
www.afm-journal.de

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1908492 (1 of 9)

Full PaPer

Modulating Charge Separation Efficiency of Water 
Oxidation Photoanodes with Polyelectrolyte-Assembled 
Interfacial Dipole Layers
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and Byeong-Su Kim*

The charge separation efficiency of water oxidation photoanodes is modu-
lated by depositing polyelectrolyte multilayers on their surface using layer-
by-layer (LbL) assembly. The deposition of the polyelectrolyte multilayers of 
cationic poly(diallyldimethylammonium chloride) and anionic poly(styrene 
sulfonate) induces the formation of interfacial dipole layers on the surface 
of Fe2O3 and TiO2 photoanodes. The charge separation efficiency is modu-
lated by tuning their magnitude and direction, which in turn can be achieved 
by controlling the number of bilayers and type of terminal polyelectrolytes, 
respectively. Specifically, the multilayers terminated with anionic poly(styrene 
sulfonate) exhibit a higher charge separation efficiency than those with cati-
onic counterparts. Furthermore, the deposition of water oxidation molecular 
catalysts on top of interfacial dipole layers enables more efficient photoelec-
trochemical water oxidation. The approach exploiting the polyelectrolyte 
multilayers for improving the charge separation efficiency is effective regard-
less of pH and types of photoelectrodes. Considering the versatility of the LbL 
assembly, it is anticipated that this study will provide insights for the design 
and fabrication of efficient photoelectrodes.
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and hydrocarbons.[4] In this regard, var-
ious materials are being explored for effi-
cient photogeneration of excitons and 
their catalytic applications, including 
Fe2O3,[7–9] BiVO4,[10–12] WO3,[13–15] and 
TiO2

[16,17] as water oxidation photoanodes; 
Si[18,19] and Cu2O[20,21] as water reduction 
photocathodes; and cobalt phosphate[11,22] 
and Pt nanoparticles[23,24] as redox cata-
lysts. However, most semiconductors 
retain inherent problems such as the short 
diffusion length of charge carriers,[25] high 
recombination rate,[26] and low charge sep-
aration efficiency.[27] These, in turn, result 
in low overall performance. In this aspect, 
charge separation efficiency is regarded as 
the most critical factor for improving the 
performance of photoelectrodes.

In order to improve the charge sepa-
ration efficiency, various strategies have 
been suggested to date, such as nanofab-
rication of photoelectrodes, formation of 
heterojunction,[28–30] defect engineering,[31] 

and introduction of surface dipoles.[32] In general, the migra-
tion of charge carriers in bulk electrodes and their recombina-
tion at the photoelectrode–electrolyte interface are considered 
two major factors determining the charge separation efficiency 
of the photoelectrodes.[33] In particular, it was reported that the 
separation efficiency can be improved by controlling at least 
one dimension of photoelectrodes shorter than the diffusion 
length of the charge carriers[34] or by introducing a hetero-
junction structure for band engineering.[28,30] However, these 
approaches address only the charge migration issue, while 
raising other problems. For example, they can result in the 
formation of extensive interfacial defects, which exacerbate the 
recombination and stability issues.[35,36] In this regard, it is nec-
essary to develop a complementary approach that can address 
the aforementioned issues comprehensively.

In this study, we report the improvement in the charge sepa-
ration efficiency of photoelectrodes with polyelectrolyte mul-
tilayers. Cationic and anionic polyelectrolytes can be readily 
assembled using electrostatic interactions by exploiting a ver-
satile layer-by-layer (LbL) assembly to form multilayers with 
interfacial dipole moments. Their magnitude and direction 
can be fine tuned by controlling the number of bilayers (BL) 

1. Introduction

Solar production of chemicals is a potential route for storing 
and utilizing unlimited, albeit intermittent, solar energy.[1–6] In 
principle, all types of semiconductors with a proper bandgap 
can absorb sunlight, generate excitons, and drive electrochem-
ical reactions to produce valuable chemicals such as hydrogen[2] 
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of oppositely charged polyelectrolytes and the type of terminal 
polyelectrolyte in the multilayers. As a model photoanode, 
Fe2O3 and TiO2 are modified with multilayers of strong poly-
electrolytes–cationic poly(diallyldimethyl ammonium chloride) 
(PDDA) and anionic poly(styrene sulfonate) (PSS). Photoelec-
trochemical (PEC) characterizations combined with electro-
chemical impedance spectroscopy (EIS) and Mott–Schottky 
analysis demonstrate that the charge separation efficiency can 
be modulated by the dipole moments of the polyelectrolyte 
multilayers, independent of the pH and types of photoanodes 
tested. In general, photoanodes coated with the polyelectrolyte 
multilayers terminated with PSS exhibit a higher efficiency 
than those with PDDA. Furthermore, the deposition of mole-
cular catalysts on top of interfacial dipole layers enables more 
efficient PEC water oxidation. Considering the substrate- and 
pH-independent versatility of this LbL approach, we anticipate 
that this study can enable the design and fabrication of diverse 
and efficient photoelectrodes.

2. Results and Discussion

The modulation of the charge separation efficiency of photo-
electrodes with polyelectrolyte-assembled interfacial dipole 
layers is schematically depicted in Scheme 1. LbL assembly is 
particularly well suited for formation of interfacial dipole layers, 
as it enables the assembly of polyelectrolyte multilayers at a 
nanometer-scale precision regardless of electrode structures 
without altering the bulk properties of photoelectrodes.[37,38] 
Thus, the bulk properties of photoelectrodes, such as bandgap 
and conductivity, remain intact while their interfacial proper-
ties could be engineered. In this study, PDDA and PSS were 
selected as the cationic and anionic polyelectrolytes for modi-
fying photoanodes, owing to the following characteristics:  
i) high electrochemical stability (Figure S1, Supporting Infor-
mation), ii) distinct charge density independent of external pH 
as strong electrolytes, and thereby, and iii) formation of stable 

polyelectrolyte multilayers on various photoanodes, which have 
different stability and/or operating pH windows. Hereafter, the 
polyelectrolyte multilayers with negative terminal charge (i.e., 
PSS as a terminal layer) are denoted by integers, and those with 
positive terminal charge (i.e., PDDA) by decimal numbers. For 
example, 3 BL represents polyelectrolyte multilayers composed 
of three alternating layers of PDDA and PSS on the photo-
anode, whereas 3.5 BL represents multilayers composed of  
3 BL with an additional PDDA layer.

The structure and properties of the LbL-assembled poly-
electrolyte multilayers can be explained by the three Zone 
model:[39,40] Zone I is denoted as the first polyelectrolyte 
layer interfacing with the underlying substrate, Zone II as an 
intermediate charge-compensation region with free mobile 
ions, and Zone III as the outermost layer. An important fea-
ture of the polyelectrolyte multilayers is that their overall 
thickness and the type of polyelectrolytes in Zone III could 
be controlled precisely, thereby enabling precise manipula-
tion of the direction and magnitude of the interfacial dipole 
moment. In this regard, we anticipated that the charge sepa-
ration efficiency near the photoelectrode–electrolyte interface 
can be tuned by manipulating the properties of the polyelec-
trolyte multilayers.

Initially, the successful assembly of polyelectrolyte multi-
layers was investigated using Fe2O3 as a model photoanode sub-
strate because of its prominent advantages (e.g., relatively small 
bandgap and abundance) and disadvantages (e.g., low charge 
separation efficiency and catalytic activity for water oxidation). 
Transmission electron microscopy (TEM), combined with 
energy-dispersive X-ray spectroscopy (EDS), revealed the uni-
form and conformal deposition of polyelectrolyte multilayers 
on the surface of worm-like Fe2O3 photoanodes (Figure 1a and 
Figure S2, Supporting Information). According to EDS ele-
mental mapping analysis, the S that originated from the PSS 
was distributed uniformly along the coating layers on the Fe2O3 
photoanode. It should be noted that the contrast difference in 
the polyelectrolyte multilayers originated from the Pt sputtering 
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Scheme 1. Schematic illustrations of LbL assembled polyelectrolyte multilayers on photoelectrode and simplified carrier pathway for enhanced 
charge-separation toward efficient water oxidation. The LbL multilayer is drawn not to the scale.
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layer that resulted from the preparation of samples for cross-
sectional analysis using focused-ion beam etching.

The uniform deposition of the multilayers was further veri-
fied by UV/vis spectroscopy and ellipsometry using quartz slide 
and silicon wafer as a substrate, respectively (Figure S3, Sup-
porting Information). The average thickness of each BL was 
determined to be 1.87 ± 0.48 nm. The successive deposition of 
each polyelectrolyte was also investigated by X-ray photoelectron 
spectroscopy. While the Fe 2p and Sn 3d peaks from the under-
lying Sn-doped Fe2O3 electrode decreased with the number of 
BL, the N 1s and S 2p peaks increased originated from PDDA 
and PSS, respectively (Figure S4, Supporting Information). In 
addition, atomic force microscopy (AFM) confirmed that the 
assembled polyelectrolyte multilayers became distributed over 
the entire film surface with the successful growth of polyelec-
trolyte multilayers on the Fe2O3. The root-mean-square rough-
ness (Rrms) increased gradually from 70.63 ± 3.40 nm for the 
bare Fe2O3 to 95.56 ± 4.11 nm for 3 BL, and then decreased to 
78.41 ± 6.87 nm for 5 BL of the assembled (PDDA/PSS) multi-
layer (Figure 1b and Figure S5, Supporting Information). This 
result indicates that the non-uniform surface of the bare Fe2O3 
was propagated further with assembled polyelectrolyte mul-
tilayers in the lower number of layers (<3 BL). However, with 
an increased number of layers, the polyelectrolytes multilayers 
yielded a homogeneous morphology by offsetting the surface 
roughness of bare Fe2O3. These results evidently demonstrate 
the uniform and conformal deposition of PDDA and PSS on 
the surface of the Fe2O3 photoanode by the LbL method.

We then investigated the effect of the interfacial poly-
electrolyte multilayers on the PEC performance of the Fe2O3 
photoanodes. Linear sweep voltammetry (LSV) was performed 
in 80 × 10−3 m potassium phosphate buffer (pH 8.0) under vis-
ible light irradiation. First, we examined the effect of the thick-
ness of the polyelectrolyte multilayers (i.e., BL) (Figure 2a and 

Figure S6, Supporting Information). While depositions of 1 and 
5 BLs had negligible effects, it was noteworthy that the deposi-
tion of 3 BLs resulted in a cathodic shift of the onset poten-
tial from 0.98 to 0.94 V versus reversible hydrogen electrode 
(RHE). This was accompanied by a considerable increase in the 
photocurrent density from 0.32 to 0.41 mA cm−2 at 1.6 V versus 
RHE even without water oxidation catalysts. To further investi-
gate the effect of the interfacial dipole layer, the polyelectrolyte 
multilayers were assembled under different ionic strengths. 
We observed that the photocurrent density decreased remark-
ably when NaCl was added in the polyelectrolyte solutions 
during the LbL assembly process. This is owing to the charge 
screening effect of counterions, which reduced the interfacial 
dipole force of the polyelectrolyte multilayers (Figure S7, Sup-
porting Information).

Independent from the above observation, the Mott–Schottky 
analysis revealed that the deposition of the polyelectrolyte mul-
tilayers resulted in an anodic shift in the flat-band potential of 
Fe2O3 (inset in Figure 2a). This is possibly due to the forma-
tion of a dipole moment, which can facilitate the charge sepa-
ration near the photoelectrode–electrolyte interface.[41] Similar 
to the trend in the PEC performance, the 3 BL polyelectrolyte 
multilayer-modified Fe2O3 exhibited the largest shift in the flat-
band potential (from 0.25 to 0.49 V versus RHE), implying the 
generation of the highest dipole moment. Further deposition of 
the polyelectrolyte multilayers may lead to a longer separation 
of positively and negatively charged initial and terminal layers 
(i.e., Zones I and III), thereby diminishing the magnitude of 
the dipole moment. To exclude the possibility that the improved 
performance had originated from the increase in surface 
area,[42,43] the electric double layer capacitance (Cdl)—which is 
proportional to the electrochemically active surface area—of the 
Fe2O3 photoanodes was measured. The double layer capacitance 
of Fe2O3 was marginally decreased from 19.7 to 17.6 µF cm−2  
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Figure 1. Characterization of polyelectrolyte multilayers assembled on Fe2O3 electrode. a) TEM and the corresponding EDS elemental mapping images 
of 3 BL. b) AFM surface morphology of bare Fe2O3 and 3 BL with Rrms values averaged over 10 × 10 µm2.
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after the deposition of (PDDA/PSS)n polyelectrolyte multilayers 
for 3 BL (Figure 2b and Figure S8, Supporting Information). 
The decrease in capacitance can be attributed to the deposi-
tion of electrochemically inactive polyelectrolytes and implies 
the more favorable effect of polyelectrolyte multilayers in 
improving the performance of photoelectrodes.

Furthermore, we studied the effect of the type of terminal 
layers on the PEC performance of Fe2O3 photoanodes. Most 
notably, the performance of the Fe2O3 photoanodes varied in 
an alternating manner (Figure 2c). Specifically, Fe2O3 with poly-
electrolyte multilayers terminated with anionic PSS exhibited a 
higher photocurrent density than those with a cationic PDDA 
terminal layer. To elucidate the mechanism underlying this 
observation, we measured the flat-band potential of Fe2O3 photo    -
anodes upon deposition of 0.5, 1.0, and 1.5 BLs (Figure 2d). 
Both the PEC performance and flat-band potential of the Fe2O3 
photoanode exhibited a similar trend of variation. Whereas the 
variations for 0.5 and 1.5 BLs were negligible, the deposition of 
1.0 BL resulted in both a performance improvement (in terms 
of onset potential and photocurrent density) and an anodic 
shift in the flat-band potential. These results suggest that the 
modulation of the PEC performance resulted from interfacial 
dipole layers. Their direction and magnitude can be precisely 

controlled with the number of BL in the polyelectrolyte multi-
layers. It is noteworthy that the Mott–Schottky curves of the 
Fe2O3 photoanode became more linear after the deposition of 
the polyelectrolyte multilayers. According to the literature, this 
can be ascribed to the improved band pinning of photoelec-
trodes by surface-state passivation.[44,45] It can facilitate efficient 
charge separation for the water oxidation reaction.

To understand how the interfacial dipole moment created by 
the polyelectrolyte multilayers can modulate the PEC perfor-
mance of an underlying photoanode, we performed EIS. The 
measured EIS spectra were well fitted and analyzed using a 
2-RC equivalent circuit (Figure 3a, b and Figure S9a, Supporting 
Information). The suggested equivalent circuit is composed of 
the space-charge capacitance (CSC) of the bulk Fe2O3, carrier 
migration resistance (RBULK) from the bulk Fe2O3 to the surface, 
surface-state capacitance (CSS) associated with charge separa-
tion, and charge transfer resistance (RCT) by the electrochem-
ical reactions at the photoelectrode–electrolyte interface.[12] As 
expected, there were negligible variations in the bulk properties 
of the Fe2O3 photoanode, such as Rbulk and CSC, after the depo-
sition of 3 BLs (data not shown). In contrast, there was a signifi-
cant variation in interfacial properties such as CSS (Figure 3c) 
and RCT (Figure 3d). For example, the 3 BL displayed a higher 
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Figure 2. PEC characterizations of Fe2O3 photoanodes modified with polyelectrolyte multilayers. a) Representative LSV and a, inset) Mott–Schottky 
analysis of Fe2O3 photoanode assembled with polyelectrolyte multilayers (1, 3, and 5 BL). b) Effect of number of BLs on photoelectrochemical perfor-
mance (in terms of current density at 1.6 V versus RHE) and specific surface area (in terms of electrical double layer capacitance) of Fe2O3 photoanodes. 
c) Effect of number of BL and types of terminal polyelectrolytes on performance of Fe2O3 photoanodes. Note the PDDA terminal layer in gray and PSS 
in dark gray. d) Mott–Schottky analysis of corresponding photoanodes with polyelectrolyte multilayers.
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CSS and a lower RCT than the pristine one. According to the 
literature, the improved CSS and RCT values can be a measure 
of the photoelectrode performance; the increase in CSS can be 
caused by the efficient separation and accumulation of charge 
carriers and the decrease in RCT by reduced surface recombi-
nation.[44–46] The charge separation efficiency was quantitatively 
compared in terms of the shift in the flat-band potential before 
and after light irradiation (ΔVFB) and charging of the surface 
state (ΔVcharging). The 3 BL displayed 1.2-fold higher ΔVFB 
(205 versus 173 mV) and ΔVcharging (4.06 versus 3.41 V) than 
the pristine one (Table 1 and Figure S9b, Supporting Informa-
tion). According to the literatures, ΔVFB and ΔVcharging are pro-
portional to the charge separation efficiency[44] and the amount 
of accumulated charge carriers,[45] respectively.

Taken together, our analyses suggest that the deposition 
of polyelectrolyte multilayers can improve the charge separa-
tion efficiency of Fe2O3 photoanodes by forming an interfacial 
dipole moment (Figure 4a). The interfacial dipole layers may 

induce upward bending of the vacuum energy level near the 
photoelectrode–electrolyte interface, thereby providing a higher 
thermodynamic driving force for efficient separation of charge 
carriers.

We also measured the LSV curves in the absence and pres-
ence of sacrificial electron donor (1 m Na2SO3) to decouple the 
effect of the interfacial dipole layers and the slow water oxida-
tion kinetics on the charge separation efficiency (Figure 4b and 
Figure S10, Supporting Information). It is noteworthy here that 
the surface modification of photoanodes for enhanced PEC 
performance generally results in a decrease in the PEC per-
formance with respect to the oxidation of sacrificial electron 
donors.[47] This is because surface recombination rather than 
oxidation reactions becomes the rate-determining step in the 
presence of sacrificial donors.[8] However, the number of inter-
facial recombination sites can be increased after the modifica-
tion with polyelectrolyte multilayers assembled on top. Unlike 
these results, the modification of Fe2O3 photoanodes with 
3 BL of (PDDA/PSS) improved the PEC performance even with 
respect to the oxidation of sacrificial donors. We consider that 
the discrepancy was caused by the different mechanisms for 
improving the charge separation efficiency. While most conven-
tional materials such as cobalt phosphate can improve the sepa-
ration efficiency by self-redox reactions,[11,22] the polyelectrolyte-
based dipole layers can improve the efficiency by providing a 
potential gradient as observed in this study.

To demonstrate the practical application of the poly-
electrolyte-based dipole layers, Fe2O3 photoanodes were further 
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Figure 3. a) Schematic illustration of kinetic analysis for improved PEC water oxidation of photoanode fabricated with polyelectrolyte multilayer.  
b) Nyquist plot for kinetic analysis of bare Fe2O3 and 3 BL. c,d) EIS analysis for elucidating the mechanism of improvement in PEC performance by 
the fitting of Nyquist plot. c) CSS, and d) RCT.

Table 1. Flat-band potential shift (ΔVFB) between dark and light 
condition and evaluation of charging of surface state (ΔVcharging) in Fe2O3 
photoanodes. ΔVcharging was estimated by dividing the total charge of CSS 
by the EDL value (Cdl).

Photoanode ΔVFB [mV] Qtot [C cm−2] Cdl [F cm−2] ΔVcharging [V]

Bare Fe2O3 173 6.72 × 10−5 1.97 × 10−5 3.41

3 BL 205 7.15 × 10−5 1.76 × 10−5 4.06
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modified with a water oxidation catalyst in a format of catalytic 
multilayer using the LbL assembly. As a representative example, 
anionic Co-based polyoxometalate (POM) was deposited on 
Fe2O3 using cationic PDDA as an electrostatic counterpart, e.g., 
Fe2O3/(PDDA/PSS)3/(PDDA/POM)3 (type IV). For comparison, 
we prepared three control sets: Fe2O3 (type I), Fe2O3/(PDDA/
PSS)3 (type II), and Fe2O3/(PDDA/POM)3 (type III) (Figure 4c). 
As shown in Figure 4d, the co-deposition of the polyelectrolyte 
dipole and catalytic multilayers led to the highest performance 
due to the improved charge separation and injection efficiencies 
by the polyelectrolyte multilayers and POM catalysts, respec-
tively. While the charge separation efficiency was improved 
significantly in the presence of the interfacial dipole layers, the 
charge injection efficiency was improved considerably in the 

presence of POM catalysts (Figure 4e). These results indicate 
that our approach can be combined with other approaches or 
functional materials for developing highly efficient photoelec-
trodes, which again highlights the unique opportunities of 
modular LbL assembly in functional nanoelectrodes.

Finally, the substrate- and pH-independent universal applica-
tion of our LbL approach was demonstrated using TiO2 nano-
tubes (NTs) as a photoanode. Anodized TiO2 NTs were prepared 
and modified with polyelectrolyte multilayers composed of cati-
onic PDDA and anionic PSS using the identical LbL assembly. 
According to TEM and EDS analyses (Figure 5a–c), bright and 
thin polyelectrolyte multilayers composed of S and N from 
PSS and PDDA, respectively, were uniformly and conformally 
coated on the surface of TiO2 NTs. In accordance with the 
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Figure 4. a) Schematic representation showing the improved charge separation efficiency of photoanode after deposition of polyelectrolyte multilayers. 
b) LSV curves demonstrating the enhanced PEC water oxidation of polyelectrolyte multilayers on Fe2O3 with and without sacrificial electron donor 
(1.0 m Na2SO3). c) Schematic representations of photoanodes with additional catalytic multilayer assembled atop different architectures of photo-
anodes (Types I–IV). d) LSV curves and e) the charge injection and charge separation efficiencies of the corresponding photoelectrodes.
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result observed for the Fe2O3 photoanodes, TiO2 NTs exhibited 
a higher performance when the terminal layer was negatively 
charged PSS (Figure S11a, Supporting Information). Interest-
ingly, the highest performance was obtained when modification 
was achieved with 3 BL. This coincides with the result of Fe2O3 
photoanode (Figure 5d and Figure S11b, Supporting Informa-
tion). Because TiO2 is highly stable independent of external 
pHs, we examined the effect of the polyelectrolyte-based dipole 
layers on efficient charge separation in a wide pH range from 
highly acidic (1 m HCl) to basic (1 m NaOH) conditions. Despite 
the decrease in the surface area (Figure S12, Supporting Infor-
mation), the charge separation efficiency was improved con-
siderably after the modification with the polyelectrolyte multi-
layers at all the pH conditions tested due to the formation of 
interfacial dipole moments (Figure 5e,f).

Compared to conventional approaches, our approach has 
many advantages in terms of simplicity, general applicability, 
and compatibility with various strategies for performance 
improvements (Table S1, Supporting Information). In this 
study, we demonstrated that the charge separation efficiency of 
photoanodes can be improved by modifying their surface with 
polyelectrolyte-assembled interfacial dipole layers. In principle, 
rather than polyelectrolytes, one can utilize ferroelectric oxide 
as a photoelectrode or as a dipole layer for efficient separation 
of photogenerated charge carriers.[48] However, most ferroelec-
tric oxides (e.g., BaTiO3 and SrTiO3) are wide bandgap semicon-
ductors and thus, exhibit low utility; they cannot harvest visible 
light.[49] Their application as a dipole layer is also limited due 
to the following issues: i) lattice-matching between the ferro-
electric dipole layers and underlying materials is required,[50,51]  
ii) a harsh processing condition is required for crystallization 

and ferroelectricity,[52,53] and iii) formation of additional inter-
faces between them can cause severe recombination.[54] In con-
trast, our approach allows a simple modification of various sem-
iconducting photoelectrodes without the introduction of addi-
tional interfaces under mild conditions (i.e., aqueous process at 
ambient temperature and pressure). It can be applied to almost 
all types of photoelectrodes by taking advantages of versatile LbL 
assembly. Furthermore, our approach can be readily combined 
with conventional approaches to improve the performance of 
photoelectrodes, such as catalyst loading,[12,20] doping,[55] defect 
engineering,[56] and heterojunction formation.[28]

3. Conclusion

To summarize, we demonstrated that the charge separation 
efficiency of water oxidation photoanodes can be modulated by 
modifying their surface with polyelectrolyte multilayers. Our 
results indicate that the deposition of cationic and anionic poly-
electrolytes induces the formation of interfacial dipoles. The 
magnitude and direction of the interfacial dipole moments can 
be controlled precisely by varying the number of BL of oppo-
sitely charged polyelectrolytes and the type of the terminal poly-
electrolyte in the multilayer. As a result, we can modulate the 
charge separation efficiency of underlying photoanodes, such 
as Fe2O3 and TiO2, by precise tuning of the interfacial dipole 
moments, regardless of the pHs. Further deposition of water 
oxidation catalysts on top of the polyelectrolyte multilayer-
modified photoanodes resulted in significant performance 
improvement, suggesting the versatility of our approach. We 
believe that our strategy can be combined with the conventional 
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Figure 5. TEM images of a) bare TiO2 NTs and b) TiO2 NTs modified with polyelectrolyte multilayers. c) EDS mapping images of TiO2 NTs after 
deposition of polyelectrolyte multilayers. d) LSV curves of bare TiO2 NTs and TiO2 NTs assembled with polyelectrolyte multilayers (1, 3, and 5 BL).  
e) Comparison of PEC performance with electric double layer capacitance as a function of number of BLs under various electrolyte conditions, and  
f) Mott–Schottky plot of bare TiO2 NTs and TiO2 NTs assembled with polyelectrolyte multilayers.
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approaches for performance improvements, such as catalyst 
loading, doping, defect engineering, and heterojunction forma-
tion, and thereby provide insights for the design and fabrication 
of efficient photoelectrodes.

4. Experimental Section
Materials: PDDA (Mw 100 000–200 000), PSS (Mw ≈ 70 000), 

FeCl3∙6H2O, NH4F, Co(NO3)2∙6H2O, Na2WO4∙2H2O, and NaVO3 were 
purchased from Sigma–Aldrich (USA). Ethylene glycol, Ti foil, and 
NaNO3 were purchased from Alfa Aesar (USA). All reagents were used 
without further purification.

Fabrication of Fe2O3 Photoanodes: Sn-doped Fe2O3 nanowires 
were grown on fluorine-doped tin oxide (FTO) by the hydrothermal 
method according to the literature.[55] Briefly, 0.15 m FeCl3∙6H2O and  
1.0 m NaNO3 were dissolved in deionized (DI) water. Then, HCl 
was added to adjust the pH to 1.5. The mixed solution (20 mL) was 
transferred to a Teflon-lined stainless-steel autoclave containing an FTO 
substrate with its conductive side facing up. β-FeOOH nanowires were 
formed after hydrothermal reaction at 95 °C for 4 h, sintered in air at 
550 °C for 2 h (for conversion to α-Fe2O3 nanowires), and annealed at 
800 °C for 20 min (for Sn-doping).

Fabrication of TiO2 Photoanodes: Anodic TiO2 NTs were synthesized 
according to the literature.[57] First, a solution for anodization (30 mL) 
was prepared by dissolving ethylene glycol (10 wt.%) and NH4F 
(0.3 wt.%) in DI water. Anodization was conducted in a two-electrode 
configuration at 60 V for 30 min using washed Ti foil as the working 
electrode and Pt as the counter electrode. After anodization, the samples 
were cleaned with ethanol and DI water and annealed at 450 °C for 2 h 
at a ramping rate of 2°min−1.

Synthesis of Na10[Co4(H2O)2(VW9O34)2] (POM) WOCs: POM 
water oxidation catalyst was synthesized following procedures in the 
literature.[58] 1.2 g of Co(NO3)2∙6H2O and 6.0 g of Na2WO4∙2H2O were 
dissolved in 0.50 m sodium acetate buffer (120 mL, pH 4.8) with stirring 
for 5 min. Then, 0.27 g of NaVO3 was added to the solution. The mixed 
solution was refluxed at 80 °C for 2 h. This was followed by hot filtration 
to remove precipitates and impurities. The filtrate solution was stored in 
a refrigerator for a week to collect POM crystals by filtration.

Modification of Fe2O3 and TiO2 Photoanodes with Polyelectrolyte 
Multilayers: Polyelectrolyte multilayers were deposited on photoanodes 
by the LbL assembly method. Both the cationic and anionic 
polyelectrolyte solutions for depositing polyelectrolyte multilayers were 
prepared by dissolving PDDA and PSS, respectively, in DI water at a 
concentration of 5 mg mL−1 and pH 7. Polyelectrolyte multilayers were 
deposited on the desired substrate by the following procedure: Each 
photoanode was dipped into the PDDA and PSS solution for 5 min 
each. This was followed by washing with DI water for 30 s three times 
after each immersion step. The above procedures were repeated for the 
desired number of times.

Characterization: Morphological and surface roughness analysis 
of photoanodes were carried out using an NX-10 AFM (Park Systems, 
Korea), a JEM-2100 high-resolution TEM (HR-TEM, JEOL, Japan), and 
a TECNAI TEM (Thermo Fisher Scientific, USA). The absorbance and 
thickness of the polyelectrolyte multilayers were measured with a Cary 
5000 UV–vis spectrophotometer (Varian, USA) and EC-400/M-2000 V 
ellipsometer (J. A. Woollam Co. Inc., USA) using quartz and silicon 
substrates, respectively. Elemental analysis was conducted using an 
Alpha X-ray photoelectron spectrophotometer (Thermo-Fisher, USA).

PEC Characterization: PEC characterizations were carried out in a 
three-electrode configuration under front-side illumination. A 300 W 
Xe lamp was used as a visible and UV/visible light source with and 
without a 400 nm cut-on filter and an infrared water filter, respectively. 
For the Fe2O3 photoanode, 80 × 10−3 m potassium phosphate (pH 8.0) 
was used as the electrolyte solution. For TiO2, 1 m HCl, 80 × 10−3 m 
potassium phosphate (pH 8.0), and 1 m NaOH were used as the 
electrolyte. To determine the charge separation efficiency, 1 m Na2SO3 

was additionally introduced as a sacrificial electron donor. A WMPG1000 
multichannel potentiostat/galvanostat (WonA Tech Co. Ltd, Korea) was 
used for regulating the potential of the working electrode under the 
following conditions: Fe2O3 or TiO2 as the working electrode, Ag/AgCl 
as the reference electrode, Pt film as the counter electrode, and scan 
rates of 20 mV s−1 for Fe2O3 and 10 mV s−1 for TiO2. The active surface 
area of each electrode was estimated by electrochemical capacitance 
measurement using cyclic voltammetry (CV) by sweeping the potential 
in a non-Faradaic region. EIS was carried out under light using a SP-150 
(Bio-Logic Science Instruments, France) under the following conditions: 
applied bias range from 0.4 to 1.6 V versus RHE with a 0.1 V interval, 
amplitude of 20 mV, and frequency range from 0.1 Hz to 100 kHz. 
Numerical fitting of EIS data was conducted using EC-Lab software (Bio-
Logic Science Instruments, France). Mott–Schottky analysis was carried 
out using an SP-150 under 20 mV amplitude and 1 kHz frequency. The 
charging of the surface state (ΔVCharging) was calculated by the following 
equation:

totQ C dVSS∫=
 (1)

Charging
tot

dl
V

Q
C

∆ =
 

(2)

where Qtot is the amount of charge stored in the surface state of 
photoelectrodes, CSS is the surface-state capacitance, and Cdl is the EDL 
capacitance. CSS values as a function of the applied potential V were 
obtained from electrochemical impedance analysis. The charge carrier 
injection efficiency (∅inj) and charge-separation efficiency (∅sep) was 
calculated using the following equation:

inj
H O

scavenger

2
J

J
∅ =

 
(3)

sep
scavenger

max abs

J
J

∅ = × ∅  
(4)

where JH2O and Jscavenger are the photocurrent densities measured with 
and without sacrificial electron donor, respectively. Jmax is the maximum 
theoretical photocurrent density calculated by the solar photon flux, and 
∅abs is light-absorption efficiency of Fe2O3 according to wavelength.
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