/Pt registered a constant 25 mV increase in overpotential
compared to bare Pt across the range of current densities
tested. Meanwhile, the HER overpotentials for LA-TMA-SiO2/
Pt increased from 60 mV at 1 mA cm−2 to 250 mV at 10 mA
cm−2 despite having only a slightly smaller HUPD region than
TMA-SiO2. As observed at pH 2, the HER overpotential of
TMA-SiO2/Pt at pH 7 was ∼25 mV greater compared to bare
Pt across the entire range of current densities tested, as shown

in Figure 7c. However, the shape of the Tafel plot was curved,
reflecting poorer HER kinetics at pH 7 compared to at pH 2.
Meanwhile, the HER overpotentials for LA-TMA-SiO2/Pt
increased from 25 mV at 1 mA cm−2 to 100 mV at 10 mA cm−2.
The values and shapes of the Tafel plots for LA-TMA-SiO2/Pt
were similar in both acidic and neutral environments,
suggesting that LA-TMA-SiO2 blocked the effects of the
increased proton concentration for the HER. Therefore, LA-
TMA-SiO2 could be described as a relatively proton-
impermeable membrane. As porosity was the major difference
between TMA-SiO2 and LA-TMA-SiO2, the Tafel relationships
of the aforementioned films suggested that the pores were
responsible for conferring effective HER activity in TMA-SiO2.
Indeed, pore size is an important factor in determining the
proton conductivity of SiO2.

29 Together with the other
electrochemical activities studied, it is possible to derive a
general set of rules for the movement of molecules through the
TMA-SiO2 membranes described here, as illustrated in Figure
8. TMA-SiO2 behaves as a size-dependent membrane that
effectively blocks the passage of larger molecules such as O2 and

Figure 7. (a) ECSA measurements of TMA-SiO2, LA-TMA-SiO2, and bare Pt measured in 0.1 M HClO4 with the HUPD region highlighted. (b and c)
Tafel plots of the HER for TMA-SiO2 and LA-TMA-SiO2 compared to Pt in (b) 0.1 M H3PO4 at pH 2 and (c) 0.1 M potassium phosphate at pH 7.

Figure 8. Summarized blocking rules for TMA-SiO2 and LA-TMA-
SiO2 films. Sizes of molecules based on Stokes radii. Size of H+ not to
scale.
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ferricyanide while allowing smaller molecules such as H2 to pass
through; the pore size of TMA-SiO2 is also ideal for proton
conduction. In contrast, LA-TMA-SiO2 has almost no func-
tional porosity at all, severely inhibiting not only the passage of
diffusing molecules such as ferricyanide and gases but also
proton conduction.

■ CONCLUSIONS
This work demonstrated the photodeposition and electro-
deposition of SiO2 layers capable of releasing H2 while
restricting O2 diffusion and therefore blocking H2/O2
recombination for successful photocatalytic overall water
splitting. Selective photodeposition was achieved by extending
an EASA-based mechanism for the electrodeposition of SiO2 to
a photocatalytic system. TMA cations played two roles in the
formation of successful blocking layers. First, they bridged the
negative charges between the cathode and silicate, allowing for
the association of two normally repelling species. Second,
during hydrolysis, TMA controlled the hydrolysis of silicate
precursors to form the SiO2 microstructures responsible for
pore formation. Subsequently, TMA-SiO2 appeared to function
as a blocking layer by restricting the diffusion of molecules
based on their sizes. SiO2 is an ideal material for a vast range of
applications because it is nontoxic, acid-tolerant, and
inexpensive. In addition to photocatalysis, thin, conformal
SiO2 layers with strong blocking for O2 and redox species could
prove promising for use in microelectronics and corrosion
prevention.
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