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1. Introduction

Artificial photosynthesis has grown in 
the last decades due to its potential to 
store solar energy on large scale and long 
term by producing clean chemical fuels, 
such as hydrogen, with the energy input 
of sunlight.[1–3] Conversion of water into 
H2 and O2 utilizing sunlight is one of the 
most challenging yet rewarding photo
synthetic processes, which is generally 
known as photocatalytic overall water 
splitting (POWS).[3–6] Water splitting is a 
thermodynamically uphill chemical reac
tion composed of simultaneous hydrogen 
evolution and oxygen evolution reactions 
(HER and OER). The OER is kineti
cally slower since it requires 4electron 
transfer to oxidize water, and therefore, 
water oxidation is consistently referred to 
as the main kinetic bottleneck of water 
splitting.[2,7–10] When studying OER half
reactions, only a handful inorganic photo
catalysts can harvest light efficiently, 
generate sufficiently oxidative holes, and 

In the field of artificial photosynthesis with semiconductor light harvesters, 
the default cocatalyst morphologies are isotropic, 0D nanoparticles. Herein, 
the use of highly anisotropic 2D ruthenium oxide nanosheet (RONS) cocata-
lysts as an approach to enhance photocatalytic oxygen evolution (OER) 
rates on commercial WO3 nanoparticles (0D light harvester) is presented. 
At optimal cocatalyst loadings and identical photocatalysis conditions, WO3 
impregnated with RONS (RONS/WO3) shows a fivefold increase in normal-
ized photonic efficiency compared to when it is impregnated with conven-
tional ruthenium oxide (rutile) nanoparticles (RONP/WO3). The superior 
RONS/WO3 performance is attributed to two special properties of the RONS: 
i) lower electrochemical water oxidation overpotential for RONS featuring 
highly active edge sites, and ii) decreased parasitic light absorption on RONS. 
Evidence is presented that OER photocatalytic performance can be doubled 
with control of RONS edges and it is shown that compared to WO3 impreg-
nated with RONP, the advantageous optical properties and geometry of 
RONS decrease the fraction of light absorbed by the cocatalyst, thus reducing 
the parasitic light absorption on the RONS/WO3 composite. Therefore, the 
results presented in the current study are expected to promote engineering 
of cocatalyst morphology as a complementary concept to optimize light 
harvester-cocatalyst composites for enhanced photocatalytic efficiency.
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catalyze water oxidation without a dedicated cocatalyst, all on 
the same material, that is, BiVO4, Ta3N5, and rutileTiO2.[11–15] 
For most semiconductor light harvesters though, the addition 
of a cocatalyst that reduces the electrochemical overpotential 
for water oxidation is imperative to overcome kinetically slug
gish holetransfer at the light harvester surface. Reducing the 
overpotential for water oxidation at the expense of requiring 
an additional holetransfer step at the light harvester/cocatalyst 
junction can be a beneficial compromise, if other aspects of the 
created interface are properly controlled (i.e., band alignment) 
or even improved, for example, by reducing electron–hole 
recombination losses through improved charge carrier separa
tion at the new interface.[16–18] Common OER light harvesters 
include TiO2 (UV), TaON, and WO3;[13,19–22] and the most effi
cient OER cocatalysts are noble metal oxides, like RuOx and 
IrOx.[11,13,21,23] Optimization of the cocatalyst component of 
these hybrid photocatalytic systems is crucial to improve photo
catalytic OER performance. In addition to cocatalyst load, close 
attention should be paid to tuning the deposition method, 
cocatalyst structure (e.g., coreshell structure), and chemical 
composition.[14,24,25] Such features, among others, have a direct 
impact on optical and photocatalytic properties of the light 
harvester/cocatalyst junction which ultimately govern activity, 
for example light absorption and charge transfer.[5,11,26,27] It is 
well established in literature that impregnationcalcination, 
photodeposition, and hydrothermal methods can readily load 
active cocatalyst nanoparticles (0D morphology) directly on 
the surface of a semiconductor light harvester from precursor 
salts like RuCl3, IrCl3, and H2PtCl6.[21,23,28,29] However, despite 
their simplicity, reproducibility, and high degree of cocatalyst 
dispersion on a light harvester support, these methods gener
ally suffer from the lack of control of cocatalyst morphology, 
and particle size uniformity.[11,26,30] Cocatalyst loading relates 
to reaction active sites. Yet, excessive loading typically results 
in aggregation of the cocatalyst and excessive coverage of the 
semiconductor, which slows down the surface redox reactions 
due to inaccessible active sites and hinders light absorption on 
the semiconductor.[11,31] A moderately better tradeoff in terms 
of 0D cocatalyst uniformity and dispersion on the support can 
be achieved with the use of colloidal impregnation of previously 
synthesized nanoparticles (NPs) or nanoclusters instead of pre
cursor salts.[30,32–35]

Alternatively, 1D (i.e., nanotubes) and 2D (i.e., nanosheets) 
materials put forward an intriguing assortment of new function
alities if used as water oxidation cocatalysts in photocatalysis, 
like enhanced conductivity and charge storage capacity.[36–38] 
Among other types of 2D inorganic structures, ruthenium oxide 
nanosheets (RONSs) appear especially attractive—not only pro
moting rapid transfer of photogenerated charge carriers across 
the cocatalyst/light harvester interface, but also enhancing 
electrocatalytic water oxidation.[39,40] Lee and coworkers used 
RONS as a matrix together with inorganic photocatalysts, and 
observed activity increase due to the rapid charge transfer from 
the photocatalyst to the RONS interfaces.[40]

Our group also recently reported excellent performance 
of RONS as an electrochemical water oxidation catalyst.[39,40] 
The lower overpotential for electrocatalytic water oxidation 
attributed theoretically to the RONS edges is desired to utilize 
transferred photogenerated holes more efficiently. It has also 

been reported that RONS is more optically transparent com
pared to rutile ruthenium oxide nanoparticles (RONP).[37,41] 
This is advantageous to control the prevalent problem of light 
shielding that the latter produces on a particular light harvester 
support (parasitic light absorption).[11,31,34] Light absorption on 
the cocatalyst of a hybrid photocatalyst is often referred to in 
the literature as light shielding.[11,31,34,42] Out of the total light 
absorbed by a photocatalyst composite, in the absence of sensi
tization effects (i.e., plasmonics), only the fraction absorbed by 
the light harvester generates photocurrents. Therefore, in arti
ficial photosynthesis, light absorption on conventional cocata
lysts like RuOx at wavelengths below the light harvester optical 
band gap is considered parasitic.[11,31,42,43] Although parasitic 
light absorption has not been formally addressed in any artifi
cial photosynthesis performance indicator in literature to date, 
it is important because it relates directly to the photocatalyst 
solartochemical efficiency.[21,44–48] Therefore, to improve the 
efficiency of a hybrid photocatalyst, parasitic light absorption 
losses should be controlled, for example, by the usage of more 
optically transparent cocatalyst materials like RONS.[37,41,42] The 
usage of 2D cocatalysts is, in any case, an emerging trend in 
other areas of photocatalysis. Their screening for example in 
HER applications evidences that 2D cocatalysts on light har
vester composites produce higher rates compared to conven
tional 0D cocatalysts.[40,49–51]

This article highlights the combination of a 0D light har
vester (commercial WO3) and 2D (RONS) water oxidation 
cocatalyst (0D/2D) as a more efficient composite OER photo
catalyst (RONS/WO3) compared to its 0D/0D (RONP/WO3) 
morphology equivalent (depicted in Figure 1). We explain the 
observed higher photocatalytic OER rates on RONS/WO3 com
pared to RONP/WO3, decoupling the effects of two main obser
vations: First, taking into account the chemically distinct nature 
of RONS and RONP, we investigate the influence of the high 
electrocatalytic activity at the RONS’ edge sites, evidenced by 
higher photocatalytic activity of samples with RONS having 
smaller lateral size.[39] Second, we study the influence of advan
tageous optical properties, arising from the 0D/2D composite 
morphology on photocatalysis, which we quantify as reduced 
(parasitic) light absorption on RONS.

2. Results and Discussion

2.1. Structure, Morphology, and Optical Properties

2.1.1. RONS

The nanosheets were prepared by exfoliation of proton 
exchanged NaRuO2, which was synthesized as described in 
the literature.[39,52] The resulting HxNayRuO2·zH2O (proton 
exchanged NaRuO2) was suspended in ultrapure water 
(1  mg  mL−1) and tetrabutylammonium hydroxide (TBAOH, 
2.5  mm) to obtain suspended unilamellar RONS (see details 
in Experimental Section).[39] The reported exfoliation proce
dure has an efficiency of ≈20%, meaning the mass fraction of 
the initial precursor HxNayRuO2·zH2O that turns into a stable 
RONS colloid.[39] To make this exfoliation process more efficient, 
reproducible, shorter, and most importantly, to allow control of 
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RONS lateral size, two other exfoliation variants were identified. 
One variant replaced previously reported daily cycles of shaking
ultrasonication of the colloids by timed vortexing (8  h) imme
diately followed by ultrasonication (1  h).[39] This method favors 
higher and more reproducible exfoliation efficiencies (≈40%) 
suitable for the extensive photocatalysis screening of this study. 
The second variant is similar to the first but introduced the addi
tional removal of unexfoliated material after vortexing of the col
loid (8  h) to obtain a stable colloid stock. The obtained colloid 
stock is split for different ultrasonication durations (0, 1, 2 and 
3 h), to obtain ultrasonicationtimedependent RONS lateral size 
but at low exfoliation efficiency (≈5%). This method is used to 
explore nanosheet edge effects exclusively (see details of exfolia
tion in Experimental Section). Atomic force microscopy (AFM, 
Figure 2a) and scanning electron microscopy (SEM, Figure 2b) 
images are used to display the 2D morphology of single RONS. 
As previously reported, the nanosheet thickness is ≈1–2 nm, with 
a lateral size distribution dependent on the exfoliation procedure 
and roughly spanning from 100 nm to 1 µm.[39] Powder Xray dif
fraction (PXRD) pattern in Figure S1, Supporting Information, 
reveals that bulk NaRuO2 and HxNayRuO2·zH2O have similar 
crystallinity to the ones of our previous work.[39]

2.1.2. RONS/WO3 and RONP/WO3 Composites

Among other OER light harvesters, WO3 has a moderate 
band gap (2.75 eV), high thermal and photocorrosion stability, 
a highly oxidative valence band, and is commercially available. 
WO3 has a conduction band with suitable electronic properties 
to reduce an IO3

− redox shuttle instead of irreversible sacrificial 
electron acceptors typically used in OER experiments, such as 
AgNO3.[20,22,28,29,53] These attributes of WO3 have made it a typ
ical choice as oxygen evolution photocatalyst to achieve efficient 
POWS zschemes (see summary of WO3 photosynthetic appli
cations in Table S1, Supporting Information).[13,20,29] Accord
ingly, WO3 was chosen as light harvester for RONP and RONS 
in lieu of other semiconductors, used in the form of commer
cial nanopowders (particle size < 100 nm) to better benchmark 
its cocatalystdependent activity. The structure and morphology 
of commercial WO3 nanopowders were characterized by PXRD, 
transmission electron microscopy (TEM), and SEM, and are pre
sented in Figures S2–S10, Supporting Information. PXRD and 
TEM fast Fourier transform (TEMFFT) of WO3 powders show 
patterns and dspacing in agreement with a monoclinic phase 
with space group P21/n (d020 = 3.7 Å) reported in the literature 

Figure 1. Schematics of 0D/2D and 0D/0D morphologies for light harvester/cocatalyst composites. a) Synthesis procedure of 0D/2D and conventional 
0D/0D hybrid heterostructures. b) Advantages of photocatalytic water splitting using a WO3 nanoparticle on ruthenium oxide nanosheet (RONS/WO3) 
morphology (0D/2D) versus conventional (0D/0D) ruthenium oxide nanoparticle on WO3 surface decoration (RONP/WO3).
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for this commercial form of WO3 (Figure S2, Supporting Infor
mation, and Figure  2c).[54–56] Previously exfoliated RONS sus
pensions were used to impregnate WO3 nanoparticles (RONS/
WO3) as a cocatalyst for OER. Impregnation of WO3 by RONS 
was performed by mixing of the RONS colloid with an aqueous 
suspension of WO3 at room temperature to form a homoge
neous slurry. The slurry was then driedoff at 100 °C and under 
manual stirring, and grinded with pestlemortar to obtain a 
finehomogeneous powder. The wet WO3 impregnation with 
RONP (RONP/WO3) was performed similarly but replacing the 
RONS colloid with a RuCl3·H2O aqueous solution as the Ru 

precursor. RONS/WO3 and RONP/WO3 impregnated samples 
were adjusted to nominal wt% Ru/WO3 loadings of 0.05, 0.1, 
0.2, 0.4, 0.6, 1, 2 and 3. Finally, the obtained RONS/WO3 and 
RONP/WO3 powders were calcinated at 400 °C for 1.5  h (see 
details of the WO3 impregnation in Experimental Section, and 
in Figures S3 and S4, Supporting Information).

Inductively coupled plasma—optical emission spectrom
etry (ICPOES) elemental analysis was performed to confirm 
the Ru loading of the produced RONS/WO3 and RONP/WO3 
samples (see details of Ru loading estimations and ICPOES 
analysis in Experimental Section and in Figure S4, Supporting 

Figure 2. Light harvester/cocatalyst composite morphologies and properties. a) AFM image (height profile in color map) and b) SEM image of 
exfoliated ruthenium oxide nanosheets (RONS) obtained with an energy and angle selective detector (EsB). c) TEM image of RONP/WO3 sample 
after RuCl3 · xH2O wet impregnation (0.4%wt Ru), showing the d-spacings obtained by FFT of the regions containing ruthenium oxide nanoparticles 
(RONP, d110 = 3.18 Å). d) SEM image of RONS/WO3 sample after RONS wet impregnation (3%wt Ru), obtained with an Inlens detector. EDX analysis 
can be found in Figure S10, Supporting Information. e) TEM image of RONS/WO3 sample after RONS wet impregnation (3%wt Ru), and f) zoom-in 
of the demarcated area (white square) showing the d-spacings obtained by FFT of the regions containing RONS. TEM-EDX analysis can be found in 
Figure S7, Supporting Information.
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Information). The relative error between nominal and ICPOES 
measured Ru loadings of RONS/WO3 and RONP/WO3 samples 
is on average 7% and 6%, respectively. Therefore, unless stated 
otherwise, the nominal amount is used to refer to the Ru load
ings of RONS/WO3 and RONP/WO3 samples. Energy disper
sive Xray spectroscopy with SEM (SEMEDX elemental maps) 
and TEM (TEMEDX) were performed to characterize RONS/
WO3 and RONP/WO3 morphology, structure, and cocatalyst dis
persion. SEMEDX and TEMEDX analyses in Figures S5–S10,  
Supporting Information, reveal that both decorated cocatalyst 
compositions contain Ru. As shown in Figure  2c, the deco
rated cocatalyst nanoparticle size of the RONP/WO3 sample 
is ≈10  nm, with a dspacing (3.2  Å) corresponding to that of 
anhydrous RuO2 rutile (d110  = 3.17  Å), which is consistent 
with the literature.[21,57] At high cocatalyst loadings on WO3 
(3 %wt Ru), RONP has the same dspacing, but with some por
tion increasing in particle size, isotropically or as short nanorods 
(Figures S5 and S6, Supporting Information). SEM images 
of RONS/WO3 samples like in Figure  2d reveal an apparently 
less uniform cocatalyst distribution compared to RONP/WO3 
samples, with a nanosheet morphology akin to pure RONS in 
Figure  2a,b. Although the detection of RONS with SEMEDX 
and TEMEDX elemental maps is technically difficult (i.e., due 
to the low RONS thickness) at low magnifications (Figure S9, 
Supporting Information), nanosheets identified by imaging 
were confirmed by TEMEDX and SEMEDX local analysis and 
Xray photoelectron spectroscopy (XPS). In RONS/WO3, the 
increased thickness (≈10 nm) of certain spots containing RONS 
indicate its partial restacking during the colloid impregnation 
(Figure S8, Supporting Information), which partially supports 
the RONS’ lack of uniformity on WO3. RONS colloids are stable 
during the WO3 impregnation due to the presence of TBAOH, 
but partial RONS restacking instead of association with WO3 
NPs is still expected toward the dryoff step. This competition 
between WO3 NPs adsorption on RONS and RONS restacking 
occurs because the surfaces of both RONS and WO3 are ani
onic, which was confirmed by the zetapotential measurements 
in Figure S11a, Supporting Information (at pH = 7, −49  mV 
for RONS, and 58  mV for WO3).[37,58,59] Therefore, the self
assembly of the 0D/2D structure (depicted in Figure  1) from 
these surfaces with the same charge relies on adhesion phe
nomena toward the dryoff step, and weak attractive electro
static interactions between the surfaces of WO3 and RONS in 
colloidal suspension, the latter mediated for example by counter 
ions.[60–62] These pathways for the selfassembly of isocharged 
surfaces have been reported in the literature for similarly syn
thesized RONS and other 2D composites.[37,60–63] Dynamic light 
scattering observations in Figure S11b, Supporting Information, 
suggest an additive model for adsorption of WO3 NP on RONS, 
which supports the idea that the aforesaid interactions between 
the WO3 and RONS surfaces are effective for selfassembly.[59,64] 
Selfassembly is further supported by multiple SEM images and 
SEMEDX analysis of bulk powders of RONS/WO3 samples 
(Figures S8 and S10, Supporting Information). The latter sys
tematically shows that RONS (or restacked RONS) were always 
found to be surrounded by WO3 (single NP or aggregates) 
after calcination. Additional insights into the RONS/WO3 mor
phology were obtained by TEM and TEMEDX (Figure S7, Sup
porting Information), which confirm the 0D/2D morphology. 

This morphology, regardless of partial restacking of RONS, 
resembles the target of 0D/2D morphology with a hybridized 
RONS/WO3 interface similar to that depicted in Figure 1. Fur
thermore, SEMEDX and TEMEDX qualitatively confirmed the 
relative Ru content of different RONSlike structures as shown 
in Figure  2d,e (and Figures S7 and S10, Supporting Informa
tion), which points to RONS layers surrounded by WO3 NP. 
This morphology is similar to a previously reported 0D light 
harvester/RONS hybrid junction, proven to be photocatalyti
cally active.[40] The asobtained 0D/2D morphology of the WO3 
NPRONS composite has to the best of our knowledge not been 
used in artificial photosynthesis until now.

XPS was performed on RONS/WO3 and RONP/WO3 sam
ples to check for the Ru oxidation state of RONP and RONS 
after impregnation, which is presented in Figure S12, Sup
porting Information (Ru 3d5/2 signal). XPS analysis reveals that 
after the calcination, the RONP/WO3 Ru 3d5/2 signal is centered 
at 280.5 eV, which corresponds to anhydrous RuO2 (Figure S12, 
Supporting Information),[19,21,29] whereas the RONS/WO3 Ru 
3d5/2 signal that is centered at 280.7 eV (Figure S12, Supporting 
Information) is a superposition of Ru(III) and Ru(IV) peaks 
(RuOOHx, 0 < x < 1).[39,65] WO3 background together with the 
low amount of RONS in the RONS/WO3 sample (3  %wt Ru), 
make it difficult to resolve this broad and low intensity signal 
to individual peaks. These Ru(III) and Ru(IV) individual peaks 
are still visible in XPS of pure exfoliated RONS and corre
spond to the Ru 3d5/2 signals as previously reported for RONS 
(Figure S13, Supporting Information).[39,65] XPS suggests that 
the fundamental chemical difference between RONP and 
RONS is the presence of trivalent Ru together with tetravalent 
Ru in RONS (RuOOHx, 0 < x < 1) whereas only tetravalent Ru 
is present in RONP. The properties of RuOOHx are described 
in our previous work (more catalytically active edge of the (110) 
facet).[39] Therefore, within the photocatalysis framework of this 
article it is considered that at equivalent Ru loading, RONS/
WO3 and RONP/WO3 are mainly different in cocatalyst uni
formity on WO3, morphology, and differences in composition 
and edge properties of RONS and RONP, as discussed above. 
Multiple consequences in optics, electronics, and photocata
lytic aspects can result from such differences, for example dif
ferent photogenerated charge migration trends at the junction 
of RONS/WO3 and RONP/WO3. Among all those we find that 
two properties of RONS/WO3 and RONP/WO3 are significantly 
different, namely reduced parasitic light absorption and water 
oxidation overpotential in RONS/WO3.

2.1.3. Optical Properties of RONS/WO3 and RONP/WO3

Knowledge of the optical properties of RONS and RONP is 
crucial to quantify differences in parasitic light absorption in 
a photocatalysis environment. Ruthenium oxide materials like 
RONS and RONP typically exhibit black color and a narrow 
optical band gap (<0.5  eV).[37,66–68] Diffuse reflectance UV–vis 
spectra of bare and impregnated WO3 powders are shown in 
Figure S14, Supporting Information, which shows the WO3 
optical band gap (2.75  eV in Tauc plot), and qualitatively no 
evident change of absorption band edges of the composites 
due to RONP or RONS impregnation. The latter confirms 
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that RONP and RONS have optical band gaps in the IR range. 
The resulting broad absorption of ruthenium oxide between 
450–800 nm is less for RONS/WO3 than for RONP/WO3, both 
having equal cocatalyst loading (3 %wt Ru). This difference is 
also evident to the bare eye (Figure S14, Supporting Informa
tion). To properly quantify such observations suggesting that 
parasitic light absorption in RONS/WO3 is less pronounced 
than for RONP/WO3, UV–vis diffuse reflectance and transmit
tance (T + R) was measured on suspensions of both samples 
at equivalent Ru content (nominal %wt Ru), at each of the Ru 
loading levels used for the WO3 impregnation with cocatalyst 
(see depiction of experiments in Figure S15, Supporting Infor
mation). Suspensions containing samples like in photocatalysis 
conditions were introduced into an integrating sphere and 
absorptance (A = 1 − (R + T)) was measured in the range of 
300 to 800 nm (see details of UV–vis measurements in Experi
mental Section). In addition to the absorptance of RONS/WO3 
and RONP/WO3 photocatalysis samples (Figures S16a and S17b,  
Supporting Information), the absorptance of pure RONS col
loidal suspensions was measured (Figure S16b,c, Supporting 
Information). The mass of Ru contained in the pure RONS 
colloids is equivalent to the one of RONS/WO3 composites at 
each Ru loading level (%wt Ru). The WO3 background used 
for absorptance correction can be found in Figure S17a, Sup
porting Information, for different suspension densities. Above 
the absorption range of WO3 (λ  > 450  nm) and at equivalent 
Ru mass in suspension, for example at 2 %wt Ru, pure RONS 
absorbs roughly 45% less light than RONP/WO3 (in Figure S16b,  
Supporting Information, average of the 500–800  nm wave
length range). Although this is in line with the previously 
reported high optical transparency of RONS, below 600 nm the 
pure RONS absorptance increases and begins to approach the 
one of RONP/WO3 at equivalent Ru mass in suspension.[37,41] 
When comparing pure RONS versus RONS/WO3 at equiva
lent Ru mass in suspension in the same wavelength range, the 
average light absorption on WO3supported RONS is reduced 
by ≈30–40% at loadings > 0.6 %wt Ru (Figure S16c, Supporting 
Information). In this wavelength range (500–800  nm), such 
decrease in cocatalyst light absorption can be explained by the 
scattering of photons reaching the surrounding WO3 nanopar
ticles of the RONS/WO3 composite. In absorptance measure
ments, this event favors ultimately photon scattering out of the 
suspension over absorption on the exposed surface of RONS. 
For every wavelength and at equivalent cocatalyst load, RONS/
WO3 samples present always the lowest cocatalyst light absorp
tion when compared to pure RONS or RONP/WO3 (Figure S16, 
Supporting Information). This is a convolution of geometrical 
aspects (cocatalyst exposure), cocatalyst transparency (i.e., due 
to chemical and geometrical differences compared to RONP), 
and the fate of photons impinging on the WO3 part of the 
composites.

To deconvolute these different contributions to the decreased 
cocatalyst light absorption of the RONS/WO3 samples, we 
model light interaction with the photocatalyst components 
considering two possible scenarios (see details of optical mod
eling in Experimental Section). In a first scenario, we explain 
the lower cocatalyst light absorption of pure RONS versus 
RONP/WO3 (Figure S16b, Supporting Information). For such, 
we model the photons that impinge on exposed RONS and 

RONP to study the influence of RONS morphology and optical 
properties on cocatalyst light absorption. In a second scenario, 
we explain the lower cocatalyst light absorption of pure RONS 
versus RONS/WO3 (Figure S16c, Supporting Information). For 
such, we model the photons that impinge on WO3 to study 
the influence of lower RONS exposure to photons on cocata
lyst light absorption. The modeled scenarios rationalize UV–vis 
experimental observations and suggest that the RONS high 
transparency and optically shielded RONS (by WO3 NPs) may 
effectively control parasitic light absorption on the RONS/WO3 
samples during photocatalysis (see optical modeling analysis in 
Supporting Information, and in Figures S18–S20, Supporting 
Information).

The optics quantitative analysis presented hitherto con
siders a wavelength range where WO3 only scatters photons  
(500–800 nm), because we cannot directly access the fraction of 
light that is parasitically absorbed in RONS/WO3 and RONP/
WO3 samples when WO3 also absorbs light. On the one hand, 
it can be assumed that the lower cocatalyst light absorption of 
RONS/WO3 at wavelengths above 500  nm may result in less 
optical losses during photocatalysis (see optical modeling 
analysis in Supporting Information). On the other hand, light 
absorption on WO3 is the utmost requirement for photocatal
ysis, hence parasitic light absorption is only relevant if estimated 
for wavelengths below 500 nm. In later sections, we derive from 
the aforesaid quantitative observations at wavelengths between  
500 and 800 nm an upper limit of parasitic light absorption for 
the relevant photons (400 to 500 nm) irradiated on RONS/WO3 
and RONP/WO3 suspensions.

2.2. Photocatalytic Properties of RONS/WO3 and RONP/WO3

It is well documented that the ruthenium oxide/WO3 hetero
junction favors charge separation in WO3 and lowers the over
potential of water oxidation.[11,31,69] However, if ruthenium oxide 
loading is too high, further increase of OER rates is limited by 
parasitic light absorption and increased surface recombina
tion at the ruthenium oxide centers, and shields WO3 active 
sites.[11,31,69] Previously described optical and photocatalytic dif
ferences of RONS and RONP are key to explain dissimilar OER 
rates after the WO3 impregnation, and why their optimal ruthe
nium oxide loadings on WO3 differs. It must be noted that the 
less uniform cocatalyst distribution of RONS/WO3 compared to 
the highly dispersed RONP/WO3 may also play a role in photo
catalytic activity, as well as additional electrochemical cocatalyst 
differences.[38,52] These additional differences are not consid
ered quantitatively in the OER photocatalytic rate analysis pre
sented in this section, in view of the larger impact expected 
from the wellestablished lower water oxidation overpotential 
of RONS compared to RONP as discussed below, and the sup
pressed parasitic light absorption of the RONS.[38,39,52,70,71]

2.2.1. Photocatalytic OER Rates and Cocatalyst Performance 
on WO3

To probe the immediate influence of optics and electrochemical 
properties on the photocatalytic properties in water oxidation, 
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RONP/WO3 and RONS/WO3 were tested for photocatalytic 
OER activity. Photocatalysis was performed in a water sus
pension (ultrapure water, 0.5  mg  mL−1) under attenuated 
simulated sunlight (65 mW cm−2) and using KIO3 as electron 
acceptor (10  mm). OER rates were measured in a continuous 
photo catalytic high throughput cell described in our previous 
work.[21] The maximum OER rate in time was recorded for both 
samples at different loadings, and at plateau of photonic effi
ciency versus suspension volume (optimal photonic efficiency, 
ξe), which is shown in Figure 3a.[21,45] At loadings of 1  %wt  
Ru/WO3 for both RONS and RONP, which is optimal only for 
RONP, the RONS/WO3 sample shows a 3.5fold increase in 
ξe compared to RONP/WO3 (0.13% and 0.038%, respectively). 
Upon the impregnation of WO3 with additional RONS, the 
resulting optimally loaded RONS/WO3 sample (2 %wt Ru/WO3)  
shows a fivefold increase in ξe (0.19%) compared to the opti
mally loaded RONP/WO3. This optimal ξe of the RONS/WO3 
sample remained constant at a higher RONS loading of 3 %wt 
Ru/WO3. The fact that the photocatalytic activity of RONS 
plateaus at Ru loadings on WO3 up to three times higher than 
optimally loaded RONP/WO3 is explained later based on the 
RONS optical properties.

The dynamic OER rate measurement of RONS/WO3 can 
be found in a long illumination test in Figure S21, Supporting 
Information, which shows that RONS/WO3 is stable under 
photocatalysis conditions (7  h). No signs of deactivation were 
observed on RONP/WO3 either after long illumination times. 
Under the same conditions, bare WO3 has no activity above our 
detection limits, and ξe of a RuO2/TiO2 benchmark (AM 1.5G, 
300–800 nm) for rate standardization is 0.27% ± 0.05% (relative 
optimal photonic efficiency, ξ′e). Optimal photonic efficiencies 
ξe in Figure 3a are reported using good practices for measuring 
OER rates (see Supporting Information for details).[21,45,46,72] 
These practices include normalization of OER rates, minimi
zation of artificial O2 rates from electron acceptor decomposi
tion, and 18O labeling experiments (Figure S22 and Table S2, 
Supporting Information). Normalized activities of RONP/WO3 

(ξ′e = 0.15) and RONS/WO3 (ξ′e = 0.8) in Figure 3a were later 
refined with photocatalytic OER measurements in a second 
reactor cell with more controlled optics (see Supporting Infor
mation for details). To fully assess standardized performance 
indicators, photonic efficiency and apparent quantum yield 
(AQY) results obtained in this alternative cell for RONP/WO3 
and RONS/WO3 OER are presented in Figure S23a,b, Sup
porting Information, respectively (lamp spectra in Figure S24, 
Supporting Information).

In Figure  3a, it is shown that ξ′e of RONS/WO3 even sur
passes the one of WO3 impregnated at optimal loadings 
of PtOx (ξ′e  = 0.47, 1 %wt Pt) and RuO2·nH2O (ξ′e  = 0.32,  
0.5–1 %wt Ru); details of PtOx and RuO2·nH2O can be found in 
the Experimental Section. PtOx and RuO2·nH2O are the most 
active inorganic 0D cocatalysts on WO3 reported to date for 
photocatalytic OER using IO3

− as an electron acceptor.[19,20,28,29] 
However, both PtOx and RuO2·nH2O are inherently different 
cocatalysts. They are benchmarked on WO3, but they should 
not be compared directly with RONP (or RONS). While anhy
drous RuO2 (RONP) is a wellestablished water oxidation elec
trocatalyst with moderate additional activity for IO3

− reduction, 
PtOx and RuO2·nH2O are primarily cocatalysts for reduction 
of IO3

−.[19,20,28,29] Even so, RONP and other RuOx species are 
considered bifunctional cocatalysts that promote, to different 
extents, both water oxidation and IO3

− reduction.[19,20,29] To rule 
out that higher OER rates on RONS/WO3 are just the conse
quence of the previously reported faster IO3

− reduction rates on 
certain RuOx catalysts, (photo)electrochemical measurements 
(Linear Sweep Voltammetry, LSV) were performed on WO3, 
RONS/WO3, RONP/WO3, and PtOx/WO3. Dark LSV measure
ments show that RONS (and RONP) electrocatalytic activity 
relates mostly to water oxidation, being the RONS the electro
catalyst with the lowest IO3

− reduction and the highest water 
oxidation activity (Figure S25a,b, Supporting Information). 
Under chopped illumination (Figure  3b), RONS/WO3 also 
exhibits the highest water oxidation photocurrent (10 µA cm−2 
at a potential of 0.5 V vs Ag/AgCl). These observations denote 

Figure 3. Activity benchmark of different cocatalysts on WO3. a) Comparison of photocatalytic OER activity of different cocatalysts optimally loaded 
on WO3, using the concept of optimal photonic efficiency (ξe). Inset within the RONS bar shows activity of the RONS loaded on WO3 at 1 %wt Ru. 
Photocatalysis conditions: 10 mL ultrapure water, 10 mm KIO3, 0.5 mg mL−1 of sample and attenuated solar spectra (Figure S24, Supporting Informa-
tion, 65 mW cm−2). Error bars represent mean ± standard error of the mean of the average activity of two independent batches of sample (see details 
in Experimental Section). Optimal photonic efficiency of RuO2/TiO2 benchmark for rate standardization is 0.27% (relative optimal photonic efficiency, 
ξ′e). ξ′e of WO3 impregnated with optimal cocatalyst loadings of RONS (2 %wt Ru), RONP (1 %wt Ru), PtOx (1 %wt Pt) and RuO2 · nH2O (0.5 %wt Ru) 
are, respectively, 0.80, 0.15, 0.48 and 0.32. b) LSV profiles for WO3 + cocatalyst electrodes in 0.1 m aqueous Na2SO4 solution, and curves under chopped 
AM 1.5 G irradiation (dashed-dot lines). Scan rate: 5 mV s−1
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that higher photocatalytic OER rates of RONS/WO3 versus 
RONP/WO3 are unequivocally related to the beneficial optical 
properties of RONS/WO3, and the higher water oxidation 
electrocatalytic activity of the RONS (see details of the electro
chemistry and photoelectrochemistry analysis in Supporting 
Information). In the next sections, these two features of RONS/
WO3 are discussed in the context of photocatalysis.

2.2.2. Lower Water Oxidation Overpotential of RONS edges

The first key aspect for the higher photocatalytic OER activi
ties of RONS/WO3 is the higher electrocatalytic activity of 
the RONS edges when compared to anhydrous RuO2 (0.76  V 
lower overpotential for water oxidation).[39] It is expected in 
WO3 photocatalysis that this “electrocatalytic advantage” of 
RONS over RONP facilitates a more efficient extraction of 
the photogenerated holes reaching the cocatalyst/WO3 inter
face; assuming that water oxidation controls hole extraction 
rates.[11,31,73,74] Higher cocatalyst electrocatalytic activity simul
taneously reduces accumulation of photogenerated holes at 
the cocatalyst/WO3 interface, which indirectly reduces charge 
recombination in WO3.[73–75] Altogether, the more active RONS 
edge is then necessary to rationalize the higher RONS/WO3 
photocatalytic OER rates.

To prove this effect in photocatalysis, RONS colloids dis
playing controlled nanosheet lateral sizes were impregnated 
at equal loading on WO3. Nanosheets with different lateral 
sizes were obtained by varying the ultrasonication time of a 
unique RONS colloid stock, which was previously prepared 
by vortexing/centrifugation. Subsequent ultrasonication of the 
stock decreases the sheets’ lateral dimension, which increases 
the edgetovolume ratio of RONS that we have linked to its 
higher cocatalyst water oxidation activity (see details of RONS 
exfoliation in Experimental Section). We measured photo
catalytic OER rates of RONS/WO3 samples impregnated with 
such RONS colloid stock (at 20 and 50 mm TBAOH), at equal 
cocatalyst loading (≈0.25 %wt Ru, Figure S26, Supporting Infor
mation), but different ultrasonication duration before WO3 
impregnation. Results showing the OER rate differences with 
ultrasonication times are presented in Figure 4a. At 20  mm 
TBAOH, the maximum OER activity of RONS/WO3 was 
obtained for the colloid vial sonicated for 1  h (50% increase 
compared to no sonication). Lateral size distributions obtained 
from AFM images of the RONS before impregnating of WO3 
are displayed in Figure  4b for the same samples screened in 
Figure  4a. The most significant decrease in nanosheet lateral 
size occurs after 1  h of ultrasonication of the colloid stock 
(Figure S27, Supporting Information, and Figure 4b). The cor
responding RONS/WO3 sample shows the highest photocata
lytic OER activity (Figure 4a). The optimal ultrasonication time 
of the RONS colloid used to produce RONS/WO3 photocatalysis 
samples relates to an observed compromise between RONS 
lateral size and agglomeration (see details of the RONS size 
dependent photocatalysis studies in Supporting Information, 
and in Figures S27 and S28, Supporting Information). Still, 
our results show that the maximum activity is linked to the 
sharpest decrease in nanosheet lateral size, and thus that more 
active edge sites play a role in photocatalysis. This observation 

is supplemented with the second experiment at identical condi
tions but increasing the TBAOH concentration (50 mm) to sta
bilize the small agglomerates during extended ultrasonication. 
Accordingly, the experiment at 50 mm TBAOH shows a ≈100% 
increase in activity at 2 h of ultrasonication (Figure  4a) of the 
colloid compared to no ultrasonication. Additionally, photo
catalysis experiments were performed using an OER suitable 
dye ([Ru(bpy)3]2+  2Cl−) as light harvester instead of WO3 (and 
Na2S2O8 as sacrificial electron acceptor),[76,77] to isolate the edge 
effects from other influences such as those due to RONS/WO3 
hybridization efficiency during the impregnation step (Figure S29,  
Supporting Information). The trend obtained is similar, pre
sumably because agglomeration of RONS colloids during 
ultrasonication still reduces the surface area for hole transfer 
to [Ru(bpy)3]2+. Dye experiments likewise show such distinctive 
increase of OER rates with ultrasonication time and hence con
firm that more RONS edges increases photocatalytic OER rates 
(Figure S29c, Supporting Information).

2.2.3. Parasitic Light Absorption on RONS/WO3 and RONP/WO3

We quantify in this section the impact of parasitic light absorp
tion on the superior photocatalytic performance of RONS/
WO3, by building upon the cocatalyst light absorption differ
ences of RONP/WO3 and RONS/WO3 analyzed in previous 
sections (500–800  nm range). We have established that such 
trends result from multiple optical differences between RONP 
and RONS that arise, for example, from different electric prop
erties. We extrapolate the experimentally measured cocatalyst 
absorptance (%) for each cocatalyst loading to photocatalysis 
conditions as an estimation of parasitic light absorption (see 
Experimental Section for calculations and assumptions details). 
This estimation sets an upper limit for the fraction of the irra
diated relevant photons (400–500  nm) being absorbed by the 
cocatalyst during photocatalysis, which we define as the para
sitic light absorption fraction (fRuO2).

Figure 4c shows the trends of photocatalytic OER rates and 
fRuO2 of RONP/WO3 and RONS/WO3 versus different cocatalyst 
loadings (rates at optimal cocatalyst loading are used to calculate 
optimal photonic efficiencies in Figure  3a). Meaningful com
parison of two photocatalyst material performances requires 
calculations of the internal photonic efficiency or quantum 
yields, and thus the quantification of suspension absorptance 
under photocatalysis conditions.[21,72] Given that both RONP/
WO3 and RONS/WO3 samples have an identical WO3 light 
harvester support, their photocatalytic OER rates can be com
pared directly since differences in light absorptance of RONP/
WO3 and RONS/WO3 suspensions come primarily from optical 
losses related to fRuO2. Plateauing of OER rates with cocatalyst 
loading for RONP/WO3 (1  %wt Ru) and RONS/WO3 (2  %wt 
Ru) occurs around fRuO2 = 20–30%. Optimal cocatalyst loading 
of RONP/WO3 and RONS/WO3 cannot be explained quantita
tively based on this optical limit only. In addition to the fraction 
of photons effectively absorbed by WO3, the cocatalyst effect on 
internal photonic efficiency is also dependent on charge carrier 
dynamics of photogenerated charges. OER rates at the cocata
lyst/WO3 junction depend on multiple (opto)electronic factors 
such as cocatalyst/WO3 band alignment, charge separation, 
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and water oxidation overpotential of the cocatalyst.[11,16,17,31] For 
example, assuming a recombinationlimited model mediated 
by holetrapping at the surface of the semiconductor, OER rates 
are proportional to active sites for water oxidation.[16,73,74] In this 
scenario, based on mass action law, the coarse grain probability 
of hole transfer to ruthenium oxide depends linearly on the 
concentration of photogenerated holes at the WO3 surface, and 
cocatalyst availability.[73,74] At the same time, OER rates must 
satisfy the electrochemical relation between water oxidation 
rates at the cocatalyst surface and the available overpotential 
of the surface hole.[11,31] OER rates also improve with cocatalyst 
addition, due to the heterojunction properties that may gen
erate a significant upward band bending (i.e., 1.22 V for RuO2/
TiO2).[69,78,79] This likely upward band bending at the ruthenium 
oxide/WO3 junction reduces charge recombination due to elec
tric field induced electron–hole separation.[69,78–80] Altogether, at 
low cocatalyst loadings and proper band alignment, OER rates 

are expected to increase with cocatalyst addition. This can be 
seen in Figure  4c for both RONP/WO3 and RONS/WO3. At 
loadings of <0.2  wt% Ru, photocatalytic OER rates increase 
sharply with cocatalyst load, with little influence of adverse 
effects like parasitic light absorption (fRuO2 < 10%). On the other 
hand, OER rates plateau with more ruthenium oxide centers 
at high loads, because of multiple factors, like the increasing 
formation of unavailable cocatalyst active sites.[11,31,69] Exces
sive ruthenium oxide loading increases the nanoparticle size of 
RONP and likely leads to restacking of RONS. All these factors 
create an intricate relation between parasitic light absorption, 
photogenerated charge carrier dynamics, and optimal cocatalyst 
loading. Likewise, junction properties controlling OER rates 
are intrinsically different between RONP/WO3 and RONS/
WO3.[39–41,50,52] For example, the edge of RONS has a lower 
water oxidation overpotential compared to rutile RuO2, which 
was described formerly as another factor to explain higher OER 

Figure 4. Influence of lower cocatalyst water oxidation overpotential and parasitic light absorption on photocatalytic OER rates. a) Comparison of  
photocatalytic OER rates at equal loading of RONS on WO3 (0.25–0.33 %wt Ru, Figure S26, Supporting Information), exfoliated using only 12 h vor-
texing, but later ultrasonicated at different times (x-axis) before the WO3 colloid impregnation. TBAOH concentrations during exfoliation are 20 and 
50 mm. Photocatalysis conditions: 10 mL ultrapure water, 10 mm KIO3, 0.5 mg mL−1 of sample and attenuated solar spectra (Figure S24, Supporting 
Information, 65 mW cm−2). Error bars represent mean ± standard error of the mean of the average activity of two independent batches of sample (see 
details in Experimental Section). b) Nanosheet lateral size distribution from AFM images of the vortexed exfoliated RONS at different ultrasonica-
tion times and 20 mm TBAOH (x-axis in (a)). Solid lines correspond to the distribution fit (triple exponential, 95% confidence band in colored area). 
Example of surveyed AFM images, including sample after 3 h of ultrasonicated, can be found in Figure S27, Supporting Information. c) Photocatalytic 
OER rates versus the cocatalyst loadings impregnated on WO3 (x-axis considers Ru loadings measured by ICP-OES elemental analysis, Figure S4c, Sup-
porting Information). Photocatalysis conditions: 10 mL ultrapure water, 10 mm KIO3, 0.5 mg mL−1 of sample and attenuated solar spectra (Figure S24,  
Supporting Information, 65 mW cm−2). Error bars represent mean ± standard error of the mean of the average activity of two independent batches 
of sample (see details in Experimental Section). Secondary y-axis (red) represents the fraction of irradiated light that is parasitically absorbed by the 
cocatalyst (fRuO2) versus cocatalyst loading, estimated from UV–vis measurements (Figures S16a and S17c, Supporting Information) and optical mod-
eling (Figure S18c, Supporting Information), and extrapolated to the wavelength range of 400–500 nm (see Experimental Section for fRuO2 calculations 
and assumptions details).
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activities of RONS/WO3.[39] Regardless of such complexities, 
the common parasitic light absorption threshold of 20–30% 
described in Figure  4c still emerges as the limiting factor for 
cocatalyst load in both RONP/WO3 and RONS/WO3. Parasitic 
light absorption partially explains the higher optimal cocatalyst 
loadings of RONS/WO3. Due to the beneficial optical proper
ties of RONS, RONS/WO3 shows an evident stretch of the fRuO2 
function versus cocatalyst loading, which also translates to less 
optical losses and overall higher OER rates on RONS/WO3.

3. Conclusion

We have established that a 2D morphology presents evident 
advantages compared to conventional 0D morphologies in 
Rubased cocatalysts to obtain higher photocatalytic OER on a 
commercial light harvester (WO3). RONS impregnated on WO3 
(RONS/WO3, 2  %wt Ru) show a fivefold increase in photonic 
efficiency compared to RONP impregnated on WO3 (RONP/
WO3, 1  %wt Ru)—both at their optimal Ru loading. We have 
demonstrated that this increase of photocatalytic OER perfor
mance is related to more beneficial optical and electrochemical 
properties of RONS for water oxidation. We have quantified 
the former and the latter using the concepts of controlled para
sitic light absorption (fRuO2), and lower electrochemical over
potential for water oxidation at RONS edges, respectively. A 
low electrochemical overpotential at the RONS edge was pre
viously identified under electrocatalytic water splitting condi
tions and assigned to higher activity of the RONS edges. We 
have systematically demonstrated the impact of RONS edges 
on photocatalytic OER rates for the first time, which we have 
controlled indirectly by engineering the RONS exfoliation/
aggregation state and size. In addition, we introduced and 
quantified the concept of the fraction of parasitic light absorp
tion by the cocatalyst, fRuO2, which is barely discussed in pho
tocatalysis literature, and we show here that it has quantitative 
impact on light absorption efficiency by the light absorber. 
The optical properties established for RONS and the 0D/2D as 
compared to the conventional 0D/0D morphology allow us to 
rationalize the observed correlation between catalytic activity 
and catalyst loading, a concept that may generate particular 
interest in the context of earthabundant cocatalysts for artificial 
photosynthesis. While we have demonstrated that 2D RONS 
show higher activity as OER cocatalyst than 0D RONP, we have 
also shown that RONS stand out in a photocatalysis benchmark 
against other reported 0D cocatalysts on WO3, such as PtOx, 
and RuO2·nH2O, under the photocatalysis conditions used in 
this study. Finally, we present an alternative to the regular light 
harvester chemical, structural, and electronic tuning by adding 
the concept of morphology tuning to identify more efficient 
composite catalyst systems for artificial photosynthesis. On 
the one hand, the use of 1D and 2D morphologies in semicon
ductor light harvesters typically exhibits beneficial properties, 
for example, to decrease photogenerated charge carrier recom
bination. This has been widely exploited in artificial photo
synthesis (i.e., as 2D light harvester/0D cocatalyst). On the 
other hand, the use of cocatalysts with 2D morphology (rather 
than 0D) like RONS is an emerging trend in photocatalysis 
but rarely applied yet to energy conversion systems. Based on 

results from related fields of study, we believe that synergies in 
simultaneous light harvester and cocatalyst morphology design 
present unique opportunities to assemble more efficient inor
ganic photosynthetic systems.[14,42] The results presented herein 
and other interesting properties of 2D materials mentioned in 
this article thus open multiple possibilities for cocatalyst mor
phology engineering.
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