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Photoelectrochemical conversion of solar
energy is explored for many diverse applications but suffers
from poor efficiencies due to limited solar absorption,
inadequate charge carrier separation, redox half-reactions
occurring in close proximity, and/or long ion diffusion
lengths. We have taken a drastically different approach to
the design of photoelectrochemical cells (PECs) to spatially
isolate reaction sites at the nanoscale to different materials
and flow channels, suppressing carrier recombination and
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back-reaction of intermediates while shortening ion diffusion paths and, importantly, avoiding mixed product generation.
We developed massively parallel nano-PECs composed of an array of open-ended carbon nanotubes (CNTs) with
photoanodic reactions occurring on the outer walls, uniformly coated with titanium dioxide (TiO,), and photocathodic
reactions occurring on the inner walls, decorated with platinum (Pt). We verified the redox reaction isolation by
demonstrating selective photodeposition of manganese oxide on the outside and silver on the inside of the TiO,/CNT/Pt
nanotubes. Further, the nano-PECs exhibit improved solar absorption and efficient charge transfer of photogenerated
carriers to their respective redox sites, leading to a 1.8% photon-to-current conversion efficiency (a current density of 4.2
mA/cm®) under white-light irradiation. The design principles demonstrated can be readily adapted to myriads of

photocatalysts for cost-effective solar utilization.

photoelectrochemical cell, photocatalyst, TiO,, carbon nanotubes, water splitting

hotoelectrochemical conversion of solar energy has been

extensively evaluated for energy generation, environ-

mental remediation, and biological applications." In the
most widely explored approach, particulate photocatalysts
composed of metal oxides and noble metals are used, often
supported on carbon allotropes including micrometer-sized
carbon particles, carbon nanotubes (CNTs), and graphene.”” "
Benefits of this approach include relatively low cost for large-
scale production, moderate catalytic surface area, reasonable
charge separation, and negligible ion diffusion distances.'”"
Unfortunately, known photocatalysts are either too costly or
too inefficient due to limited solar absorption, inadequate
charge carrier separation, and redox half-reactions occurring in
close proximity that allow recombination of carriers and
intermediates.”'*">° For hydrogen generation, confinement of
reactions to separate flow channels is advantageous because it
isolates the photogenerated gases and eliminates subsequent
expensive separation steps.'® Consequently, research has
focused on the development of photocatalysts with appropriate
intrinsic electronic structures, or complexed with photo-
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sensitizers, to absorb a significant portion of the solar spectrum
at energy levels appropriate to relevant photochemical reactions
that occur at spatially separate locations. Useful photocatalysts
must also be stable in a broad range of application
environments and amenable to industrial-scale production at
low cost. No known photocatalyst, however, possesses all these
properties simultaneously.' >

An alternate energy conversion approach is to use macroscale
photoelectrochemical cells (PECs), in which the reactions
occur at macroscopically isolated electrodes immersed in an
aqueous electrolyte that is partitioned to isolate the electrodes
and products while the electrodes are connected electrically via
an external circuit.”'~>® Typically, one or both of these
electrodes are photoactive, fabricated by coating conducting
substrates with photocatalysts.”* The thickness of photocatalyst
layers is less than or equal to the diffusion length of
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photogenerated carriers to minimize carrier recombina-
tion.”' ~** Aside from challenges associated with photocatalysts
mentioned above, this class of PECs suffers from unacceptably
high cost or poor overall efficiencies, the latter due to the
limited photocatalyst thickness, poor solar absorption, low
catalytic surface area, and long ion diffusion paths arising from
the large physical separation between the electrodes.”"*
Depositing catalysts directly on opposite sides of a conducting
substrate and imparting nanostructured morphologies to the
catalysts have not significantly improved the photocatalytic
performance of such PECs.”**** Radical improvements in
material properties and design principles that combine the
prime strength of PECs, which is the spatial isolation of redox
half-reactions and products, with benefits of particulate
photocatalysts, especially short ion diffusion lengths and high
catalytic surface area, are needed to realize efficient and
economically competitive photoelectrochemical energy con-
version.

Herein, we report on the fabrication of massively parallel
nano-PECs composed of open-ended CNT arrays with oxide
photocatalysts on the outside and metal cocatalysts on the
inside of each CNT. The nano-PEC design isolates oxidation
and reduction sites on the nanoscale to different materials and
separate flow channels, incorporating the strengths of macro-
scale PECs, while the short ion diffusion distances in the nano-
PEC arrays overcome their geometrical issues. Further, oxide—
CNT bonding offers improved solar absorption and direct
carrier separation, the geometry of individual CNTs leads to
short carrier diffusion lengths, and the massively parallel arrays
lead to very high surface areas and strong overall light
absorption, incorporating attractive features of particulate
catalysts into PECs. We chose titanium dioxide (TiO,) as the
photocatalyst and platinum (Pt) as the cocatalyst in these nano-
PECs because they are widely studied reference materials. We
fabricate nano-PEC arrays using standard solution methods,
characterize their microstructure using electron microscopy and
by measuring their specific surface areas (SSA), evaluate the
nature and number of bonds between TiO, and CNTs with
Raman spectroscopy and XPS, and determine their photo-
electrochemical properties through dye degradation and
photocurrent measurements. Finally, we establish complete
spatial isolation, over the nanoscale, of the oxidation and
reduction reaction sites to separate flow channels by
demonstrating selective photodeposition of manganese oxide
(MnOy) and silver (Ag) outside and inside the TiO,/CNT/Pt
nanotubes, respectively. Our results elucidate the design
principles for nano-PECs that isolate redox reactions at the
nanoscale and govern photoanodic performance in nano-PECs,
leading to one of the best reported photochemical efliciencies
for any photocatalyst and providing a clear path toward their
further optimization.

RESULTS AND DISCUSSION

The major steps in the fabrication of TiO,/CNT/Pt nano-PEC
arrays are schematically shown in Figure 1. Similar routes were
followed to fabricate partial cells, such as TiO,/CNT arrays.
We began by coating the inner walls of the 200 nm diameter
cylindrical pores in anodic aluminum oxide (AAO) membranes
(Figure 1A) with amorphous-TiO,, via slow hydrolysis of
titanijum butoxide (Figure 1B), which was followed by
deposition of a glucose layer on top of TiO, (Figure 1C).
Next, we simultaneously crystallized TiO, and transformed the
glucose layer into CNTs through pyrolysis of the AAO/
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Figure 1. Schematic representation of the fabrication process for
TiO,/CNT/Pt membrane based nano-PEC arrays. (A) Anodized
aluminum oxide (AAO) membranes with cylindrical pores of
diameter ~200 nm were used as a scaffold to synthesize coaxial (B)
TiO, nanotubes on the outer wall of (C) CNTs. (D) Pt
nanoparticles were then deposited on the inside of the interior
wall of the CNTs. (E) AAO/TiO,/CNT/Pt membrane structures
were then attached either to a glass substrate using double-sided
tape for experiments involving photodegradation of methylene blue
dyes or to a copper foil using silver paste for photocurrent
measurements. Finally, AAO was dissolved away to obtain the
TiO,/CNT/Pt membrane based nano-PEC arrays.

amorphous-TiO,/glucose composites at 600 °C in argon. We
then synthesized Pt nanoparticles inside the CNTs via
reduction of hexachloroplatinic acid (Figure 1D). Finally,
AAO was dissolved away using sodium hydroxide to obtain
TiO,/CNT/Pt membranes (Figure 1E) with photocatalysts
TiO, spatially isolated from cocatalysts Pt at the nanoscale and
connected via electrically conducting CNTs. These membranes
have a density of ~43.2 mg/mL with a TiO,:CNT:Pt mass
ratio of 90:7.5:2.5, which we corroborated by measuring the
TiO,:CNT mass ratio in TiO,/CNT membranes, in which case
the ratio was 92:8, using a thermal gravimetric analysis (TGA)
technique (Figure S1).

We characterized the microstructure of the TiO,/CNT/Pt
membranes using scanning and transmission electron micros-
copy imaging (SEM and TEM, respectively) and by measuring
the SSA and the pore size distributions using Brunauer—
Emmet—Teller (BET) and Barrett—Joyner—Halenda (BJH)
methods.”** High-resolution SEM images show that the nano-
PEC arrays indeed have a membrane like structure composed
of tubes with highly uniform diameters of ~200 nm (Figure
2A). Conventional-resolution TEM images confirm the average
diameter of the tubes and further show uniform ~10 nm thick
TiO, on the outside and sparsely distributed ~5 nm Pt
nanoparticles on the inside of the innermost walls of CNTs
(Figure 2B and its inset). High-resolution TEM images of a
TiO,/CNT/Pt nanotube corroborate the Pt nanoparticle sizes
and TiO, thickness (Figure 2C and Figure S2), and
corresponding diffraction patterns show that TiO, is anatase
(inset of Figure 2C). Finally, the images also show that the
CNTs had 3—5 walls with reasonable graphitic structure
(Figure 2C), but the walls are not continuous, concentric
graphene sheets that are typical of multiwall CNTs. The TiO,/
CNT membranes possess an SSA of 40 m*/g, calculated from
measured adsorption data shown in Figure S3A, with nearly all
pores having diameters of <3.5 nm (Figure S3B), likely a
measure of the roughness of the outer surface of TiO, and the
innermost wall of CNTs because the measurement is not
capable of identifying the TiO,/CNT nanotube diameter.

Because the TiO,—CNT heterojunction affects carrier
transfer and solar absorption, and defects in CNTs impact
carrier transport, we characterized interactions between TiO,

DOI: 10.1021/acsnano.6b08387
ACS Nano 2017, 11, 2150-2159


http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b08387/suppl_file/nn6b08387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b08387/suppl_file/nn6b08387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b08387/suppl_file/nn6b08387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b08387/suppl_file/nn6b08387_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b08387

ACS Nano

Figure 2. Morphology and microstructure of TiO,/CNT/Pt nano-PEC arrays. (A) SEM images confirm that the nano-PECs indeed have a
membrane geometry composed of nanotubular arrays. (B) Conventional-resolution TEM images show that each nanotube consists of a CNT
with the outer wall coated with ~10 nm thick TiO, (shown in inset) and sparsely distributed Pt nanoparticles on the interior wall. (C) High-
resolution TEM imaging of the TiO, layer and a corresponding diffraction pattern show that TiO, is anatase. Additionally, the TEM images
show that the CNT walls have 3—5 graphene layers and Pt nanoparticles have diameters of ~5 nm. Note that the graphene layers are not

continuous and concentric, which are typical of multiwall CNTs.

and CNTs as well as the structural integrity of CNTs in the
TiO,/CNT/Pt membranes using Raman spectroscopy (Figure
3) and compared them with anatase-TiO, membranes. The
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Figure 3. Raman spectra from TiO,/CNT/Pt and anatase-TiO,
membranes.

anatase-TiO, membranes were fabricated using the same AAO
scaffolds and chemical reagents with identical reagent
concentrations and reaction conditions with those used to
synthesize TiO,/CNT/Pt membranes. However, the anatase-
TiO, membranes were annealed at 450 °C in air, because we
found that amorphous-TiO,, without being confined between
CNTs and AAOQ, transformed into a mixture of anatase and
rutile crystalline phases when heated to 600 °C in air. The
Raman spectra from TiO,/CNT membranes display distinct
features associated with anatase-TiO, as well as CNTs. The
characteristic E, mode associated with anatase-TiO, is blue-
shifted by 7 cm™' from 144 cm™ for anatase-TiO, membranes
to 151 em™ for TiO,/CNT/Pt membranes, indicating strong
interactions between TiO, and CNTs, presumably at the
interface.”” The Raman intensity ratio I/I; between the CNT

D-band at ~1320 cm™ and the G-band at ~1580 cm™
characterizes structural defects in CNTs, with values of ~0.1
signifying highly defect-free CNTs and >1 indicating
substantially defective CNTs.'>*" Note, the D-band character-
izes the sp>-hybridized carbon, and the G-band quantifies the
sp>-hybridized carbon in CNTs.* The Ip/I; for the TiO,/
CNT membrane is 1.34, indicating that CNTs have extensive
defects, likely because the 600 °C pyrolysis temperature was
well below the more suitable 800—950 °C that yields highly
graphitic structures from glucose.” Removal of these defects
provides a straightforward path for improving photocatalytic
performance of TiO,/CNT/Pt membranes.

We further evaluated TiO,—CNT heterojunctions by
examining bonding interactions between TiO, and CNTs by
analyzing the carbon (C) 1s, titanium (Ti) 2p, and oxygen (O)
Is core level spectra measured using X-ray photoelectron
spectroscopy (XPS). Deconvolving of the C 1s spectrum leads
to five peaks with two dominant peaks at 283.6 and 284.7 eV
arising from the C=C and the C—C bonds of the CNTs,
respectively (Figure 4A). The third largest peak at 286.6 eV
represents C—O bonds, suggesting that oxygen from some
TiO, formed bonds with CNTs and/or the presence of CO
groups at defects on CNTs. The last two peaks at 282.0 and
288.5 eV are respectively from Ti—C and Ti—O—C bonds,
further validating that bonding occurs between TiO, and
CNTs. Signatures of these bonds are present in the
deconvolved Ti 2p spectrum (Figure 4B). The primary 2p;,
and 2p, /, peaks at 458.4 and 464.1 eV, respectively, result from
the Ti—O (Ti*") bonds. Peaks associated with Ti—C bonds are
located at 459.8 and 465.5 eV, while peaks related to Ti—O—C
bonds are observed at 457.6 and 462.2 eV. Finally, the O 1s
spectrum can be fitted into two peaks at 530.8 and 532.6 eV
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Figure 4. XPS spectra from TiO,/CNT membranes for (A) C 1s, (B) Ti 2p, and (C) O 1s strongly suggest Ti—C and Ti—O—C bonds between

TiO, and CNTs.
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that can be attributed to Ti—O and C—O bonds, respectively
(Figure 4C). The Ti—C and Ti—O—C bonds between TiO,
and CNTs should facilitate fast electron transfer into CNTs,
leading to a reduction in photogenerated carrier recombination
and an enhancement in photocatalytic efficiency of the TiO,/
CNT/Pt membranes.

Since the Ti—C and Ti—O—C bonds exhibit broad optical
absorbance,” they should also act as visible-light sensitizers for
photoactivity. The optical absorbance properties of the anatase-
TiO,, CNT, and TiO,/CNT membranes, measured using
ultraviolet (UV)—visible reflectance spectroscopy, are shown in
Figure 5. Anatase-TiO, membranes show a significant
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Figure S. Optical absorbance properties of TiO,, CNT, and TiO,/
CNT membranes. (A) Reflectance versus wavelength. (B) Tauc plot
of [F(R)hw]"? versus photon energy (hv) to estimate the band gap
or absorption edge of TiO,/CNT membranes.

reflectance across the visible spectrum, whereas the CNT and
TiO,/CNT membranes show minimal but broad reflectance
over the same range (Figure SA). The band gap and absorption
band edge of materials are often estimated from Tauc plots,
which involve plotting [F(R)hv]'/* versus photon energy (hv)
and are generated from the reflectance measurements.'***
To this end, the Kubelka—Munk function, F(R), was first
calculated from the reflectance (R) using the expression F(R) =
(1 — R)*/2R, and then [F(R)hv]"? was plotted as a function of
hv (Figure 5B).3%%7 Using this method, the band gap of the
anatase-TiO, membranes is observed near the expected value of
~3.2 eV.*® Unfortunately, neither the CN'T membranes nor the
TiO,/CNT membranes show a characteristic band gap or
absorption edge, but rather a broad absorbance in the visible
spectrum. Further, strong light absorbance by CNT's across the
visible range prohibits unambiguous determination of con-
tributions from the Ti—C and Ti—O-—C bonds to the
absorbance characteristics of TiO,/CNT/Pt membranes, but
the photosensitizing effects of these bonds are captured in
visible-light photoactivity described below.

We began evaluation of the photoelectrochemical activity of
TiO,/CNT/Pt membranes by measuring methylene blue dye
photodegradation over time under visible-light irradiation and
by comparing its performance to similar measurements with
dye alone, control samples (TiO,, TiO,/Pt, CNT, CNT/Pt,
and TiO,/CNT membranes), and literature reports. We first
incubated all membranes in dye solution in the dark for dye
adsorption on the membranes to reach equilibrium by
monitoring the minimum elapsed time before the reduction
in dye concentration plateaued, which was ~2 h, as shown in
Figure S4. Then we measured the dye concentration C as a
function of light exposure or reaction time t (Figure SS). A
common method to assess photocatalytic efficacy of PEC
systems is via determination of the degradation rate constant, k,
by plotting In(C/C,) versus t, as shown in Figure 64, and fitting
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Figure 6. Photocatalytic methylene blue dye degradation and
reusability of nano-PEC arrays. (A) Degradation rates and k for
samples containing dye alone as well as membranes of TiO,, TiO,/
Pt, CNT, CNT/Pt, TiO,/CNT, and TiO,/CNT/Pt under visible-
light. (B) To test reusability, TiO,/CNT/Pt membranes were
rinsed in DI water after every 2.5 h of continuous use.

a pseudo-first-order model of the form In(C/C,) = —kt, where
C, is the dye concentration after adsorption equilibration.”™ "
TiO,, TiO,/Pt, CNT, and CNT/Pt membranes show
negligible dye degradation capabilities with k ~ 0 min~},
which is expected because TiO, is only photoactive in UV-light
and CNTs are not known to generate photoactive carriers, even
though they are strong light absorbers. In contrast, TiO,/
CNT/Pt membranes rapidly degrade dye in visible-light with k
~ 7 X 107> min~’, likely because of the photosensitizing effects
from the Ti—C and Ti—O—C bonds that extend carrier
photogeneration in TiO, from UV- to visible-light. Interest-
ingly, even the Pt-free TiO,/CNT membranes degrade dyes
reasonably rapidly, with k & 5 X 107> min~’, likely due to the
large electron-accepting capability of CNTs.

The k value of the TiO,/CNT/Pt membrane is on the low
end of k values when compared with other recently developed
photocatalytic composites containing TiO, or superior photo-
catalysts with larger intrinsic solar absorption bandwidth, which
are presented in Table SI along with relevant experimental
conditions, rate performances, and other characteris-
tics.””''>!15 We point out that k depends on the
dye:photocatalyst molar ratio and can be readily increased by
simply lowering this ratio. The ratios used in other experiments
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are 1—2 orders of magnitude smaller than the ratio used in our
experiments. To overcome this ambiguity, we also determined
the dye decomposition amount by unit mass of the photo-
catalyst per unit time, ie., in units of umol/g/h. Using this
metric, the degradation rates for the TiO,/CNT/Pt and TiO,/
CNT membranes are respectively 140 = 15 and 110 = 8 ymol/
g/h (all other membranes remain at ~0), which are 50% to S
times greater than that of the same comparable composites
(Table S1). Additionally, these membranes can be reused
readily after cleaning by simply rinsing in deionized water.
Under the same experimental conditions, including dye
adsorption—desorption equilibration time, initial dye concen-
tration, and dye:TiO, molar ratio, the degradation rate for
TiO,/CNT/Pt membranes during the first reuse decreases by
~10% and then another ~5% during the second reuse (Figure
6B). We note that the residual dye concentration in the
solution after dye adsorption—desorption (re)equilibration
during the reuse cycles is successively slightly higher than
that from the previous cycle, indicating sequentially lower dye
adsorption, possibly due to incomplete dye removal during
each rinsing cycle. Interestingly, the decrease in the degradation
rates during reuse could be nearly eliminated through vigorous
washing of the membranes. Unfortunately, such washing
structurally damages the membranes including partially break-
ing off pieces of the membranes, which necessitates a reduction
in dye solution volume to maintain the dye:TiO, molar ratio
but in turn affects dye re-equilibration and degradation kinetics.
Nevertheless, this observation corroborates that the decreases
in degradation rates are likely due to incomplete cleaning of the
membranes rather than from catalyst degradation.

These exceptional photodegradation rates are likely a
reflection of the spatial isolation of photocatalysts and
cocatalysts that promote carrier separation as well as reduce
carrier recombination and back-reaction of the intermediates.
We note that Pt addition to the interior walls of CNTs
enhances the visible-light degradation rate only by ~20%, likely
because only the Ti—C and Ti—O—C bonds are active during
dye degradation in the visible-light and CNT's support sufficient
carrier separation and reaction rates. Both k and the
degradation rate of TiO,/CNT/Pt and TiO,/CNT membranes
improve under white-light illumination (Figure S6). Interest-
ingly, the degradation rate for TiO,/CNT/Pt is 2-fold greater
than that of TiO,/CNT under white-light, an observation that
is substantially different from that under visible-light (cf. Figure
6A with Figure S6). This is possibly because both the UV-active
TiO, and visible-light-active Ti—C and Ti—O—C bonds
photogenerate carriers under white-light and incorporation of
Pt nanoparticles on CNTs improves the carrier separation and
reduction reaction rates on the inside of the CNTs.

To evaluate fully their photoelectrochemical performance, we
next characterized the photogenerated current densities of
TiO,/CNT/Pt membranes in a 1 M sodium sulfate (Na,SO,)
aqueous solution at pH 5.9 under both white- and visible-light
illumination. A schematic illustration of the photocurrent
measurement setup is shown in Figure 7A. Note that the inside
of each coaxial TiO,/CNT/Pt nanotube was filled with
poly(vinyl alcohol) (PVA) polymer prior to any photocurrent
measurements to block contact between the electrolyte and the
inner surfaces of CNTs or Pt. A comparison between SEM
images of TiO,/CNT/Pt membranes before (Figure 2A) and
after (Figure S7) filling the nanotubes with PVA polymer show
that PVA successfully filled the nanotubes. Representative
photocurrent density (J) versus potential (V) curves, plotted on
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Figure 7. Photoelectrochemical performance of the nano-PEC
arrays. (A) Schematic illustration of the experimental setup for
photocurrent measurements. (B) AJ—V curves of TiO,/CNT/Pt
nano-PEC arrays measured in 1 M Na,SO, electrolytes at pH 5.9
under white- and visible-light. Each nanotube was filled with
polymer to prevent contact between CNTs or Pt with electrolyte.
(C) Corresponding applied bias photon-to-current efficiency
(ABPE) measured in a three-electrode configuration.

a reversible hydrogen electrode (RHE) scale, are shown in
Figure S8. The TiO,/CNT/Pt membrane generates a
substantial dark current density, likely from CNTs, but it is
significantly smaller than ] under white- and visible-light
illumination. The net photocurrent densities (AJ), determined
by subtracting the dark J values from the illuminated J values,
are given in Figure 7B for the TiO,/CNT /Pt membrane. They
exhibit an onset potential of ~0.3 V versus RHE, for both white-
and visible-light, and generally rise with V up to 1.23 V versus
RHE. TiO,/CNT membranes show comparable AJ—V curves
(Figure S9), whereas TiO,, TiO,/Pt, CNT, and CNT/Pt
membranes show negligible A (Figure S10). Since each coaxial
nanotube was filled with PVA to prevent the inner walls from
coming into contact with the electrolyte and participating in the
cathodic reaction, it is reasonable that the AJ—V curves of
TiO,/CNT/Pt and TiO,/CNT membranes are similar. Visible-
light-generated photocurrent by TiO,/CNT/Pt and TiO,/
CNT membranes is an outcome of the photosensitizing effects
of the Ti—C and Ti—O—C bonds on UV-light-active TiO,.
Furthermore, assuming that TiO, generates carriers under
white-light illumination, the difference in AJ between TiO, and
TiO,/CNT/Pt (or TiO,/CNT) membranes (cf. Figure S10
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with Figure 7B or Figure S9) indicates efficient electron transfer
from TiO, to CNTs via the TiO,—CNT heterojunction,
possibly facilitated by the Ti—C and Ti—O—C bonds, leading
to carrier recombination suppression in TiO,. The absence of a
plateau in AJ—V curves for both TiO,/CNT/Pt and TiO,/
CNT membranes can also originate from the same mechanism.

The applied bias photon-to-current efficiencies (ABPE) of
TiO,/CNT/Pt membranes under white- and visible-light,
calculated from the AJ—V curves, reach 1.8% and 1%, with
corresponding AJ values of 4.2 and 1.7 mA/cm? at 0.8 V versus
RHE, respectively (Figure 7C). These values are 3—50X larger
than other recently developed TiO,-based photocatalytic
composites’~** and 2—6x greater than other leading photo-
catalysts with intrinsic visible-light activity;**** these compar-
isons are tabulated in Table S2. Lastly, AJ, measured at a
constant bias of 0.8 V wversus RHE, of TiO,/CNT/Pt
membranes remains largely unchanged for 4 h (Figure 8),
suggesting structural and functional stability of these mem-
branes and TiO,—CNT heterojunctions.
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Figure 8. Photogenerated current density (AJ) versus time for
TiO,/CNT/Pt membranes under white- and visible-light in 1 M
Na,SO, electrolytes at pH 5.9.

In addition to the exceptional photoelectrochemical perform-
ance, a distinctive feature of the design of our TiO,/CNT/Pt
nano-PEC arrays is the complete spatial isolation of the
oxidation and reduction reaction sites, over the nanoscale, to
separate flow channels. We demonstrated this feature by first
establishing the flow channel isolation and then demonstrating
selective photodeposition of manganese oxide (MnO,) and

silver (Ag) respectively outside and inside the TiO,/CNT/Pt
nanotubes. The nano-PEC arrays show negligible methylene
blue dye degradation rates if AAO is retained (Figure 9A),
which blocks the outer flow channel (TiO,), but the inner flow
channel (CNT/Pt) remains exposed, suggesting that the CNTs
are largely pinhole-free. Note that large quantities of pinholes
would allow access to the TiO, through the inner flow channel.
To identify oxidation reaction sites, we added powdered TiO,/
CNT/Pt membranes in 10 mM manganese sulfate (MnSO,)
solution with 10 mM sodium iodate (NalOj;), which scavenges
electrons, and irradiated the mixture with visible-light for 30
min. Conventional-resolution TEM images of the membranes
show that each TiO,/CNT/Pt nanotube, which has a smooth
outer wall surface, is covered with a thin layer of crystalline
MnO, flakes (¢f. Figure 9B with Figure 2B) that protrude away
from the nanotubes, strongly suggesting that the flakes are on
the outer wall of the nanotubes and that the oxidation reaction
occurred on the TiO, surface. Further, the lattice spacing in
these flakes, determined from the high-resolution TEM images,
is 0.29 nm, which matches well with the MnO, (001) plane
(Figure S11A,B). Energy dispersive X-ray spectroscopy (EDS)-
based elemental analysis shows ~8% Mn after 30 min of
photodeposition, further corroborating the presence of Mn. We
postulate that during visible-light irradiation photogenerated
holes remain on the TiO, and oxidize Mn>" solution species to
insoluble solid products, which deposit on the outer walls, while
electrons transfer to the inside of the TiO,/CNT/Pt nanotubes
and are scavenged by IO;”. The proposed mechanism is
illustrated in Figure 9C.

We similarly verified the location of reduction sites by adding
powdered TiO,/CNT/Pt membranes into a 10 mM silver
nitrate (AgNO;) solution followed by 30 min of visible-light
irradiation. Conventional-resolution TEM images show Ag
nanoparticles, which are ~20 nm in diameter and which appear
only after the photodeposition reaction, are distributed
throughout the inside of the nanotubes. Ag nanoparticles are
easily differentiable from Pt nanoparticles by their size; the Pt
ones are much smaller, with diameters of 3—5 nm (cf. Figure
9D and Figure S11C with Figure 2B and C). The lattice spacing
of these larger nanoparticles, resolved from the high-resolution
TEM images, is 0.24 nm, which is similar to the Ag (111) plane
(Figure S11D). Further, through TEM imaging of the TiO,/
CNT /Pt nanotube wall, we estimate that more than 91% of the
Ag nanoparticles are located on the inner wall of CNTs and
near or next to Pt nanoparticles (Figure SI2A—F), where the
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Figure 9. Verification of complete spatial isolation of oxidation and reduction sites by photodeposition of MnO, and Ag. (A) Photocatalytic
methylene blue dye degradation for samples containing dye alone as well as AAO/TiO,/CNT and AAO/TiO,/CNT/Pt membranes under
visible-light. The negligible dye degradation rates for AAO/TiO,/CNT/Pt and AAO/TiO,/CNT membranes likely originate from exposed
TiO, at the two membrane surfaces that are in contact with the dye solution. (B and D) Conventional-resolution TEM image of MnO, on the
outer wall surface and Ag in the inside of a TiO,/CNT/Pt nanotube, respectively. Schematic illustration of proposed photodeposition

mechanisms of (C) MnO, and (E) Ag.
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reduction reaction likely occurred. A few Ag nanoparticles on
the outside of the nanotubes are likely an artifact of sample
preparation for TEM imaging that involved dispersing TiO,/
CNT/Ag in ethanol using sonication and then spraying onto a
TEM grid. Elemental analysis from EDS measurements shows
~10% Ag inside the TiO,/CNT/Pt nanotubes after 30 min of
photodeposition, further confirming Ag presence. We propose
that during visible-light irradiation photogenerated electrons
transfer to CNTs and/or Pt nanoparticles and reduce Ag" ions
into Ag nanoparticles inside the nanotubes, and the holes are
collected in TiO, and participate in water oxidation on the
outside of the nanotubes, as illustrated in Figure 9E.

CONCLUSIONS

We have successfully fabricated massively parallel nano-PECs
based on open-ended CNT arrays having photocatalysts coated
over the outside wall, where the oxidation reaction occurs, and
cocatalysts decorated onto the inside wall of each CNT, where
reduction reaction occurs. This design scheme overcomes
geometrical issues of macroscale PECs, spatially isolating
oxidation and reduction sites at the nanoscale to different
materials and separate flow channels, which we establish by
selective photodeposition of MnO, on the outside and Ag on
the inside of the TiO,/CNT/Pt nanotubes. Furthermore, the
arrays improve on photocatalyst design, building in strong solar
absorption, direct carrier separation, short diffusion paths, and
high surface areas. The nano-PECs exhibit exceptional
photoelectrochemical performance with an ABPE of 1.8%
(1%), which corresponds to a AJ of 4.2 mA/cm?* (1.7 mA/cm?)
under white-light (visible-light) irradiation, which is among the
highest reported for any photocatalyst. This outstanding
efficiency is achieved using highly defective CNTs, which
hinder carrier transport to the cocatalyst, and a UV-active
photocatalyst (TiO,), which has limited solar absorption.
Furthermore, these PECs have unoptimized interfacial bonding
between the photocatalyst and CNT's that limits carrier transfer
between them and visible-light sensitization of the photo-
catalyst. We believe that these shortcomings could be readily
overcome by combining most highly performing photoanodic
metal oxides, such as bismuth vanadate™ or indium tantalate,*°
or metal oxynitrides with CNT's containing far fewer defects to
vastly improve the photoelectrochemical performance while
avoiding mixed product generation toward cost-effective solar
energy conversion.

METHODS

Fabrication of TiO,/CNT/Pt Membranes. Synthesis of AAO/
Amorphous-TiO, Membranes. To coat uniformly and thinly the inner
wall of the cylindrical pores of AAO membranes with TiO,, we used a
sol—gel method. Titanium butoxide (TBOT) was used as the Ti
precursor and was dissolved in anhydrous ethanol (EtOH) under a
nitrogen atmosphere at a TBOT:EtOH molar ratio of 1:100. The
circular AAO membranes (Whatman) were 25 mm in diameter and 60
pum thick, and the cylindrical pores were 200 nm in diameter. The
AAO membranes were soaked in 2 mL of the TBOT solution, inside a
glass jar under low vacuum to facilitate TBOT infiltration into the
pores of AAO membranes, until air bubbles stopped escaping from the
membranes. TBOT was then slowly hydrolyzed by placing the glass
jar, with AAO membranes immersed in the TBOT solution, inside a
second larger glass jar containing 2 mL of deionized (DI) water
(Ultrapure Milli-Q, resistivity 18.2 MQ-cm). The larger jar was tightly
capped such that water vapor from the larger glass jar could slowly
hydrolyze the TBOT inside of the pores of AAO membranes in the
smaller encapsulated jar. After 2.5 h of exposure, the AAO/TiO,
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membranes were removed, excess TiO, was scrapped off the outer
surfaces, the membranes were washed with ethanol several times to
remove unreacted TBOT, and they were dried in air at 60 °C for 12 h.
TiO, that formed within the pores of the AAO membranes was
amorphous.

Synthesis of AAO/TiO,/CNT Membranes. To make coaxial CNTs
inside each cylindrical pore, an AAO/amorphous-TiO, membrane was
first soaked in S mL of an aqueous solution of 0.1 M glucose under low
vacuum for ~1 h to remove any air bubbles trapped inside the
membrane and to facilitate solution infiltration. The sample was then
removed, and excess glucose was carefully scrapped off the outer
surfaces. The sample was then dried at 60 °C for 3 h and then at 180
°C for 3 h. The glucose coating was performed twice. Subsequently,
the amorphous-TiO, was crystallized and glucose was converted into
CNTs simultaneously through pyrolysis of the AAO/amorphous-
TiO,/glucose membranes at 600 °C for S h in argon. Lastly, the
sample surfaces were scraped carefully using a piece of soft polymer
and washed off with anhydrous ethanol before drying at 60 °C for 12
h. We note that a higher pyrolysis temperature of 800—950 °C is
required to make CNTs with fewer defects. However, we chose a
lower temperature here to avoid transformation of TiO, into rutile,
which has a lower photocatalytic activity than anatase, and coarsening
of TiO,, which would modify the thickness and uniformity of the oxide
layer.

Synthesis of AAO/TiO,/CNT/Pt Membranes. To isolate the TiO,
photocatalyst on the outer wall of the CNT from the Pt cocatalysts, we
synthesized Pt nanoparticles on the inner walls of the CNTs. Pyrolized
AAQ/TiO,/CNT membranes were soaked in a 10 mM aqueous
solution of hexachloroplatinic acid (H,PtCl;) under low vacuum for
~1 h to remove any air bubbles trapped inside the membranes and to
facilitate solution infiltration. The samples were removed from
H,PtCly solution and were gently wiped using a wet lint-free wipe
(Kimwipes; Kimtech) to remove excess solution from the surfaces to
prevent platinum from forming at the surfaces in the next step. To
create Pt nanoparticles, the H,PtCly solution within the membranes
was reduced by dropwise addition of 0.5 mL of a sodium borohydride
(NaBH,) solution, which was prepared by mixing 40 mM NaBH, with
20 mM sodium hydroxide (NaOH) solution. After ~30 min of
reduction reaction, the sample was washed with DI water to remove
unreacted H,PtCl,, NaBH,, and NaOH solutions. The samples were
subsequently dried at 60 °C for 12 h. The Pt deposition was
performed twice to achieve sufficient Pt in the membranes.

Removal of AAO to Obtain TiO,/CNT/Pt Membranes. To prepare
membranes for methylene blue dye degradation and photocurrent
generation experiments, the AAO/TiO,/CNT/Pt membranes were
respectively attached to glass slides (Thermo Scientific) using
transparent double-sided tape and to copper foils using silver paste
(Dupont 4929N) to retain the membrane geometry upon AAO
removal. The samples were then immersed in a 2 M NaOH solution
for 5 h at room temperature, with stirring, to dissolve AAO. They were
then neutralized to pH 7 using DI water and dried at 60 °C for 12 h.
To prepare powdered samples for experiments involving photo-
deposition of MnO, and Ag, AAO/TiO,/CNT/Pt membranes were
soaked in a 2 M NaOH solution for § h, with stirring at room
temperature, to dissolve AAO and to release TiO,/CNT/Pt
nanotubes. The samples were then washed with DI water until they
reached pH 7, deposited on a filter paper, and dried at 60 °C for 12 h.

All membranes (i, TiO,, TiO,/Pt, CNT, CNT/Pt, TiO,/CNT,
and TiO,/CNT/Pt), whether attached to glass slides or copper tapes
or in powdered form, were fabricated in dimensions of the starting
AAO membrane dimensions (25 mm in diameter and 60 pm in
thickness). We measured the masses of each type of membrane using a
balance (XS20S; Mettler Toledo) that has a resolution of 0.01 mg and
calculated their average density. The average density of membranes:
TiO, ~ 38.7 mg/mL, TiO,/Pt = 39.8 mg/mL, CNT = 3.4 mg/mL,
CNT/Pt = 4.5 mg/mL, TiO,/CNT = 42.2 mg/mL, and TiO,/CNT/
Pt &~ 43.2 mg/mL. Furthermore, by measuring the mass after every
synthesis step, masses of TiO,, CNT, and Pt in each type of membrane
were also determined.
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Sample Characterization. High-resolution SEM images were
taken using an FEI Quanta 600. Conventional-resolution and high-
resolution TEM images were collected using a Tecnai F20 at 200 kV
and a FEI Titan 83 at 300 kV, respectively. Elemental analyses were
performed with an ASPEX SEM equipped with an energy dispersive X-
ray spectrometer. TGA measurements were carried out using a QS0
(TA Instrumentation) with specimens being heated at a rate of § °C/
min under atmospheric air over a temperature range of 25 to 700 °C.
The Raman spectra were collected using a Raman confocal microscope
(inVia, Renishaw) with a 50X, 0.7S NA air objective (Leica
Microsystems) and with a 785 nm (1.58 eV) laser. To avoid heat-
induced damage to the samples, we used a laser power of 10 mW, a
spot size of ~1—2 um, and an exposure time of ~1 s. Five different
locations were investigated for each sample, to verify uniformity, and at
every location five scans were collected. The 25 scans were then
averaged to improve the signal-to-noise ratio. Each Raman spectrum
was normalized by its G-band intensity. Data collection and analysis
were performed using WiRE software (Renishaw). The SSA of TiO,/
CNT membranes were determined from nitrogen adsorption and
desorption measurements carried out with a surface area analyzer
(Micromeritics Gemini VII 2390) at 77 K and calculated using the
BET method.”® The pore diameter (2r), pore volume (V), and pore
diameter distributions (dV/dr) were calculated from the desorption
branch of the isotherms using the BJH method.”” The reflectance
properties of the samples were measured using an OL 770-LED
multichannel spectroradiometer that has a cold cathode mercury (Hg)
vapor lamp as a light source and an integrating sphere. XPS data were
collected with a DESA 150 analyzer (Staib instruments) using Al Ka
X-rays as a probe, generated from a TX400/2 X-ray gun (PSP Vacuum
Technology). Elemental analysis was carried out using CasaXPS.
Concentrations of methylene blue dye solutions were measured using
a Cary 5000 spectrometer (Varian).

Methylene Blue Dye Photodegradation. For these experi-
ments, membranes attached to glass slides were cut into dimensions of
7 mm X 8 mm X 60 ym (length X width X thickness). The calculated
total mass was based on the average densities. The mass of each
component was determined from their mass ratios. Test samples were
either 0.130 mg of TiO, membranes, 0.134 mg of TiO,/Pt membranes
(composed of 0.130 mg of TiO, and 0.004 mg of Pt), 0.011 mg of
CNT membranes, 0.015 mg of CNT/Pt membranes (composed of
0.011 mg of CNT and 0.004 mg of Pt), 0.141 mg of TiO,/CNT
membranes (composed of 0.130 mg of TiO, and 0.011 mg of CNTs),
or 0.14S5 mg of TiO,/CNT/Pt membranes (composed of 0.130 mg of
TiO,, 0.011 mg of CNTs, and 0.004 mg of Pt).

To allow for dye solution infiltration into the membrane and
equilibration of the dye with the photocatalyst, the test sample was
soaked in 4 mL of an aqueous solution of 0.02 mM methylene blue, in
a glass vial, for 2 h, in the dark, under vacuum, and with stirring using a
magnetic stir bar. To confirm that the dye adsorption on the test
sample equilibrated by the end of the 2 h soak, 0.5 mL of dye solution
was periodically removed and its absorbance characterized. The dye
concentration in solution measurably decreased after the 2 h
equilibration soak; hence, in all dye degradation experiments, the
value of C, corresponded to the value measured after the dye
adsorption equilibration. For dye degradation experiments under
visible-light, the equilibrated sample was irradiated with a 300 W Hg
lamp (with a cooling system) that had a UV cutoff filter, which
blocked light with wavelengths A < 420 nm, and an infrared cutoff
filter, which blocked light with 4 > 1200 nm. We periodically
measured the absorbance of the dye solution using a Varian Cary
spectrometer by sampling 0.5 mL of the solution. The dye
concentration C was determined from the absorbance at 665 nm,
which is the maximum absorbance peak of the dye.

For reusability tests, we removed the test sample from the dye
solution, rinsed it in DI water, and then soaked it in 0.02 mM dye
solution in the dark for 2 h to achieve dye adsorption (re)equilibration.
After the (re)equilibration soak, we measured the residual dye
concentration in the solution to determine dye adsorption on test
samples during the reuse cycles, which were slightly successively higher
than that from the previous cycle, indicating sequentially lower dye
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adsorption, possibly due to incomplete dye removal during each
rinsing cycle. To maintain the same dye:TiO, molar ratio for all tests
of dye degradation, we removed the test sample from the equilibration
solution and submerged it in a dye solution with the same C, used in
first degradation cycle.

Photocurrent Measurements. To fabricate photoanodes for
photoelectrochemical investigations, the AAO/TiO,/CNT/Pt mem-
branes were attached to the copper foil with silver paste and were then
cut into 3.5 mm X 6 mm X 60 um (length X width X thickness)
pieces, which corresponds to a total sample mass of 0.0544 mg and
component masses of 0.0488 mg of TiO,, 0.0042 mg of CNTs, and
0.0014 mg of Pt. To fill the inside of each TiO,/CNT/Pt nanotube
with PVA polymer, a test sample was soaked into 10 wt % PVA
solution under vacuum for ~12 h to remove any air bubbles trapped
inside the membrane and to facilitate solution infiltration. The sample
was then removed from the solution and the surface was gently wiped
with a wet Kimwipes wipe to remove excess PVA solution from the
surface. Notice that the AAO hinders the PVA polymer from coating
the outer surfaces of TiO,. The sample was then dried for ~6 h, and
the surface was wiped again with a wet Kimwipes wipe to remove any
residual PVA. The copper foil and the silver paste around the
membrane were coated with epoxy (3M) to prevent contact between
the electrolyte and the silver paste or copper electrode. Finally, the
AAO membrane was dissolved away by immersing the sample in a2 M
NaOH solution for 5 h at room temperature under stirring,
neutralizing the solution to pH 7 using DI water, and drying at 60
°C for 12 h. Ptfree photoanodes were prepared using the same
process but from TiO,/CNT membranes (of the same dimensions as
the Pt-containing membranes). The corresponding total sample mass
was 0.0530 mg, and the component masses were 0.0488 mg of TiO,
and 0.0042 mg of CNTs.

Photocurrent measurements of TiO,/CNT/Pt and TiO,/CNT
membranes were made using a three-electrode configuration, with a
saturated calomel electrode (SCE, Koslow) as a reference electrode, a
coiled platinum wire (BAS, Japan) as a counter electrode, and the
membrane as the working electrode. The electrolyte was a 1 M sodium
sulfate (Na,SO,) aqueous solution at pH 5.9. A 150 W xenon lamp
was used as the light source and had a UV cutoff filter (4 < 420 nm)
and an infrared cutoff filter (4 > 1200 nm), which was tuned to
provide a power density at the plane of the sample of 100 mW/cm?
under white-light illumination and 73 mW/ cm? under visible-light
illumination. The electrodes were swept from negative to positive
potentials at a scan rate of 10 mV/s using an SP-200 potentiostat
(BioLogic Science Instrument). We converted the J—V measurements
on the SCE scale to the RHE scale to facilitate comparison to the
water splitting potential levels using the following relationship:*
Potential versus RHE = potential versus SCE + 0.244 + 0.0591 V X pH.

The applied bias photon-to-current efficiency was calculated using
the expression™ ABPE% = AJ [mA/cm?] X (1.23 — Vi;,,) [V] X 100/
P,, where AJ is the net photocurrent density after subtracting dark
current, Vi is the applied bias between the photoanode and the
reference electrode on the RHE scale, and P, is the power density of
incident light. Note that the expression assumes a Faradaic efficiency
of 100%.

Photodeposition of MnO, and Ag on TiO,/CNT/Pt Mem-
branes. Photodeposition of MnO,. The sample for photodeposition
of MnO, on TiO,/CNT/Pt membranes was prepared by adding 0.5
mg of powdered TiO,/CNT/Pt membranes to 2 mL of a solution of
10 mM manganese sulfate (MnSO,) and 10 mM sodium iodate
(NalO;), which scavenges electrons. The sample was then irradiated
with visible-light for 30 min. The light source was a 300 W Hg lamp
with a UV cutoff filter (A < 420 nm) and an infrared cutoff filter (1 >
1200 nm). Finally, the sample was washed with DI water to remove
unreacted reagents, centrifuged at 21000g to sediment the sample, and
dried in air at room temperature.

Photodeposition of Ag. The sample for photodeposition of Ag on
TiO,/CNT/Pt membranes was prepared by adding 0.5 mg of
powdered TiO,/CNT/Pt membranes to 2 mL of a 10 mM aqueous
silver nitrate (AgNO;) solution, where water acted as the hole
scavenger. The sample was then irradiated with visible-light for 30 min.
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The light source and the final processing steps were the same as those
used for MnO, photodeposition.

All photodegradation of dye experiments, photocurrent generation
measurements, and MnO, and Ag deposition at each condition were
repeated with at least three different samples.
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Figure S1. Thermal gravimetric analysis (TGA) of TiO,/CNT membrane under atmospheric air.

The weight loss and the rate of weight loss (i.e., derivative weight) versus temperature are

associated with CNTs burning off from TiO,/CNT membranes, providing the TiO,:CNT mass

ratio to be 92:8.
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Figure S2. (A) High-resolution TEM image of TiO,/CNT/Pt membranes to show TiO, and Pt
nanoparticles. Region enclosed by red and blue rectangular boxes are magnified and shown in
(B) and (C), respectively, to indicate lattice spacing of anatase TiO, and Pt nanoparticles. The
lattice spacing of light grey particles is ~0.35 nm, which is similar to that of TiO, (101). The
darker particles, on the other hand, have a lattice spacing of ~0.22 nm that matched well with Pt

(111).
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Figure S3. Adsorption isotherms and pore characteristics of TiO,/CNT membranes. (A)

Nitrogen adsorption—desorption isotherm of the membranes with a mass density ~43 mg/mL.

Specific adsorbed volume, calculated by dividing measured adsorbed volume by mass of the

sample, is plotted against relative pressure, P/Py. Here, P and P, are equilibrium pressure and

saturation pressure of nitrogen at the adsorption temperature of 77 K, respectively. (B) Pore

diameter distribution (dV/dr) versus pore diameter (27) of the membranes.
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Figure S4. Adsorption—desorption equilibration time of methylene blue dye on TiO,/CNT/Pt and

TiO,/CNT membranes in the dark.
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solution containing the nano-PEC arrays after dye adsorption equilibration and under visible-

light irradiation. Dye concentration C was determined from absorbance at 665 nm.
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Figure S6. Photocatalytic methylene blue dye degradation of (A) TiO/CNT membrane and (B)
TiO,/CNT/Pt membrane under white-light and visible-light. The degradation rate and k are under

white-light only. These rates and & under visible-light irradiation are in Figure 6A.
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Figure S7. An SEM image of TiO,/CNT/Pt nanotubes after being soaked in PVA polymer
solution shows that PVA fills all the nanotubes. An SEM image of the same nanotubes before

being filled with PVA is shown in Figure 2A.
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Figure S8. The representative J—V curves of TiO,/CNT/Pt membrane on the RHE scale.
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Figure S9. The photogenerated current density versus potential (AJ-V) curves on a RHE scale

for TiO,/CNT membranes under white- and visible-light in 1 M Na,SOj electrolytes at pH 5.9.
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Figure S10. AJ-V curves on a RHE scale by TiO,, TiO,/Pt, CNT, CNT/Pt membranes under

white- and visible-light in 1 M Na,SO, electrolytes at pH 5.9.
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Figure S11. TEM images of MnOy flakes and Ag nanoparticles on the outer wall surface and in
the inside of TiO,/CNT/Pt nanotubes, respectively. (A) MnOy flakes are easily distinguishable
conventional resolution TEM images due to their distinct shapes. (B) A lattice parameter of 0.29
nm, obtained from high Resolution TEM images of MnOy flakes, matches well with the lattice
spacing of MnO; (001) plane. (C) Conventional-resolution TEM images show Ag nanoparticles
of diameter 20 nm are predominantly located in the inside of the nanotubes. (D) A lattice
parameter of 0.24 nm, obtained from high-resolution TEM images, is consistent with the lattice

spacing of Ag (111) plane.
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Figure S12. (A-F) Conventional resolution TEM images show photodeposited Ag nanoparticles
particles on the interior CNT wall of TiO,/CNT/Pt membranes near or next to Pt nanoparticles.

Scale bars = 20 nm.
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Table S1. Comparison of photocatalytic dye degradation performance by various photocatalysts.

Light source, Dye:photocatalyst | Degradation rate® Rate constant®
Photocatalysts power, molar ratio® Ve/h k) [min’l] reference
spectral range [umol/g/h]
He, 31190 W, 256 0.015
TiO,/CNT/Pt white
membrane
Hg, 300 W, 140 0.007
visible
0.12 this work
Hg, 3 .?ﬁ W, 120 0.007
TiO,/CNT VisiDle
membrane
Hg, 300 W, 110 0.005
visible
Ti0,/SWCNT Hg, 300 W, 0.004 25 0.012 ref 1
aerogels visible
ZnWO,/graphene | & 200 W, 0.006 7.7 0.008 ref 2
visible
TiO,/graphene | > 420W 0.005 9.5 0.0045 ref 3
visible
TiO,/N-doped Xe, 450 W, b b
MWCNT visible N.A. N.A. 0.014 ref 4
P25/graphene Xe,'S.OO W, 0.003 23.6 0.018 ref 5
visible
TiO,/carbon-dot | <& 1000 W, 0.012 5.1 0.0047 ref6
visible
Znln,S, Xe, 500 W, 0.026¢ 293 0.011 ref7
visible
TiOyMWCNT | NA» 125 W, 0.006 102 0.080 ref 8
white

*After dye adsorption to the samples had reached equilibrium in the dark.

"Used thin film of dimensions 0.8 cm x 0.8 cm. Sample masses were not reported.

‘Used methyl orange dye.

Used reactive orange 16 dye.
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Table S2. Comparison of photocurrent generated by various photocatalysts.

Illumination power Scan rate | Maximum ABPE Photocurrent at
Photocatalysts | Electrolyte |density [mW/cm?], o maximum ABPE | reference
[mV/s] [%] 2
spectral range [mA/cm”]
. 100, white 1.8 4.2 .
73, visible 1.0 1.7
Reduced TiO2 |y v NaOH | 100, AM 1.5G 10 1.3 0.73 ref9
nanotubes
TiO/RGO |0.1 MNa,SO,| 120, white 20 ; 0.078 ref 10
Cellulose-
templated 1 M KOH 100, white - 0.85 0.95 ref 11
TiO,
Au/TIO, 1 M KOH 100, AM 1.5 G 50 0.71 1.35 ref 12
Fe,0/RGO/ 0.01M
BiV, Mo.0, Na,SO, 100, AM 1.5G - 0.53 0.75 ref 13
BiVO,/FeOOH|0.5 M KH,PO,
/NiIOOH |+ 1 M Na,SO, 100, AM 1.5G 10 1.75 2.70 ref 14
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