Published on 22 September 2021. Downloaded by Colorado State University on 8/4/2022 9:27:35 PM.

: #® LOYAL SOCIETY
SUStalnable P OF CHEMISTRY
Energy & Fuels

View Article Online

View Journal | View Issue

W) Checkfor updates Ultrathin alumina passivation for improved
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2021, 5, 5257 tin oxide sensitized by a phosphonate-
functionalized perylene diimide first without, and
then with, CoO,
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Previously, a photoanode composed of nanostructured SnO, coated with the perylene diimide dye N,N'-
bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI) plus photoelectrochemically deposited cobalt
oxide (CoO,) was shown to photoelectrochemically oxidize water at 31 & 7% faradaic efficiency. A non-
ideal part of that prior system is that the addition of the known CoO, water oxidation catalyst (WOC)
resulted in a reduction of the total photocurrent rather than the anticipated increase, due to an increase
in charge-carrier recombination. Herein, we show deposition of an ultrathin alumina overlayer applied by
atomic layer deposition (ALD) on the SnO,/PMPDI photoanode can improve the photoactivity and
catalytic activity of the system; the addition a ca. 1 nm-thick AlO, layer deposited on a 4000 nm (i.e., 4
micron) thick mesoporous anode system can and does have a positive, 2.5-fold improvement in the
steady-state photocurrent with 29 + 9% faradaic efficiency vs. the control anode without alumina
passivation by reducing charge-carrier recombination. Moreover, ALD-deposited AlO, layer does help
support the understanding of the "anti-catalysis” of co-depositing a CoO, WOC on the SnO,/PMPDI DS-
PECs—specifically the picture of direct CoO,~SnO, contact-mediated recombination—but that AlO,
layer was unable to improve the photocurrent in a net SnO,/PMPDI/AIO,(/Co0O,) system. We attribute
the lack of a performance enhancement by CoO, WOC to incomplete coverage of each SnO,

nanoparticle by the AlO,. Overall, we find the addition of an optimized ultrathin AlO, layer (0.6 nm thick;
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Accepted 1st September 2021 deposited at 85 °C) improves the SnO,/PMPDI/AIO, system's photoactivity by a factor of up to ca. 3-fold

with reduced recombination. These results document that metal-oxide passivation by low-temperature
ALD can be an effective strategy for improving the water oxidation performance of even nanostructured
rsc.li/sustainable-energy dye sensitized-photoelectrochemical cell.

DOI: 10.1039/d1se00908g

Introduction due to their rela}tively low cost, their prO(.iL.lction from ea.rt.h-

abundant materials, the ease of processability, and the ability
Efficient photoelectrochemical solar water splitting into to synthetically tailor the organic dye as needed en route to
molecular hydrogen and oxygen is one of the must-solve prob- optimized water-splitting performance.*® Previously, we devel-
lems in chemistry'? en route to fulfilling the growing global oped a first,” then a second' generation water-oxidation pho-
demand for clean, renewable energy while minimizing CO, toanode using both organic thin-film and dye-sensitized
emissions.>” Recently, the application of organic dyes as light ~photoelectrolysis cell (OTF-PEC and DS-PEC) architectures
absorber for solar water splitting has drawn extensive attention
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based on a perylene diimide dye derivative (N,N'-
bis(phosphonomethyl)-3,4,9,10-perylenediimide, PMPD],
Fig. 1) and a co-deposited CoO, water oxidation -catalyst
(WOC).***2 Perylene diimides (PDIs) have high light-absorption
extinction coefficients (ca. 22 000 M~ cm ™" at Apqy of 500 nm
for PMPDI') and are used in industrial settings as both car
paints and in plastics.® PDIs are further attractive as the light-
gathering component in water-oxidation catalysis (WOCatal-
ysis) devices due to their high thermal stability,"* high oxidative
stability both in air and in water, and due to their resistance to
photobleaching under even extreme conditions, including
hypochlorite solutions.*

As for the WOC component, CoO,, is an earth-abundant,
heterogeneous, prototype WOC.' Our previous study on the
PMPDI OTF-PEC architecture showed a 10-fold enhancement of
water-oxidation photocurrent by applying co-deposited CoO,, as
the WOC,’ but the system exhibits a low light-harvesting effi-
ciency (LHE) (ca. 12% at An.x) and a large amount of charge
carrier recombination, yielding only a 6% charge transport
efficiency.” An optimized second-generation PMPDI DS-PEC
system architecture consisting of nanostructured SnO, coated
with PMPDI is able to achieve a LHE of >99% at A, and
a charge transport efficiency of 13%.' However, it was found
that the same CoO, WOC, necessary to produce oxygen, in fact
decreased the water oxidation performance in the second-
generation SnO,/PMPDI/CoO, system relative to the first.>'
That unexpected, undesired, “anti-catalyst” behavior was
attributed to increased charge recombination between photo-
injected electrons in the SnO, conduction band and accumu-
lated holes in CoO, at the SnO, surface.'>'”'* More generally,
that “anti-catalyst” behavior illustrates the acknowledged
broader challenge' of coupling water-oxidation as well as
others catalysts to light-absorbing units in ways that minimizes
charge-carrier recombination back reactions.

To begin to address the forefront question of how to best
couple catalysts and light-adsorbing units, we previously
attempted to improve the performance of SnO,/PMPDI/CoO,,
DS-PECs by using a wet chemical method" to deposit a thin
layer of electronic insulator AlO, on the SnO, surface as an
established tunneling barrier'’*° against recombination. That
effort led to an improved photovoltage, but a reduced photo-
current due to a hindered charge injection between the dye and
SnO,.*

In related work, Kamire et al. reported reduced charge
recombination by applying 0.5-3 nm thick ultrathin AlO,
coating directly over dyes by atomic layer deposition (ALD) in
a DS-PEC system consisting of nano-TiO, sensitized by perylene
monoimide (PMI) dye.** The observed decreased recombination
was attributed to the passivation of recombination-active TiO,
surface states and to an increased barrier for tunneling-based
recombination with redox-active species in solution.*® The
addition of the AlO, layer further served to stabilize the dye,
resulting in improved device lifetimes. Significantly, those
workers observed that the addition of an Ir-dimer-based WOC
resulted in a ca. 66% reduction of photocurrent, both with and
without the AlO, overlayer,* closely analogous to what we have
observed in our previous study where the addition of the known
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WOC*® CoO,, decreased the photocurrent output of SnO,/PMPDI
DS-PEC." These examples make apparent the forefront problem
of effectively coupling the DS-PEC systems to desired catalysts
such as a WOC without, instead, enhancing undesirable
recombination. These studies further suggest the hypothesis
that the performance of DS-PECs and catalysts may be improved
if the recombination passivation layer can be further optimized
to also allow the WOC to function as desired.

Herein, we explore the impact of adding an insulating AlO,
layer prepared by ALD onto PMPDI-sensitized nanostructured
SnO, DS-PECs on their solar water splitting performance,
idealized by Fig. 2. More specifically, we address five primary
questions via the ALD approach: (i) can the deposition of an
ultrathin alumina overlayer applied by ALD on the PMPDI/SnO,
photoanode improve the photoactivity and catalytic activity of
the CoO, WOC? More specifically, (ii) can the addition of a 0.6 to
1.3 nm thickness AlO, layer have any measurable, much less
useful effect, on a 4000 nm (i.e., 4 micron) thick and also
nanoporous anode system? If so, (iii) what are the effects of key
parameters on the photo- and catalytic-activity, notably the layer
thickness and deposition temperature of the alumina overlayer?
(iv) Can a better, ALD-controlled deposition of an ultrathin AlO,
layer address the carrier recombination issues of SnO,/PMPDI
DS-PECs, and (v) can the ultrathin, ALD-deposited AlO, layer
probe, and perhaps even improve our understanding of why co-
deposited CoO, WOC on the SnO,/PMPDI DS-PECs has, to date,
resulted in a decreased, “anti-catalysis” photocurrent? In the
present study we investigate the effects of ultrathin AlO,
thickness (0.6-1.3 nm) and ALD temperature applied to a 4 um
thick DS-PEC photoanode system on the overall anode photo-
activity, device/organic dye stability, and, importantly, on the
catalytic activity of CoO, WOC by characterizing the system's
open-circuit photovoltage, photocurrent, and O, product yield
and hence faradaic efficiency under solar PEC water splitting
conditions. The results allow insights into the five questions

Fig. 2 Idealized structural models of the SnO,/PMPDI/AIO,/CoO,
anode where SnO; is grey, PMPDI is pink, AlO, is blue, and CoO, is
yellow. Nanostructured SnO; is reflective of SEM images that will be
presented in a figure later in the paper.® Anode notation throughout is
written in order of deposition, left to right (i.e. SnO, is deposited first,
followed by PMPDI, then AlO,, and then finally CoO,).

This journal is © The Royal Society of Chemistry 2021
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posed that form the basis for the present research. In addition,
the studies which follow make apparent when and how ALD-
deposited alumina layers should or should not be used to try
to improve analogous DS-PECs, the needed considerations of
layer thickness, and factors to be considered when using ALD
on nanostructured devises. The results provide a working
hypothesis for going forward about how to couple WOC and
other catalysts to DS-PECs for improved catalyst efficiency.

Experimental
Materials

The following starting materials and solvents were used as
received to generate buffer solutions: KOH (Fisher, Certified
ACS grade, 98.5%, 1.5% water, 0.00028% Fe, 0.0008% Ni);
KH,PO, (Fisher, Certified ACS Grade, 99.3%, 0.0005% Fe);
hydroquinone (Aldrich, >99%); NANOpure water (Barnstead
NANOpure ultrapure water system, 18.0 MQ). NANOpure water
was used for all experiments.

Synthesis of PMPDI dye, and the deposition of SnO, anode
and CoO, WOC

All synthetic and manufacturing details for PMPDI dye and the
SnO, anodes can be found in our previous publications.”*®
Briefly, the anodes are composed of fluorine-doped tin oxide
(FTO)-coated glass as a transparent current collector, covered by
a mesoporous SnO, film, sensitized with PMPDI, and CoO,
WOC. All fabricated photoanodes have SnO, film with “2-
Scotch” layer thickness conditions'® where PMPDI dyes were
loaded for 24 h at 95 °C from a saturated solution of fully
protonated PMPDI in water.'* CoO;, WOC was added to photo-
anodes by photoelectrochemical deposition;>'® the anodes
(SnO,/PMPDI or SnO,/PMPDI/AIO,) were submerged in a solu-
tion of pH 7, 0.5 mM Co(NOj3), and 0.1 M potassium phosphate
butter (KPi) and held at +0.2 V vs. Ag/AgCl under 1 sun illumi-
nation for 3 min.* Anodes were then rinsed with water for 30 s
and allowed to air dry.

Ultrathin AlO, coating by ALD

Ultrathin conformal AlO, layer was deposited on PMPDI or glass
substrate using a Cambridge Nanotech Savannah S100 ALD
system (base pressure ~ 0.4 Torr). The deposition temperature
was set at 85 °C; PMPDI was shown to be stable up to 400 °C
herein. The depositions were carried out by sequential exposure
of trimethyl aluminum (TMA) (14 ms) and water vapor (40 ms)
with an intermediate purge time of 60 s for both precursors.
Spectroscopic ellipsometry was used to calibrate the AlO,
thickness per ALD cycle using Si control substrates and found
a linear growth rate of 0.067 nm per cycle (Fig. S1 and Table S1;
see ESIT for details). The number of ALD cycles was varied
between 4 and 28 to deposit AlO, on SnO,/PMPDI or glass
substrates ranging between 0.4 and 2.0 nm, respectively. In
a separate set of experiments, the ALD temperature has been
varied from 85, 150, and to 200 °C to investigate the impact of
deposition temperature on the device performance. AlO,
deposition was verified using scanning electron microscopy
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(SEM) imaging and X-ray photoelectron spectroscopy (XPS)
methods, vide infra.

Photoelectrochemical testing

All photoelectrochemical experiments were done in a previously
described' custom two-compartment Pyrex cell consisting of
a working compartment (1 x 1.5 x 1.5 cm®, 5 ml) and an
auxiliary compartment separated by a medium porosity glass
frit. Experiments were conducted using a CH Instruments
CHI630D potentiostat, a Pt wire counter electrode positioned in
the auxiliary compartment and a Ag/AgCl (3 M NaCl, +0.215 V vs.
normal hydrogen electrode (NHE)) reference electrode posi-
tioned in the working compartment in close proximity to the
anode surface. The anode was clamped with an alligator clip to
the front wall of the working compartment with the uncoated,
nonconductive glass side pressed against the cell wall. The cell
was filled with ca. 5 ml electrolyte (pH 7, 0.1 M KPi buffer)
sufficient to cover the film. The anode was illuminated from the
substrate side using a 65 W xenon arc lamp (PTO model A1010),
which was powered by an OLIS XL150 adjustable power supply.
The light passed through a bandpass filter (315-710 nm,
Thorlabs KG3, FGS900S) and an ultraviolet (UV) filter (400 nm
long-pass, Thorlabs FGL400S). The power density of the light
was adjusted to reflect the visible region of the airmass 1.5
global (AM 1.5G) spectrum.' In the experiments in which
transients (interrupted illumination) of 5 s or 30 s were used,
a manual shutter was used to block the light.* Each anode was
tested with a series of electrochemical experiments in the order
detailed below. First the cell was allowed to short-circuit in the
dark for 60 s to depopulate the electrons from SnO, sub-
bandgap states.’ The 60 s was determined to be a sufficient
length of time to depopulate the excited state as the current
reached a steady-state within 15 s. Then the open-circuit
potential, V,., was measured vs. the Ag/AgCl reference elec-
trode for 90 s in the dark and then measured again under
illumination for 90 s. Next, a photocurrent transient experiment
was performed in which the anode was held at +0.2 V vs. Ag/
AgCl for 300 s with 30 s light/dark transients throughout. A
potential of +0.2 V vs. Ag/AgCl was chosen for photocurrent
transient experiments as photocurrent is fully saturated by this
applied potential. The cell was again allowed to short-circuit in
the dark for 60 s, and the V,. in both the dark and light were
remeasured. Then the current-voltage (i-V) photocurrent tran-
sient experiment was performed. The voltage was scanned from
—0.2 to +1.0 V vs. Ag/AgCl with a 10 mV s~ " scan rate and 5 s
light transients. Each experiment was reproduced a minimum
of three times with three separate anodes produced under
identical conditions. All figures and values reported herein are
representative of the photoactivity of the system indicated. Care
was taken to ensure that the reported results are reproducible
and not due to a defective anode or otherwise irreproducible
sample.

IPCE and APCE determinations

Incident photon to current efficiency (IPCE) measurements
were calculated from action spectra collected using a Xe arc
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lamp (Oriel model 66002, calibrated to approximate the AM1.5
reference power in the visible region), power supply (Oriel
model 68700), monochromator (Oriel Cornerstone 130, model
7400), and a CH Instruments 630D potentiostat. All experi-
ments were run in the presence of 20 mM H,Q sacrificial agent
in pH 7 0.1 M KPi buffer using the same two-compartment
Pyrex cell used for all photoelectrochemical testing; a Pt wire
counter electrode positioned in the auxiliary compartment
and a Ag/AgCl (3 M NaCl, +0.215 V vs. normal hydrogen elec-
trode (NHE)) reference electrode positioned in the working
compartment in close proximity to the anode surface were
again used. In order to collect the action spectra, the electrode
being test was held at +0.2 V vs. Ag/AgCl while incident
monochromatic light (ca. 3 nm bandwidth) was scanned from
400 to 700 nm across 25 nm intervals. A silicon standard power
sensor (Thorlabs model S120B) was used to measure the
incident lamp power through the same aperture at each
wavelength, Pp,ono. Photocurrent, I,,, was measured at each
wavelength by recording the photocurrent during three 15
seconds light transients and subtracting off any dark current.
The average photocurrent was then used to calculate the IPCE
according to eqn (1):

Iy (mA) x 1239.8 (V nm)

IPCE (2) = Prono(mMW) x A (nm)

1)

The absorbed-photon-to-current efficiency (APCE) was calcu-
lated by dividing the light harvesting efficiency (LHE)—i.e., the
absorptance spectrum measured from the anode—out of the IPCE,
using eqn (2). Note that the APCE is equivalent to the injection
efficiency, ¢;y;, multiplied by the charge collection efficiency, 7.

IPCE
APCE = ﬁ - ¢injncol (2)

Oxygen detection

Oxygen yield was experimentally measured using the generator—
collector (G-C) technique detailed elsewhere:'**** photoanode
‘generators’ were sandwiched with an FTO “collector”,'* separated
by a Parafilm spacer. A CH Instruments CHI-750D bipotentiostat
was used for the G-C experiments. The G-C cell was placed in the
previously detailed working compartment with the generator side
against the wall of the cell with the incoming light. The cell was
filled with pH 7, 0.1 M KPi buffer, approximately 10 ml, which was
degassed with Ar for a minimum of 30 min. An Ag/AgCl (3 M NacCl)
electrode was used as a reference and was also placed in the
working compartment. A Pt wire was used as a counter electrode
and was placed in the auxiliary compartment. Current was
measured at both the generator and collector electrodes, which
were held at +0.2 V and —0.65 V vs. Ag/AgCl, respectively. The
current was collected for 300 s in the dark, 300 s in the light, then
300 s in the dark in order to ensure that all oxygen had diffused
across the two electrodes and that all current attributable to oxygen
production was collected. Control experiments with FTO/CoO,,
anodes were used to determine the collection efficiency of the
sandwich configuration and used to calculate the O, yield and
faradaic efficiency of each photoanode.
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Results and discussion

The effects of AlO, overlayer on the photoelectrochemical
activity of SnO,/PMPDI

As noted in the Introduction, the addition of an electronically
insulating metal-oxide shell layer over the mesoporous semi-
conductor substrate (and sometimes the dye as well) has been
shown to reduce recombination and increase photocurrents in
dye-sensitized systems.'******3> In a previous study, 1.3 nm
thick metal oxide deposited at 85 °C was found to be optimal for
a photoanode system based on organic semiconductor thin
films.”® Hence, as to start and as a baseline, a 1.3 nm thick layer
of AlO, was deposited at 85 °C by ALD onto the previously
optimized'® PMPDI-sensitized mesoporous SnO,.

Photoactivity was recorded for each anode in tested in
a scanning voltammetry experiment coupled with light/dark
phototransients (Fig. 3a). Working from left to right, the
voltage is scanned from —0.2 to +1.0 V vs. Ag/AgCl with a 10 mV
s~' scan rate. For each of the phototransients, illumination of
the photoanode causes a rapid rise in anodic (negative y-axis)
current and then blocking of the light each 5 s causes the rapid
drop in current. The large current spikes observed at ca. +0.1 V
vs. Ag/AgCl are also present on bare SnO, anodes," indicating
that the spikes cannot fully be attributed to PMPDI, but are
likely related to SnO, recombination centers.'>"”

We find that by the addition of the 1.3 nm of AlO, overlayer
deposited at 85 °C, SnO,/PMPDI/AIO, significantly increased
both peak and steady-state photocurrent by approximately 1.6-
fold and 2.5-fold, respectively, compared with the system
without any AlO, (Fig. 3a). The increased peak and steady-state
photocurrents suggest that the charge carrier production/
collection is increased, likely due to a reduced carrier recom-
bination. Note, the deposition of AlO, has negligible effect on
the absorptance spectrum of the SnO,/PMPDI electrode
(Fig. S21) and alumina itself was shown not to produce signif-
icant photocurrent on its own, indicating that AlO, is likely not
functioning as a major WOC (Fig. S31). The addition of AlO,
also reduces the ratio of peak to steady-state anodic photocur-
rent (i.e., current ‘spiking’ behavior), which is often attributed
to charge recombination caused by metal-oxide surface
states.'>'”**% The SnO,/PMPDI system displayed ca. 87%
anodic decay from peak to steady-state photocurrent over 5 min
at +0.2 V vs. Ag/AgCl, while the SnO,/PMPDI/AIO, decayed
slightly less, ca. 76%. This spiking behavior can also be indic-
ative of photocorrosion due to excessive charging of the light
absorber.** Photocorrosion is certainly an issue in tough
oxidative reactions, such as water splitting, and as such these
same experiments were carried out using hydroquinone (H,Q)
(Fig. 4). With the addition of hydroquinone, the spiking
behavior is minimized, suggesting that the more kinetically and
thermodynamically facile reaction can outrun the recombina-
tion pathways. In short, increasing the desirable kinetic path-
ways with the addition of H,Q can overcome the recombination
pathways. Overall, these observations are consistent with the
partial passivation of surface trap states on SnO, and PMPDI by
1.3 nm thick AlO,.

This journal is © The Royal Society of Chemistry 2021
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Fig.3 Photocurrent transients (indicated by light (light-on)/dark (light-off) shading, 5 s each) collected in pH 7, 0.1 M KPi electrolyte for: (a) SnO,/
PMPDI/ALO, (1.3 nm, 85 °C deposition temperature, blue) and SnO,/PMPDI (red) anodes.; (b) SnO,/PMPDI/ALO, (0.6 nm, 85 °C deposition, blue),
SnO,/PMPDI/AIO, (0.9 nm, 85 °C deposition, black) and SnO,/PMPDI/ALO, (1.3 nm, 85 °C deposition, red) anodes. Comparatively thinner,
0.6 nm, layers of alumina yield higher photocurrents than the 0.9 and 1.3 nm counterparts.

To maximize the device performance enhancement by the
AlO, anode passivation layer, it is necessary to optimize the
thickness of AlO, that balances its benefits (e.g., surface state
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Fig. 4 Photocurrent transients (with 30 s light/dark intervals) for
a representative SnO,/PMPDI/AIO,/CoO,, (0.6 nm, 85 °C deposition)
anode. Transients were performed at +0.2 V vs. Ag/AgClinpH 7, 0.1 M
KPi buffer with 20 mM H,Q. Background H,Q currents were sub-
tracted off.

This journal is © The Royal Society of Chemistry 2021

passivation and reduced carrier recombination) with the
possible decrease in photoactivity from an ineffective charge
transfer between the semiconductor to electrolyte, a decreased
surface area, or separation of the dye from the catalyst, all of
which can be caused by a too thick AlO, overlayer. Alumina is an
insulator and hence functions as a tunneling barrier. Finding
a balance between moving charge carriers through the AlO, and
fully covering the SnO, is fundamentally important to mini-
mizing recombination while maintaining charge carrier move-
ment, that is, to optimizing the kinetics. However, there is
largely inconsistent information in the literature as to the
optimal thickness of ALD overlayer in DS-PEC systems, with
reports ranging from sub-monolayer to 3 nm.***?#3-*> There-
fore, a series of anodes with varying overlayer thicknesses from
0.6 nm to 1.3 nm were investigated (Fig. 3b) in order to deter-
mine the thickness at which the kinetics are optimized, which
will be discussed herein and is detailed below in Scheme 1. We
find that the photocurrent was maximized with relatively
thinner AlO, layer, reaching, for example, —182 pA cm > at
+0.2 V vs. Ag/AgCl for 0.6 nm AlO,, compared with —64 and
—115 pA ecm™ 2 for 0.9 nm and 1.3 nm thick AlO,, respectively.

Sustainable Energy Fuels, 2021, 5, 5257-5269 | 5261
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This result illustrates that an even modestly thicker AlO,
passivation layer can indeed interfere with the charge transfer
between the anode and electrolyte, consistent with previous
literature.*

As illustrated in Fig. 3, we find that the photocurrent spiking
behavior still exists regardless of the AlO, passivation thickness.
Considering that photocurrent spiking is often attributed to
metal oxide surface trap states,'****>* we tested if increasing the
AlO, deposition temperature could affect the spiking behavior,
since higher AlO, ALD temperature should in principle result in
the growth of more stoichiometric Al,O; with reduced defect
density and increased coating uniformity.**** X-ray photoelec-
tron spectroscopy (XPS) was done in an attempt to detect distinct
environments between the alumina depositions, but no differ-
ences were observed (Fig. S4t). Specifically, SnO,/PMPDI anodes
were coated with 0.6 nm of AlO, at 85 °C, 150 °C, and 200 °C, and
their photoelectrochemical activities were compared (Fig. 5).
Interestingly, the increased AlO, ALD temperature resulted in
a rather minor increase in the extent of photocurrent spiking,
while decreasing the overall photocurrent. To quantify the
photocurrent spiking behavior, we calculate the percentage of
photocurrent decay from peak to steady state measured at +0.2 V
vs. Ag/AgCl from each system. The SnO,/PMPDI/AIO, systems
with AlO, deposited at 85, 150, and 200 °C displayed a photo-
current decay of ca. 76%, 84%, and 83%, respectively. In the
meantime, the photocurrent peak decreased from —182 pA cm™>
at +0.2 V vs. Ag/AgCl for the AlO, deposited at 85 °C to —107 and
—92 uA ecm™? for the AlO, deposited at 150 and 200 °C, respec-
tively. However, regardless of deposition temperature, the addi-
tion of AlO, overlayer still yielded a higher photocurrent than the
neat PMPDI, consistent with the role of AlO, mitigating as
desired against charge carrier recombination.

A control experiment was performed to show that the decrease
in photocurrent at higher AlO, ALD temperature is not caused by
the thermal degradation of PMPDI during ALD. Specifically,
thermogravimetric analysis (TGA) confirmed the stability of

= SnO,/PMPDI
200 SnO,/PMPDI/AIOx (0.6 nm, 85 °C deposition)
=== Sn0,/PMPDI/AIOx (0.6 nm, 150 °C deposition)
-150 === Sn0,/PMPDI/AIOx (0.6 nm, 200 °C deposition)

Current Density (uA/cm?)

50 V (V vs Ag/AgCl)
-0.2 0 0.2 0.4 0.6 0.8 1

Fig. 5 Photocurrent transients (indicated by light (light-on)/dark
(light-off) shading, 5 s each) collected in pH 7, 0.1 M KPi electrolyte for
SnO,/PMPDI (black), SnO,/PMPDI/ALO,, (0.6 nm, 85 °C deposition,
green), SnO,/PMPDI/ALO,, (0.6 nm, 150 °C deposition, light blue), and
SnO,/PMPDI/ALO,, (0.6 nm, 200 °C deposition, red) anodes. Scans
were run from —0.2 to +1.0 V vs. Ag/AgCl. Increasing the deposition
temperature of AlO, yielded a decrease in photocurrent.
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PMPDI up to 400 °C (Fig. S5T), consistent with the generally re-
ported thermal stability of PDI to approximately 300-600 °C,** so
that the =200 °C used herein should not be a problem unless
there was efficient catalysis of PMPDI decomposition by the
deposited AlO,. This latter possibility was ruled out by a second
control experiment demonstrating the unchanged optical
absorption spectrum of a photoanode before and after the ALD at
the elevated, up to 200 °C temperatures employed (Fig. S2 of the
ESIT). The interesting higher photocurrent observed from the
AlO, layer deposited at the lower temperature might be associ-
ated with the surface states at AlO, being able to serve as medi-
ators for the photocatalytic reaction, increasing the overall
photocatalytic activity of PMPDIL**** an intriguing working
hypothesis for going forward and possible further investigation.

In all cases without added catalyst, the photocurrents
observed in the SnO,/PMPDI/AIO, systems are not attributable
to water oxidation, consistent with findings in the original
SnO,/PMPDI system.’® We hypothesize that perhaps the
photocurrent could be due to some combination of dye degra-
dation (though dye losses are minimal and even full dye
degradation cannot account for all charge passed),’ oxidation
of water to H,O, and oxidation of trace impurities.

Incident-photon-to-current efficiency (IPCE) and faradaic
efficiency of SnO,/PMPDI/AIO, photoanodes

The IPCE of the optimized SnO,/PMPDI/AIO, (0.6 nm, 85 °C)
was measured to examine the role of AlO, layer in improving the
photocurrent. An action spectrum of the photocurrent vs.
wavelength of incident light was collected in the presence of the
two-electron, kinetically facile sacrificial reductant hydroqui-
none (H,Q), H,Q — Q> +2H" + 2e7, Fig. 6, left.

The IPCE spectrum measured with H,Q resembles the optical
absorptance spectrum of PMPDI dye with some deviation at
around 400-450 nm, photocurrent presumably due to some direct
absorbance of light by bandgap excitation of SnO,."* By dividing
the IPCE by the absorptance of PMPDI, the absorbed photon-to-
current efficiency (APCE) was calculated, where the APCE is the
internal quantum efficiency of the system, that is the combination
of the efficiencies of charge transfer across the semiconductor-
electrolyte interface times the charge-collection efficiency at the
electrode. The observed APCE is ~18% for the SnO,/PMPDI/AIO,
(0.6 nm) (Fig. 6, right), hence modestly superior to those of SnO,/
PMPDI without AlO, (APCE = ~13%), but ~2.5-fold superior to
the original thin-film system, indium doped tin oxide (ITO)/
PMPDI with CoO, WOC (APCE = ~6%).” The observed, higher
APCE indicates that more photocurrent is produced for the given
number of absorbed photons when the AlO, overlayer was
applied, consistent with the hypothesis discussed: the AlO, over-
layer passivates the defect states at SnO, surface thereby reducing
charge recombination while the surface states of AlO, assist the
photocatalytic reaction at the electrolyte interface.

Effects of the combined application of CoO, WOC and AlO,
passivation layer

We tested if the combination of CoO, WOC with ALD AlO,
passivation (1.3 nm, 85 °C) could lead to an additional
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Fig.6 (Left) IPCE spectrum of SnO,/PMPDI/ALO, (0.6 nm, 85 °C deposition) anode in pH 7, 0.1 M KPi buffer with 20 mM H,Q sacrificial reductant
(red) plotted along with the optical absorptance spectrum of PMPDI (blue) and (right) APCE spectra of SnO,/PMPDI/AIO, (0.6 nm, 85 °C
deposition) anode in pH 7, 0.1 M KPi buffer with 20 mM H,Q sacrificial reductant.

enhancement in water oxidation photocurrent of the SnO,/
PMPDI photoanode. As discussed above, previous reports have
shown that the application of WOC to the DS-PEC system with
metal-oxide passivation layer led to an undesired decrease in
the photocurrent outputs.'***

We find that the photocurrent in our SnO,/PMPDI/AIO,/
CoO, photoanode in fact slightly increased over the SnO,/
PMPDI/CoO, control, indicating that the particular AlO,
passivation layer does not interfere with the catalytic function of
Co0, WOC in our case (Fig. 7a). Specifically, we observe that the
application of AlO, increases the magnitude of steady-state
photocurrent at a given potential for the system (e.g., from
—15 pA cm ™2 to —19 pA ecm™ > at +0.9 V vs. Ag/AgCl for SnO,/
PMPDI/CoO, and SnO,/PMPDI/AIO,/Co0,, respectively), while
decreasing the extent of photocurrent spiking (e.g., at +0.2 V vs.
Ag/AgCl, 72% decay for SnO,/PMPDI/AIO,/CoO,, and 89% decay
for SnO,/PMPDI/Co0,), consistent with the reduced charge
recombination enabled by AlO, passivation. An extended
experiment looking at photocurrent decay in the optimized
SnO,/PMPDI/AIO,/Co0, was also carried out, showing approxi-
mately 78% decay in photocurrent after ca. 1.5 hours (Fig. S77).

To the best of our knowledge, this result represents one of
the first observations in which the photoanode passivation does
not interfere with the activity of CoO, WOC as compared to the
system without the passivation layer deposited onto a PEC.
However, the photocurrent from SnO,/PMPDI/AIO,/Co0O, pho-
toanodes is still inferior to those of SnO,/PMPDI/AIO, coun-
terparts without CoO, WOC (Fig. 7a), although the origin of the
photocurrent from the latter case is still unknown, given that no
catalyst or sacrificial reductant were added and no oxygen
detected.

Decreasing the AlO, thickness in the SnO,/PMPDI/AIO,/Co0,
photoanode further increases the photocurrent output (Fig. 7b),
similar to the discussed trend in SnO,/PMPDI/AIO, without
Co0O, WOC. The sample with the thinnest, 0.6 nm AlO, coating
achieved the most photocurrent of —42 nA cm ™2 at +0.9 V vs. Ag/
AgCl, which is nearly 2.5 times higher than that obtained for
SnO,/PMPDI/Co0, without any AlO, overlayer.

We further demonstrate the observed photocurrent is actu-
ally derived from water oxidation by measuring faradic effi-
ciency via the generator-collector (G-C) method'***?*% to

This journal is © The Royal Society of Chemistry 2021

detect quantitatively the amount of oxygen produced. We find
that for all alumina passivation layer thicknesses, the faradaic
efficiency values were largely comparable (Fig. 7c), with the
photoanode passivated by 0.6 nm thick alumina displaying
a faradaic efficiency of 29 £+ 9%. This value is within error of
that measured from SnO,/PMPDI/CoO,, without any AlO,, and
samples with thicker AlO, showed slightly lower average fara-
daic efficiencies, though also within error. All samples without
catalyst displayed a faradaic efficiency of 0% prior to CoO,
deposition. Of note, photocurrent decays in extended O,
generation experiments, 20 minutes, resulted in ca. 11% decay
in O, generation (S8).

We examined the effects of CoO, WOC on the V. of SnO,/
PMPDI/AIO, photoanode with varying AlO, thickness to
understand the impact of CoOy, WOC and AlO, on the charge
recombination and injection (Fig. 8). When the SnO,/PMPDY/
AlO, photoanode is illuminated under open circuit, the
measured V,, reflects the quasi-Fermi energy of electrons (Eg )
in the nano-SnO, substrate with respect to a reference electrode
potential. The V,. is determined by the steady-state charge-
carrier concentration—that is, the quasi-equilibrium—set by
the balance between the relative rates of the electron injection
from the photoexcited dye to SnO, vs. the depopulation of the
SnO, states via recombination'*** (see Scheme 1, described in
more detail below).

Since the addition of the CoO, WOC in principle should not
alter the electron injection rate from PMPDI, any shift in V,,. can
be attributed to a change in the recombination rate for a given
thickness of AlO, passivation layer.'®** Based on the V, results
(Fig. 8 and Table 1), we find a general trend that the measured
magnitude of V,. increases while being negative (i.e., the elec-
tron quasi-Fermi energy increases due to decreasing rates of
recombination relative to injection) as AlO, thicknesses
increases. This result is as expected if AlO, acts as a tunneling
barrier to electrons leaving SnO,. Furthermore, we find
a general trend that the measured average V. is more positive
(i.e., the electron quasi-Fermi energy is lower due to increasing
rates of recombination relative to injection) after depositing the
CoO, WOC. This result suggests that the CoO, is able to scav-
enge electrons from the SnO,, despite the AlO, tunneling
barrier, which is consistent with the observed photocurrent
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Fig.7 Photocurrent transients (indicated by light (light-on)/dark (light-off) shading, 5 s each) collected in pH 7, 0.1 M KPi electrolyte for: (a) SnO,/
PMPDI/CoO, (blue), SnO,/PMPDI/AIO, (1.3 nm, 85 °C deposition, red) and SnO,/PMPDI/AIO,/CoO,, (1.3 nm, 85 °C deposition, black) anodes; (b)
SnO,/PMPDI/AIO,/CoO, (0.6 nm, 85 °C deposition, blue), SnO,/PMPDI/AIO,/CoO,, (0.9 nm, 85 °C deposition, red), and SnO,/PMPDI/AIO,/CoO,,
(1.3 nm, 85 °C deposition, black) anodes; (c) faradaic efficiency values for O, generation for SnO,/PMPDI/AIO,/CoO,, (85 °C AlO, ALD) with
varying AlO, thicknesses. In all cases oxygen was produced and the faradaic efficiency was found to be the comparable within error.

results, where photocurrents always decreased for a given AlO,
thickness after depositing CoO,. The samples with 0.9 nm thick
AlO, appear to be outliers from both trends, showing the most
positive V. (most recombination) and negligible effect of CoO,
on V,. within error. The changing kinetics of the system with
differing amounts of alumina reflect the complexity of the
kinetics herein, both an advantage and disadvantage of adding
a component to a system.

5264 | Sustainable Energy Fuels, 2021, 5, 5257-5269

A kinetic scheme, Scheme 1, was constructed in order to
better illustrate and understand how charge transfer occurs
throughout the SnO,/PMPDI/AIO,/CoO, device. Kinetic path-
ways were identified using kirans, kscavenges Kinjs krecombs Kabs, and
krelax indicating electron transfer, injection, recombination,
absorbance, and relaxation, respectively. This idealized, delib-
erately minimalistic scheme shows the kinetic pathways for the
system in which defects and impurities are not present. The V.

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Voc vs. Ag/AgCl reference electrode in a half-cell setup for
SnO,/PMPDI/AIO, (85 °C deposition, blue) and SnO,/PMPDI/AIO,
(85 °C deposition)/CoQ, (red) anodes at differing AlO, deposition
thicknesses. In this case, Vo = Eg,, the quasi-Fermi energy of elec-
trons in the SnO, sub-bandgap states.

Table 1 Open circuit voltage vs. Ag/AgCl for varying thicknesses of
alumina deposition with and without CoO, catalyst addition. The
addition of CoO, either increases V. (0 nm and 0.6 nm of AlO,) or
induces a negligible change (0.9 nm and 1.3 nm AlO,)

Alumina thickness Voe Without CoO,, Voe With CoO,,

(nm) vs. Ag/AgCl vs. Ag/AgCl

0 0 £ 0.02 0.05 £ 0.02
0.6 —0.054 £ 0.01 0.018 £ 0.03
0.9 0.074 £ 0.02 0.061 £ 0.02
1.3 —0.12 £ 0.04 —0.067 £ 0.04

results summarized in Table 1 above can be rationalized by
postulating recombination between SnO, to CoOy, as depicted
in Scheme 1 by the red dashed arrow from the SnO, conduction
band energy level at —0.16 V vs. Ag/AgCl to CoO,, (with a catalytic
onset potential of +1.03 V vs. Ag/AgCl).
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What is not represented in the kinetic scheme but is crucially
important to understanding recombination and efficiency in
a WOCatalysis system is the changes in the rate constants for
each charge transfer pathway that passes through the AlO,
‘blocking’ layer. In the case of 1.3 nm thick AlO,, the V. is
lowest (i.e., most negative), indicating a lowered charge
recombination, postulated to be due to a larger tunneling
barrier between SnO, and CoO. Given that 1.3 nm thick AlO,
also results in the lowest amount of photocurrent, this suggests
that the comparatively thicker AlO, passivation layer also slows
electron transfer from the CoO,, catalyst to regenerate the photo-
oxidized PMPD]I, or slows electron transfer from photo-excited
PMPDI to SnO,. The latter effect is less likely, because the
AlO, overlayer was deposited after PMPDI. Hence, while valu-
able for beginning to understand the present system in better
kinetic detail, future studies testing the pathways in Scheme 1
and measuring rate constants will be needed to better under-
stand in detail how and why the addition of the AlO, layer
improves photocurrent in the present system.

Structural model for AlO, passivation layer and CoO,, WOC

A typical assumption in the dye-sensitized solar cell (DSSC) and
DS-PEC literature is that ALD surface treatments are able to
uniformly coat the entire interior surface area of a mesoporous
metal oxide. However, the AlO, passivation layer prepared by
the ALD protocol used in this study is likely unable to produce
a fully conformal coating on the PMPDI loaded throughout the
bulk of 4 pm-thick mesoporous SnO,. The ALD process, similar
to chemical vapor deposition in nature, relies on an efficient
transport of vapor-phase precursors to a target surface on which
three-
dimensional (3D) mesoporous substrates require significantly

materials are deposited. Unlike flat substrates,

longer time for the precursors to be able to diffuse into the
mesopores (i.e., Kundsen diffusion) to generate a fully

-1 r 37
05
ot
a <
2 -0.16 b
< &
B 05 5
< 2
2]
2 ] 5
S 1 =
[8a]
15 - - 62
+1.65
SnO, PMPDI AlO, CoO, H,0/0,

Scheme 1 Hypothesized kinetic scheme of the SnO,/PMPDI/AIO,/CoO, system where SnO, is grey, PMPDI is pink, AlO, is blue, and CoO,, is
yellow. Green arrows indicate idealized pathways for charge transfer in WOC. Red arrows indicate loss of efficiency in the form of charge-carrier
recombination. Arrows to the AlO, are not included in this scheme based on the assumption that the ultrathin AlO, is a tunneling barrier in which
no charge carrier accumulation occurs. The lack of charge transfer pathways to or from the AlO, energy states indicates that, qualitatively, the
charge transfer pathways of the system with and without AlO, would be identical; that is, the arrows depicted in a kinetic scheme of the anode

would be the same.
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Fig. 9 SEM image of SnO,/PMPDI/AIO, (0.6 nm, 85 °C)/CoO,, anode
taken at 30 000x magnification.

conformal coating throughout the bulk interior of the meso-
pores. In our ALD process, the PMPDI-loaded mesoporous SnO,
was exposed to materials precursors (either TMA or water) for
1 min during each cycle under dynamic vacuum (i.e., contin-
uous evacuation of the chamber under constant flow of back-
ground carrier gas (nitrogen; 20 sccm)). That treatment is not
expected to allow diffusion of precursors deep into the bulk of
mesoporous SnO, film. The resulting AlO, passivation layer
should, then and in turn, be covering mostly only the upper
portion of mesoporous SnO, film.

An artistic representation of the SnO,/PMPDI/AIO,/CoO,
anode system developed and examined herein was created
based on scanning electron microscopy (SEM) imaging of the
anodes (Fig. 9). This rendering (Fig. 10) is based on a series of
SEM images of the anodes, both with alumina (Fig. 9) and
previously published,' showing the distinctly nanostructured
features reflected in this depiction. Understanding the layering

Fig. 10 Idealized structural models of the SnO,/PMPDI/AIO,/CoO,
anode with (a) 0-0.9 nm thick AlO, layer and (b) 1.3 nm thick or greater
AlO, layer, where SnO; is grey, PMPDI is pink, AlO, is blue, and CoO, is
yellow. Note that in (b) a full, impenetrable coverage by the alumina
over the SnO, surface is implied, and therefore no yellow CoO, is
shown in the lower part of (b). Structural models are based on SEM
imaging of anodes, which showed distinct nanostructured behavior as
rendered herein.
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and interaction of each component is necessary to accurately
examine the kinetics of the system as a whole.

For the thinner AlO, coatings employed, we illustrate
a hypothesized thin surface coating at the outer most surface of
the SnO, only (Fig. 10a). The subsequent application of the
CoO, WOC onto the anode structure likely results in CoO,
directly in contact with PMPDI, and SnO,, within the deeper
portion of mesoporous SnO, film, as opposed to the CoO,
placed on AlO, overlayer at the upper region of the SnO, film.
This is consistent with the observed increased charge recom-
bination and, consequently, reduced photocurrent output for
the full system with added CoO,. Attempts to determine the
location and prevalence of cobalt using SEM-energy dispersive
X-ray spectrometer (EDS) and XPS were unsuccessful due to the
very low, catalytic quantities of CoO, used (for further discus-
sion see S5 and S7t). Although the CoO,, catalyst was not visible
by XPS, alumina is present in the anodes according to XPS
(Fig. S47).

As for the 1.3 nm-thick AlO, layer, the passivation now may
be thick enough to more thoroughly cover at least some of the
mesopores, more similar to Fig. 10b than 10a, preventing at
least some direct contact between SnO, and CoO, as can happen
with the ultrathin, 0.6 nm layer for example, so that recombi-
nation is not increased (or at least not as much) following the
application of CoO,,. But, the thicker AlO, passivation layer has
other effects, as already noted, inhibiting the efficiency of
necessary electron transfer from the CoO, to PMPDI, while also
preventing the full utilization of PMPDI loaded within the bulk
of mesoporous SnO, film. The net effect of the even modestly
thicker AlO, layer is that the performance of base SnO,/PMPDI/
AlO,, 0.6 nm thickness AlO,, anode is overall reduced.

Conclusions

In the present study we have examined a SnO,/PMPDI DS-PEC
system for photoelectrochemical water-oxidation catalysis
where an ultrathin AlO, passivation layer is added by low-
temperature ALD, with and without a CoO, WOC. The thick-
ness- and deposition-temperature parameters of the ALD were
explored with the goal of optimizing the system. The answers
obtained to the five primary questions posed at the start of the
studies are the following: (i) yes, deposition of an ultrathin
alumina overlayer applied by ALD on the PMPDI/SnO, photo-
anode can improve the photoactivity and catalytic activity of the
system; (ii) yes, perhaps surprisingly as one of the more inter-
esting results of the present study, the addition of specifically
a ~1 nm-thick AlO, layer deposited on a 4000 nm (i.e., 4 micron)
thick mesoporous anode system can and does have a positive,
2.5-fold improvement in the steady-state photocurrent with 29
+ 9% faradaic efficiency vs. the control anode without alumina
passivation. Reduced charge-carrier recombination explains the
observed effect. Next, (iii) yes, layer thickness and deposition
temperature of the alumina overlayer are key parameters, a 0.6
nm-thick AlO, layer deposited at 85 °C providing the best
photocatalytic activity in our hands; so that (iv) yes, ALD-
deposited, ultrathin AlO, layers is a useful tool to address the
carrier recombination in nanostructured/dye systems such as

This journal is © The Royal Society of Chemistry 2021
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SnO,/PMPDI DS-PECs. Additionally, (v) yes, ALD-deposited AlO,
layer does help support the understanding of the “anti-catal-
ysis” of co-depositing a CoO;, WOC on the SnO,/PMPDI DS-
PECs—specifically the picture of direct CoO,~SnO, contact-
mediated recombination—but was unable to improve the
photocurrent in a net SnO,/PMPDI/AIO,/CoO, system. The
results document that metal-oxide passivation by low-
temperature ALD can be an effective strategy for improving
the water oxidation performance of even nanostructured DS-
PECs. The results indicate that further optimizing the ALD
protocol by tailoring it towards mesoporous structures—for
example, by utilizing the ALD-derived infiltration synthesis
method®***—merits experimental testing.

Overall, we find the addition of an optimized ultrathin AlO,
layer (0.6 nm thick; deposited at 85 °C) improves the SnO,/
PMPDI/AIO, system's photoactivity by a factor of up to ~3-fold
with reduced recombination. However, the addition of CoO,
still results in a decrease in photoactivity compared to the SnO,/
PMPDI/AIO, system without CoO,, but a faradaic efficiency of
oxygen production of ca. 30%. We attribute the lack of
a performance enhancement by CoO, WOC to incomplete
coverage of each SnO, nanoparticle by the AlO,. Despite the
decrease in photoactivity with the addition of the CoO, WOC,
the SnO,/PMPDI/AIO,/Co0, system yields a higher photocur-
rent in all cases compared to the original, alumina-free SnO,/
PMPDI/CoO,, system.
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