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Solar photocatalytic reactions are a very promising approach to clean energy production. Even though
significant efficiency improvement has been made in photocatalytic devices, simultaneously achieving
their long-term stability has remained a formidable challenge. As such, to date, there have been very few
demonstrations of semiconductor photocatalysts showing stable and long-term operation under
concentrated solar irradiation, crucial for practical applications. Herein, we design a unique photocatalyst
protection architecture comprising an Al,Oz capping layer on the cocatalyst-decorated light-absorbing
GaN-based nanostructures to mitigate two of the most dominant bottlenecks in long-term stability:
photocatalytic corrosion and cocatalyst nanoparticle displacement. Thereby, we demonstrate the stable
operation of this oxide-protected photocatalyst nanostructure for ~1500 hours without significant
performance degradation under concentrated sunlight, which is significantly longer than the stability of
the photocatalyst without any protection. Detailed investigation reveals the dynamic characteristic of the
capping layer, where Al atoms diffuse from the nanowire c-plane toward the m-plane during the

reaction and subsequently get oxidized to form an Al,Os layer. As such, this protection architecture
Received 8th April 2025 tabilizes th talyst ticles on the sidewall m-pl d ts the photocatalyst top c-
Accepted 15th July 2025 stabilizes the cocatalyst nanoparticles on the sidewall m-plane and prevents the photocatalyst top ¢
plane corrosion at the same time. Our study overcomes the critical challenge of simultaneously

DOI 10.1039/d5ta02771c achieving high efficiency and stability in clean fuel generation, offering a crucial means for practical

rsc.li/materials-a applications of photocatalytic devices for sustainable green energy.

Some of the most critical issues limiting the long-term
stability of photocatalytic reactions are primarily photo-

Introduction

Hydrogen production through solar water splitting is a very
promising approach for solar energy conversion to chemical
fuels."” Along this line, unassisted photocatalytic solar water
splitting at a stoichiometric H, to O, ratio of 2: 1 is crucial for
sustainable and renewable green fuel production.>* The
counter electrode is deposited on the surface of the photo-
catalyst as nanoparticle cocatalysts in this wireless counterpart
of the photoelectrochemical water splitting process,*® which
can substantially reduce the system cost due to its simplicity.
Furthermore, photocatalytic solar water splitting can viably
operate in freshwater or seawater>'® with no additional bias or
circuitry and can thus address the important photocatalytic
stability and safety-related concerns.*'**> Despite the substan-
tial improvement in the solar-to-hydrogen (STH) conversion
efficiency of the photocatalytic devices,”*?° their long-term
stability has remained a considerable challenge, which has
thus far prevented their practical large-scale applications.

Department of Electrical Engineering and Computer Science, University of Michigan,
Ann Arbor, 1301 Beal Avenue, Ann Arbor, MI 48109, USA. E-mail: ztmi@umich.edu
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5ta02771c

31642 | J Mater. Chem. A, 2025, 13, 31642-31653

catalytic corrosion and cocatalyst nanoparticle displacement
(i.e., agglomeration and detachment) as depicted schematically
in Fig. 1a. Catalytic corrosion is a common phenomenon for any
materials reacting in aqueous media, leading to their faster
deactivation.”** Furthermore, the photocatalytic activity is
directly correlated to the uniformity of cocatalyst nanoparticle
dispersion on the photocatalyst surface.>**® These nanoparticles
tend to migrate and aggregate on the photocatalyst surface in
response to thermal or optical excitation due to the formation
energy difference resulting from the lattice mismatch variation
between the nanoparticles and different photocatalyst facets.”
The resulting nanoparticle agglomeration leads to the degra-
dation of photocatalytic activity because of the reduced number
of active sites on the semiconductor material surface.”®>*
Moreover, cocatalyst nanoparticle detachment or dissolution
during the reaction can also result in the loss of active sites,**”
leading to an expedited deactivation of the photocatalyst
materials. Therefore, addressing these major limiting factors
for photocatalytic stability will play a vital role in achieving
enhanced longevity of the photocatalyst material.

II-nitride semiconductors such as InGaN are one of the few
materials among the currently known photocatalysts®® with

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of photocatalytic corrosion and cocatalyst nanoparticle displacement during the reaction. (b) 45° tilt SEM image

of the as-grown p-InGaN nanowire (NW) array. The schematic of the different layers of the p-InGaN nanowire photocatalyst is shown in the inset.
(c) Preparation flow of the AlLOz-protected p-InGaN nanowire sample with cocatalyst nanoparticles (NPs). (d) EDX elemental mapping of the
AlL,O3-capped cocatalyst-decorated p-InGaN nanowires after 0 min, 30 min, and 60 min of photocatalytic reactions. (e) HAADF-STEM-EDX
mapping of the nanowire showing the Al,Os thickness change after O min, 20 min, 40 min, and 60 min of photocatalytic reactions.

a tunable energy band gap across the solar spectrum while
straddling the water redox potentials under the irradiation of
ultraviolet (UV) and visible light.*** As such, these semi-
conductor materials are very promising as efficient light
absorbers for enhanced photocatalytic activity in solar water
splitting. Moreover, the considerable chemical stability of

This journal is © The Royal Society of Chemistry 2025

metal-nitride semiconductors makes them a viable option as
photocatalysts for practical solar water splitting applica-
tions.**** Furthermore, the inclusion of protection layers has
been reported to significantly enhance the stability of different
photoelectrodes for PEC solar water splitting.**™** On the other
hand, Lyu et al.*®* showed that the photo-deposition of CoOOOH
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and TiO, on oxide-based photocatalysts helped reduce the
cocatalyst dissolution and significantly enhanced the material
durability. The work of Han et al*® also reported improved
stability of oxide photocatalysts resulting from CrO,
modification.

In this work, we have investigated the major challenges
associated with realizing the long-term stability of the InGaN
nanowire-based photocatalyst. Detailed studies show that the
nanowire structure is severely affected by photocatalytic etching
at the top c-plane, cocatalyst nanoparticle aggregation along the
lateral m-plane surfaces, and the loss of cocatalyst nanoparticles
over time. Thereby, we design a dynamic protection scheme
comprising an Al,O; capping layer on the nanowire photo-
catalyst structure, and this architecture demonstrates a signifi-
cant enhancement in the photocatalytic longevity. The Al,O;3
protection layer evolves during the reaction by getting partly
redistributed from the nanowire c-plane toward the nonpolar
sidewall. This, in turn, not only facilitates the prevention of
nanowire etching and nanoparticle aggregation at the c-plane
but also inhibits the detachment of the nanoparticles by
stabilizing them on the m-plane. Such a unique protection
architecture can eventually help realize the implementation of
long-term stable photocatalyst devices for large-scale sunlight-
driven overall water splitting.

Results and discussion

The scanning electron microscopy (SEM) image of the as-grown
p-InGaN/GaN nanowire sample on the Si (111) substrate
synthesized with molecular beam epitaxy is shown in Fig. 1b.
The schematic illustration showing the different layers of the
nanowire structure is depicted in the inset. The details of the
epitaxial growth can be found in our previous studies.*””** The
length of the nanowires is ~850 nm with a diameter of
~150 nm. Rh/Cr,0; core/shell and CoO, nanoparticles were
photo-deposited on the p-type InGaN/GaN nanowires as the
cocatalysts to promote H, and O, generation, respectively.>*>®
Fig. 1c demonstrates the steps involved in synthesizing the
Al,O;z-protected InGaN nanowire photocatalyst. Here, a thin
(~20 nm) protective Al/Al,O; capping layer on top of the
cocatalyst decorated p-InGaN nanowire has been designed in
order to suppress the severe nanowire etching and cocatalyst
nanoparticle displacement. For this protection design, an Al
capping layer was deposited with electron-beam (e-beam)
evaporation. Subsequently, rapid thermal annealing (RTA) in
the O, environment at 500 °C for 5 min was performed. In this
preparation process, some portion of the deposited Al will get
oxidized to form a partially Al,Oz-coated Al layer. Apart from
primarily protecting the top c-plane of the nanowire photo-
catalyst, this design does not block the catalytically active sites
on the m-plane,”” due to the directional nature of the e-beam
deposition. O, treatment is also reported to catalytically
further stabilize the material.®®* As such, this protection
scheme will help increase the longevity of the photocatalyst
without sacrificing its activity. Upon conducting photocatalytic
reactions on this structure, the dynamic nature of the oxide
layer can be observed as the Al atoms of the capping layer

31644 | J Mater. Chem. A, 2025, 13, 31642-31653

View Article Online

Paper

deposited on the nanowire tip migrate to the sidewall m-plane
and subsequently get oxidized as depicted in the final step of
Fig. 1c.

The scanning transmission electron microscopy (STEM)
along with the elemental mapping in Fig. 1d confirms the
successful e-beam deposition of Al followed by the O, environ-
ment RTA, forming a thin Al,O;-coated Al layer on top of the
nanowire structure before the reaction. As can be observed in
the STEM with chemical mappings of the structure with
different reaction durations in Fig. 1d, the Al/Al,O; capping
layer stays on the nanowire tip at the initial stage of the reaction
without undergoing much change. However, the Al/Al,O3
protection layer starts changing and gets redistributed after 60
min of the photocatalytic reaction. With the ongoing reaction,
the Al/Al,O; capping layer continues to absorb optical excitation
from the light source, and this will result in the localized
heating of Al metal species.®® Consequently, there will be
a thermal gradient from the photocatalyst nanowire tip towards
the bottom with the heated side on top. As such, a thermal
migration force will be applied on the Al adatoms in the
direction opposite to the thermal gradient and, therefore, the Al
adatoms will diffuse from the heated nanowire tip towards the
relatively cold nanowire sidewall and root.**"* These thermally
migrated Al atoms eventually get oxidized during the photo-
catalytic reaction to form Al,O; on the nanowire sidewall. In this
experiment, it takes ~60 min for the capping layer Al atoms to
acquire sufficient thermal energy from the optical excitation to
overcome the diffusion energy barrier for the thermal migra-
tion,*" which is reflected by the significant capping layer redis-
tribution after 60 min Fig. 1e depicts the high-angle annular
dark field (HAADF)-STEM elemental mappings of the nano-
structure showing the thickness change of the Al/Al,O; capping
layer over time. It can be observed that the decrease in the Al/
Al,O; top layer thickness is considerably small for the first 40
min of the reaction, even though the Al,O; formation on the
sidewall starts becoming noticeable after 40 min. However, after
60 min of the reaction, the Al,O; top layer thickness is signifi-
cantly reduced with much more enhanced oxide layer attach-
ment on the sidewall.

As such, more detailed experiments were performed for
understanding the dynamic nature of the Al,O; protection layer
on the InGaN photocatalyst. In order to further elucidate this
phenomenon, X-ray photoelectron spectrum (XPS) measure-
ments were done on these samples where the c-plane nanowire
surfaces were predominantly measured, and the results are
shown in ESI Fig. S1.7 The XPS signal for the Al 2p orbital is
initially strong on the top c-plane of the nanowire. Based on the
STEM elemental mapping before reaction shown in Fig. 1d, the
estimated Al amount is ~51 at% whereas the O amount is ~48
at%. The substoichiometric O amount indicates the presence of
Al and AL,O; in this capping layer at the initial stage. After
a longer reaction time, the Al 2p signal strength considerably
decreases due to the Al redistribution from the c-plane. More-
over, as can be seen in the STEM with Al mapping in ESI
Fig. S2,1 the Al in the c¢-plane capping layer migrates to the
nanowire sidewall during the initial stage of the reaction (60
min). As the reaction continues, some portion of this Al gets

This journal is © The Royal Society of Chemistry 2025
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oxidized to stay on the sidewall while the rest starts to dissolve
in the water solution. For the longer durations of the photo-
catalytic reaction (1-64 days), the Al signal intensity in the STEM
elemental mapping becomes much weaker, which indicates
that more Al from the nanowire sidewall continues to dissolve
in water with the ongoing long-term reaction. This is further
corroborated by the inductively coupled plasma-atomic emis-
sion spectrometer (ICP-AES) test shown in ESI Fig. S3.} It can be
observed that the total Al content dissolved in water continues
to increase as the long-term reaction goes on. Furthermore, the
high resolution (HR)-STEM image shown in ESI Fig. S4at indi-
cates that there is no formation of Al/Al,Oj; lattices within the
metal cocatalyst nanoparticles during the reaction. The nano-
particles mainly contain the lattices of Rh/Cr/Co oxides.
Furthermore, the HR-HAADF-STEM-EDX mapping of the
nanowire showing the Al distribution after ~300 hours of
reaction is depicted in ESI Fig. S4b.f

Subsequently, photocatalytic stability experiments for overall
water splitting (OWS) have been performed in pure water at 70 ©
C (ref. 37) temperature under concentrated simulated solar
illumination (10 suns or 1000 mW cm™2). Previous studies in
the literature report that increased light intensity results in
faster photocatalytic degradation.®*** Our experiments indicate
a proportional reduction in photocatalytic stability with
increasing light intensity. For the same cocatalyst-decorated,
unprotected InGaN nanowire samples with the same light
source, our earlier research reported approximately 78 hours of
photocatalytic stability with 30 suns,®” while this study observed
around 240 hours of stability with 10 suns (ESI Fig. S5T). Hence,
we have used the same light intensity (10 suns) for all the
photocatalytic long-term stability experiments in this work for
consistency. The stability results for the samples with different
Al/Al,0; capping layer thicknesses (5 nm, 10 nm, and 20 nm)

(a

1600

1400 I Al,O, layer

I thickness
1200

1000 [
800 [
600 [
400 [

200

Photocatalytic Stability (Hour) ~~

5 10 20

Al,O, Thickness (nm)

Fig. 2

(b) Stability test of the cocatalyst-decorated p-InGaN nanowires with and without Al,Os-capping under concentrated light of 1000 mW cm™

70 °C temperature.
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are displayed in Fig. 2a. It is noticeable that the stability of the
structure increases with thicker oxide protection layers. If the
capping layer is thin, there will not be enough Al atoms that can
migrate and subsequently get oxidized to cover the nanowire
sidewall entirely. As such, there will be exposed portions of the
nanowire sidewall with no oxide protection, resulting in worse
photocatalytic stability for samples with sub-optimal capping
layer thickness. The periodic fluctuations observed in stability
data can be primarily caused by two factors: (1) test error from
measurement variation, and (2) dynamic reconstruction of the
photocatalyst. Test error due to measurement variation is
possible, as each cycle of measurement is done manually at
separate times. For each cycle of measurement, the reaction
chamber was pumped down to a vacuum before the water
splitting reaction. Then, the photocatalytic reaction was per-
formed, and the hydrogen and oxygen gases produced were
sampled with a vacuum-tight syringe. Subsequently, the gas
samples were analyzed in a Shimadzu GC-8A gas chromatog-
raphy machine. The fluctuation can result from several cycles of
such measurements. Furthermore, the dynamic reconstruction
of the photocatalyst material is also common during the reac-
tion.**®” Specifically, the photocatalyst surface structure may
not be constant during the long-term photocatalytic reaction,
which often experiences periodic reconstruction. This
phenomenon can also contribute to the STH data fluctuation.
Moreover, the STH conversion efficiency of the photocatalyst
nanowires in this protection design is not adversely affected.
This is because the oxide protection architecture does not create
any physical barrier between the nanowire sidewall-anchored
active sites and the aqueous solution. This has been further
corroborated by conformal deposition of an ~0.5 nm thick
Al,O; layer via atomic layer deposition (ALD) on the photo-
catalyst nanowire sample and testing its water splitting activity.

(b)

1.1
1.0
09/
08|
0.7
06|
05|
0.4
03
02
01
00l

Il with ALLO, protection
I without protection

iciency

Normalized STH Effi

LI hl
0 150 300 450 600 750 900 1050 1200 1350 1500

Time (Hour)

(a) Photocatalytic stability of the Al,Os-capped cocatalyst-loaded p-InGaN nanowire samples with different Al,Os capping thicknesses.
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As can be seen in ESI Fig. S6,7 even such a thin Al,O; layer
deposited by conformal ALD significantly reduces the STH
efficiency of the nanowire photocatalyst since it essentially
blocks the active sites on the nanowire m-plane. Furthermore,
the photocatalytic test result over time with normalized STH
efficiency for cocatalyst-loaded samples with a 20 nm Al/Al,O;
capping layer and without protection is shown in Fig. 2b. Here,
it can be observed that the cocatalyst-decorated p-type InGaN
nanowire photocatalyst without any protection layer can retain
more than 50% of its maximum activity for approximately 250
hours before it gets deactivated (<50% of the maximum activity
value). On the other hand, remarkably enhanced photocatalytic
stability has been achieved in the Al,O;-protected architecture
where it has been able to sustain more than 50% of its
maximum activity for ~1500 hours (as compared to ~250 hours
for the sample without any protection layer). The stability test
results with 5 nm and 10 nm Al/Al,O; layer thicknesses are
displayed in ESI Fig. S7.1 Moreover, the SEM images shown in
ESI Fig. S8a and bt respectively demonstrate that, without Al,05
protection, the etching and the cocatalyst nanoparticle
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agglomeration take place on the top c-plane of the nanowires
after the reaction.

To investigate the cocatalyst displacement phenomenon in
detail, STEM elemental mapping has been performed on both
the unprotected and Al,Os-protected samples after several
hours of reaction, as shown in Fig. 3a and b. There is a clear
agglomeration of the cocatalyst nanoparticles observed for the
sample with no Al,O; protection after several hours of photo-
catalytic reaction (Fig. 3a). Furthermore, the EDX spectra in ESI
Fig. S9t also demonstrate the agglomeration of the cocatalyst
nanoparticles (Cr, Co, and Rh) in the unprotected nanowires
after several hours of photocatalytic reaction, mostly towards
the top c-plane. Previous studies report that the hydrogen
bubble growth induces mechanical stress on the cocatalyst
nanoparticle surface. This stress drives the cocatalyst nano-
particle migration and agglomeration towards nanowire facets
with different formation energies, resulting in severe degrada-
tion of the photocatalytic performance.®® On the other hand, the
cocatalyst nanoparticles did not undergo much agglomeration
for the Al,Os-protected sample even after ~200 hours of reac-
tion as shown in Fig. 4b. As mentioned earlier, the Al/Al,O;
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Fig. 3 EDX elemental mappings of the cocatalyst-loaded samples for different reaction durations (a) without and (b) with Al,O3z protection. The
cocatalyst NPs are agglomerated in the case of no Al,O3z protection. Schematic depictions of the (c) cocatalyst NP displacement in the
unprotected nanostructure and (d) cocatalyst stabilization effect by the Al,O3 protection layer.
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of (a). (¢) Nominal nanowire height of the cocatalyst-decorated sample with and without Al,Oz protection for different reaction durations.
Schematic illustration of the (d) photocatalytic corrosion in the unprotected nanostructure and (e) reduced corrosion due to the AlLOs

protection.

protection layer initially covers the top c¢-plane, and Al subse-
quently redistributes itself to the sidewall m-plane of the
nanowire followed by oxidation during the photocatalytic
reaction. Thus, the Al,O; layer occupies different photocatalyst
facets, primarily the nanowire top c¢-plane and sidewall m-plane.
As previously discussed, these different nanowire facets have
different formation energies, and this variation in the forma-
tion energy causes the nanoparticles to migrate and aggregate
from one photocatalyst surface to another in response to optical
or thermal excitation. As such, the Al,O; coverage on different
surfaces all over the nanowire will minimize the variation in the
formation energies of different photocatalyst facets, and this, in
turn, results in suppressed cocatalyst migration and
agglomeration.

Furthermore, an ICP-AES test was conducted to compare the
cocatalyst (Rh, Cr, Co) amount in water after the long-term
reactions for the samples with and without Al,O; protection
(ESI Fig. S10%). It can be observed that the amount of dissolved
cocatalyst nanoparticles in water is reduced for the Al,O;-pro-
tected sample compared to the one without protection, sug-
gesting the reduced cocatalyst detachment for the oxide-coated
sample. Usually, the metal nanoparticles on Ga(In)N nanowires
are either physically adsorbed on the nanowire surface or there
is a lattice alignment between metal nanoparticles and Ga(In)N
nanowires. The lattice-matched metal nanoparticles have
a strong binding at the nanoparticle-nanowire interface, and
this helps anchor the nanoparticle cocatalysts on the

This journal is © The Royal Society of Chemistry 2025

photocatalyst nanowire surface even under harsh reaction
conditions.®® However, the surface-adsorbed metal nano-
particles have much weaker bonding strength at the nano-
particle-nanowire interface, and as such, they are more
susceptible to mechanical detachment. In the case of the Al,O5-
protected sample, Al atoms migrate to different photocatalyst
sites®”° at the metal nanoparticle-Ga(In)N nanowire interface
(ESI Fig. S4bt) as the reaction happens. Some portion of this
redistributed Al that gets oxidized will reside at the interface
between the weakly bonded surface-adsorbed metal nano-
particles and Ga(In)N nanowire. With the presence of Al,O; in
these weakly bonded interfacial regions, the cocatalyst metal
atoms will be trapped on the surface O*~ sites, which results in
the increased activation energy of metal nanoparticle detach-
ment from the O®  modified photocatalyst surface.”>”
Furthermore, Al,O; as a support is reported to possess relatively
robust metal-support interaction strength for a given metal due
to its high Hiittig and Tamman temperatures.”’* Consequently,
there is reduced dissociation of the metal species from the oxide
surface and they are anchored on Al,O; by chemical bonds
formed through an atom-trapping mechanism.””® This leads to
the further stabilization of the nanoparticle-nanowire binding
strength in these relatively susceptible regions and reduces the
cocatalyst detachment from the oxide-protected photocatalyst
surface. Here, it can be observed from ESI Fig. S107 that there is
initial Cr dissolution in the long-term photocatalytic reaction
for both the Al,O;-protected and unprotected samples. This

J. Mater. Chem. A, 2025, 13, 31642-31653 | 31647
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could be due to the accelerated dissolution of Cr through the
formation of CrOH** and Cr(OH); (ref. 77) in the solution at the
early stage of the photocatalytic reaction. However, the amount
of Cr dissolution in the long-term reaction (5 days or longer) is
much more suppressed in the Al,Oz-protected samples than
that of the unprotected samples due to the stabilization effect of
the oxide-protected surface, as explained earlier, resulting in the
overall better long-term photocatalytic stability. On the other
hand, the change of Co amount over time shown here is below
the detection limit of the measurement. The overall cocatalyst
displacement phenomenon, including agglomeration and
detachment in the unprotected photocatalyst has been sche-
matically illustrated in Fig. 3c. The nanoparticle stabilization on
the photocatalyst surface resulting from the oxide protection
architecture is depicted by the schematic diagram in Fig. 3d.
Moreover, there are directly exposed portions of Ga(In)N
photocatalysts to water where the surface charge transfer
towards the water splitting reaction is slow. As such, the accu-
mulated holes can instead oxidize the Ga(In)N surface, resulting
in its dissolution into the surrounding water in the form of
Ga,0; (Ga®" ions).” In order to delve into this issue, a control
photocatalytic experiment was carried out using the same
reaction conditions as before on an undecorated as-grown
nanowire sample. The SEM and HAADF-STEM images in
Fig. 4a and b show that the undecorated sample is severely
corroded on the c-plane within just 24 hours. Additional
HAADF-STEM images for this experiment are shown in ESI
Fig. S11.f This phenomenon substantiates the fact that the
nanowire photocatalyst without any nanoparticle coverage or
protection layer is highly susceptible to catalytic corrosion,
leading to much faster deactivation. The nominal nanowire
heights of the cocatalyst-loaded samples with and without Al,O;
protection for different reaction durations are shown in Fig. 4c.
For ~100 hours of reaction of the sample without any protec-
tion, a significant nominal nanowire height reduction of
~200 nm is observed due to nanowire photo-corrosion
compared to the samples before the reaction. The nanowire
height further decreased after ~300 hours of reaction for the
unprotected sample. On the other hand, there was very little to
no Ga(In)N dissolution even after ~200 hours of reaction for the
sample with Al,O; protection. There was ~100 nm of nanowire
height reduction after ~300 hours of reaction for this Al,0;-
protected sample. The corresponding SEM image data are
provided in ESI Fig. S12-S15.1 The nanowire height SEM data
for the as-grown sample are depicted in ESI Fig. S16a.T More-
over, the nanowire height for the Al,O;-protected sample after
a ~1500-hour reaction is depicted in the SEM data of ESI Fig.-
S16b.T As can be observed from these data, there was no
noticeable nanowire height reduction due to corrosion from
~300-hour reaction to ~1500-hour reaction. This further
confirms that the Al,O; protection layer substantially mitigates
oxidative corrosion during the long-term photocatalytic reac-
tion compared to the case of unprotected and exposed nanowire
samples. Here, during the first ~300 hours of the reaction, the
oxidation of the tip Al layer might be incomplete, resulting in
a relatively less robust Al,O; protection, and, therefore, nano-
wire height reduction to some extent is observed. Afterwards,
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the completely oxidized and stable Al,O; is formed on the
nanowire top plane in the long-term reaction and it prevents
any further corrosion by providing a robust physical oxide
barrier. The fast nanowire etching for the sample with no
protection can be attributed to the cocatalyst displacement and
the subsequent dissolution of the exposed portions of the
photocatalyst as illustrated in the schematic of Fig. 4d. More-
over, ESI Fig. S17t displays the HAADF-STEM images with
energy-dispersive X-ray (EDX) elemental mapping of a deacti-
vated nanowire after reaction. It is noticeable that the photo-
catalytic corrosion took place mostly on the c-plane of the
sample during the reaction. In contrast, the cocatalyst stabili-
zation effect along with a physical barrier provided by the Al,0;
layer minimizes the direct exposure of the Ga(In)N photo-
catalyst to water. This, in turn, substantially reduces the pho-
tocatalytic corrosion of the nanowires during the reaction as
schematically shown in Fig. 4e.

Time-resolved photoluminescence (TRPL) measurements
are carried out to investigate the influence of catalytic corrosion
and nanoparticle agglomeration on the carrier dynamics of the
nanowires. The abundance of surface trap states induces Fermi
level pinning on the sidewall of the nanowire and therefore
downward band bending in the p-type InGaN/GaN nanowire.
Under the electric field caused by downward band bending, the
photo-excited carriers experience separation, leading to electron
accumulation (hole depletion) near the surface region.” Such
a separation process occurs in tens of ps, much faster than
radiative recombination. Therefore, it can be recorded by the
TRPL signal, which is affected by the spatial overlap of carrier
distribution.®®

Three sets of samples after 0, 2, 4, and 10 days of reaction are
under measurement for comparison as shown in Fig. 5; the
detailed fitting parameters for the TRPL data are shown in ESI
Table S1.} Al/Al,O5-capped cocatalyst-decorated samples, which
have minor catalytic corrosion and nanoparticle agglomeration,
show similar PL decay curves for different reaction days
(Fig. 5a). The bare InGaN nanowire samples, which experience
severe catalytic corrosion primarily on the top c-plane but are
free of nanoparticle agglomeration, don't show an apparent
variation in PL decay curves with reaction days either (Fig. 5b).
The rapid PL decay in these two cases shows an efficient carrier
separation inside the nanowire.®® Meanwhile, it also indicates
that catalytic corrosion on the nanowire c¢-plane is not an
important factor affecting the carrier dynamics inside the
nanowire. In contrast, the unprotected cocatalyst-decorated
samples, which suffer from catalytic corrosion and nano-
particle agglomeration simultaneously, exhibit a prolonged PL
decay time with increasing reaction days (Fig. 5c). The nano-
particle migration and agglomeration change the coating
thickness unevenly on the sidewall of the nanowire and form
a thick coating on the upper side of the nanowire, which
significantly affects the band bending of the nanowire. A thicker
coating on the nanowire generally causes the surface band
bending of the nanowire to align with the intrinsic band
bending of the coating material.** The metal cocatalyst nano-
particles, which contain numerous free electrons, maintain
a constant Fermi level throughout. The metallic coating reduces

This journal is © The Royal Society of Chemistry 2025
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Fig.5 TRPL signals (440-460 nm) of three sets of InGaN/GaN nanowire samples for 0, 2, 4, and 10 reaction days: (a) Al,Os-capped cocatalyst-
decorated nanowire samples. (b) Bare InGaN/GaN nanowire samples with no protection and decoration. (c) Unprotected cocatalyst-decorated

nanowire samples.

Fermi-level pinning on the surface of nanowires, thereby
diminishing the extent of band bending. Therefore, the degree
of carrier separation is reduced, which extends the decay time.**
The TRPL data not only provide insight into the carrier
dynamics during the catalyst reaction but also offer a potential
nondestructive detection method for monitoring nanoparticle
agglomeration and catalyst reaction efficiency after proper
calibration.

Conventional surface protection by physical coating such as
ALD films involves overcoating the metal nanoparticle-decorated
photocatalyst nanostructure. Such coating layers preferentially
decorate the low-coordinated metal sites and spatially confine or
stabilize the cocatalyst nanoparticles.*** As such, the nonporous
ALD protection conformally coats all the photocatalyst nano-
structure facets, and physically blocks the catalytically active sites
of the nanostructure (i.e.,, m-plane of a nanowire structure),
causing catalytic efficiency degradation as seen in our experi-
ments. A similar phenomenon was also observed in a study
conducted by Alba-Rubio et al® However, there are studies
reporting the formation of a porous ALD configuration upon
high-temperature calcination, which was effective in enhancing
both the catalytic activity and stability.*”*® On the other hand, the
dynamic Al,O; protection scheme involves atom trapping in
stabilizing the cocatalyst metal nanoparticles on the photo-
catalyst surface, as explained earlier.

For context and better clarity, we further look at the stability
metric comparison of the conventional ALD Al,O3 protection
and dynamic Al,O; protection. Corrosion rate of the photo-
catalyst and the cocatalyst detachment/leaching can be
considered two key parameters in this regard. There are a few

studies reporting the corrosion current density (Icorr) of ALD
Al,O;-protected catalysts. Daubert et al. studied the corrosion
properties of copper metal protected with different ALD oxide
films,* whereas another study by Gong et al. reported an ALD-
Al,O; protection scheme on wrought and additively manufac-
tured (AM) stainless steel (SS) 316L.°° We have converted the
I.orr values reported in these studies to corrosion rates using
eqn (1), and summarized their corrosion properties in Table 1.

IcorrA

C i te = 1
orrosion rate = — "o (1)

Here, A = atomic weight, n = number of valence electrons, F =
Faradaic constant, and d = density.

It can be observed from Table 1 that the dynamic Al,O;-
protected RhCrCo/InGaN in this work has a similar order of
magnitude of corrosion rate, and an identical % reduction in
corrosion compared to the best ALD Al,Os-protected catalyst
samples.

On the other hand, cocatalyst detachment or leaching is
another important photocatalytic stability metric. While this
can be suppressed by applying a protective layer on the photo-
catalyst, it also depends on the nature of the cocatalyst nano-
particle. Lee et al. reported ~90% reduction in Co cocatalyst
leaching with an ALD TiO, protection on the Co/TiO, catalyst.”*
In another study by Settle et al., up to ~96% reduction in Pd
cocatalyst leaching has been reported for an ALD Al,O;-coated
Pd/TiO, catalyst.”> In this study, with the dynamic Al,O;
protection, we observe ~93% and ~40% reduction of Rh and Cr
cocatalyst detachment, respectively (ESI Fig. S10%).

Table 1 Quantitative comparison of corrosion properties between ALD Al,Oz-protected and dynamic Al,Oz-protected catalyst materials

Corrosion rate

Corrosion reduction compared

Catalyst material (nmh™) to the unprotected sample Ref.

29 nm ALD Al,0;-Cu 2.198 35.2% 89

20 nm ALD Al,O;-wrought SS316L 0.066 2.6% 90

20 nm ALD Al,05-AM SS316L 0.027 53.8% 90

20 nm dynamic Al,O;-RhCrCo/InGaN 0.06 66.4% This work

This journal is © The Royal Society of Chemistry 2025
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Therefore, the dynamic Al,O; protection scheme shows
mostly identical stability metrics compared to the conventional
ALD Al,O; protection, while not having the drawback of effi-
ciency degradation. This is because the dynamic Al,O; layer can
selectively protect the more susceptible c-plane of the nanowire
photocatalyst from corrosion while not blocking the catalyti-
cally active sites on the more robust m-plane. As such, this
protection scheme does not compromise the photocatalytic
efficiency in exchange for long-term stability, unlike the
nonporous ALD films.

Furthermore, studies on other artificial photosynthesis
systems such as photoelectrochemical (PEC) devices also report
the use of ALD-deposited thin Al,O; films for enhanced stability
in PEC H, generation through surface passivation.*?***
Besides, Xiao et al.”” reported a remarkably long PEC stability of
a GaN/Si photocathode resulting from in situ oxynitride
formation on the GaN nanowire m-plane. Their experiments
show the dynamic incorporation of O atoms on the m-plane of
GaN over time to form atomically thin GaON species, analogous
to the sidewall Al oxidation to form the Al,O; protection layer as
discussed in our study. The GaON nanocluster species serve as
catalysts that enhance charge carrier kinetics and function
efficiently in a long-term PEC reaction without requiring any
additional catalyst regeneration. As such, the dynamic Al,O;
protection architecture investigated in our study can also be
potentially employed in PEC reactions in order to achieve
further promising results in stability enhancement.

In addition, electrochemical (EC) processes suffer from
different degradation mechanisms such as structural reconfi-
guration of electrode materials, dendrite growths on electrodes
due to non-uniform plating/stripping of metal ions, and attack
of chemical species on reactive electrodes.” All these factors
result in poor EC stability. ALD was utilized to apply precise
nanoscale coatings of simple insulators (ie., Al,O3) onto
common EC electrode materials, creating thin and effective
protective layers to achieve enhanced EC stability.”*® This
approach supported the idea of using thin-film synthesis
methods, such as ALD, to form thin protective layers on EC
electrodes. By introducing this additional protection layer
between the electrode and electrolyte, both the chemical and
electrochemical interactions between them are minimized,
causing EC performance degradation. Generally, an intentional
protection layer in an EC system should possess low electronic
conductivity and high ionic conductivity, enabling ion transport
between the electrolyte and electrode while preventing electron
transfer. Additionally, it is beneficial to design the protection
layer to suit a specific EC process, in order to prevent undesir-
able chemical species from reaching the electrode to mitigate
electrode degradation. These combined properties present
a formidable interfacial engineering problem in the design of
an effective protection architecture in EC systems. As such, the
dynamic protection architecture presented in our work can be
considered a prospective approach to provide a compelling
answer to these challenges.

To summarize, in our work, the initially deposited oxide
capping layer helps protect the nanowire c-plane from the
catalytic etching during the reaction. On the other hand, the
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dynamically redistributed thin oxide layer on the m-plane helps
stabilize the cocatalyst nanoparticles on the photocatalyst
without any sacrifice in the photocatalytic activity, while the
remaining oxide layer on the top c-plane still protects against
corrosion. Therefore, this kind of oxide protection architecture
mitigates the major limiting factors of long-term stability such
as photocatalyst corrosion, nanoparticle agglomeration, and
nanoparticle detachment, and as such leads to a remarkably
enhanced longevity of the photocatalyst material.

Conclusion

In this study, we have identified the primary factors limiting
the long-term stability of p-type InGaN nanowire photo-
catalysts, those being photocatalytic corrosion and cocatalyst
nanoparticle displacement. Detailed analysis suggests that
these phenomena severely affect the top c-plane of the nano-
wire structure, limiting the achievable photocatalytic stability
to ~250 hours under concentrated solar illumination. As such,
protecting the nanowire tip with an oxide capping layer can
significantly suppress the photocatalyst etching and cocatalyst
nanoparticle displacement occurring at the nanowire surface.
Consequently, the Al/Al,O3;-capped Rh/Cr,0;/CoO,-decorated
p-InGaN nanowire sample shows a remarkably enhanced
photocatalytic stability of ~1500 hours under the same reac-
tion conditions. Further investigation of this architecture
reveals the dynamic nature of the Al/Al,O; protection layer,
where Al gets redistributed from the c¢-plane toward the m-
plane, followed by oxidation during the reaction, simulta-
neously resulting in the nanoparticle stabilization on the m-
plane and the prevention of the c-plane corrosion. Therefore,
a proper understanding and design of such an effective
protection architecture can not only substantially improve the
stability of photocatalytic water splitting but also greatly help
achieve the long-term stability of other catalytic reactions,
such as nitrogen fixation, carbon dioxide reduction, and
various electrochemical reactions.
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