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1. Supplementary Calculations
Generally, the turnover number (TON) for H> generation is defined as the ratio of

reacting molecules to active sites, as shown in Equation S1.

= (S1)

According to the review article by Xiaobo Chen et al.l'), the TON is usually used in
molecular systems. However, evaluating semiconductor photocatalysts using
Equation (1) is often difficult because their active sites cannot be accurately
determined. Alternatively, the TON can be calculated using Equation S2 in

semiconductor systems.

x 2
= (52)

Clearly, the TON in Equation (2) is generally smaller than the real TON in Equation

(1) due to the larger number of atoms compared to the number of real active sites.

The specific contents of Fe, Cu, and Co on the photoanode Ti/Fe2O3/Cu2S/Co(OH)x
were determined by ICP-MS. The final TON value for this photoanode after 3 hours

of reaction was calculated as 1146 using Equation S3.

Here, N represents the number of atoms or molecules of the substance, m represents
the mass of the substance, M represents the relative atomic mass of the element, and

Na represents Avogadro's constant.

The hole transport efficiency (#su1uce) between the photoanode and the electrolyte was
calculated to better illustrate the separation of charge carriers!?!. The 7uyuce is

described by the following Equation S4:



=—=— (84)

2 3

Here, represents the LSV test result of the photoelectrode ina 1 M KOH

2

electrolyte, while , represents the LSV test result of the photoelectrode ina 1 M

2

KOH + 1 M Na,SO; electrolyte. Na,SOjs is added because SO3* has a low activation
energy and fast oxidation kinetics. This ensures that all photogenerated holes reaching
the photoelectrode/electrolyte interface are immediately depleted, and surface charge

recombination can be neglected. Thus, Na>SO; is used as a hole-scavenging agent.



2. Supplementary Figures
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Supplementary Figure 1. (a) SEM image of CuzS nanoparticles loaded on
photoanode Ti/Fe;0:s. (b) Distribution of elements in the selected parts of the EDS. (c)
Elemental content map of selected parts of EDS. The samples with the best
photoelectric properties had low CuzS content, which was difficult to see on the SEM.
To prove that CuzS nanoparticles were loaded on the surface of Fe>Os, the loading of
CusS was increased to ensure that the Cu,S nanoparticles could be seen on the SEM.
EDS also proved the presence of the elements of Cu and S with a ratio of the atoms of

the two of 2:1, which suggests that it is CuxS.
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Supplementary Figure 2. LSV curves under AM 1.5G (light intensity: 100 mW/cm?).
Fe»Os3 thin film was obtained by magnetron sputtering of an iron oxide target on a
titanium sheet; FeoOz nanorods are the photoanode Ti/Fe;Os3. Both were annealed at
the same temperature. By testing, it can be found that the photocurrent of the iron
oxide nanorods is significantly higher than that of the iron oxide films. This reflects

the advantage of 1D morphology in observing high photocurrents.
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Supplementary Figure 3. LSV curves under AM 1.5G (light intensity: 100 mW/cm?).
(a) Influence of different CuzS contents on the Ti/Fe2O3 performance of photoanodes.
(b) Influence of different Co(OH)x contents on the Ti/Fe,Os performance of

photoanodes.
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Supplementary Figure 4. Chronoamperometry data plots at 1.23 V vs. RHE.
Stability test of photoanode Ti/Fe203/CuxS/Co(OH)x.



Supplementary Figure 5. (a) SEM image of photoanode Ti/Fe203/Cu2S/Co(OH)x
before stability testing; (b) SEM image of photoanode Ti/Fe>O3/Cu,S/Co(OH)y after
stability testing. Since the main component of the photoanode used in this work is
Fe»O3, the amounts of CuzS and Co(OH)x are very small. Therefore, SEM mainly
represents the properties of Fe2O3. As can be seen from Supplementary Figure 5, the
morphology of the samples before and after the stability test remained consistent.

These two features further prove the stability of the samples.

Supplementary Figure 6. (a) SEM image of photoanode Ti/Fe203/Cu2S/Co(OH)x
before stability testing; (b-f) EDS image of photoanode Ti/Fe2O3/CuxS/Co(OH)x
before stability testing; (g) SEM image of photoanode Ti/Fe203/Cu2S/Co(OH)x after
stability testing; (h-1) EDS image of photoanode Ti/Fe>O3/CuxS/Co(OH)y after
stability testing. EDS (Supplementary Figure 6) also proved the presence of several
elements, namely Fe, O, Cu, S, and Co. Together, the above tests proved the stability

of the sample properties.
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Supplementary Figure 7. LSV curves under AM1.5G (light intensity: 100 mW/cm?).
Comparison of LSV curves of photoanode Ti/Fe2O3/Cu,S/Co(OH)x before and after
stability tests. The results of the LSV test (Supplementary Figure 7) showed that the
photocurrent values of the samples before and after the stability test were almost

unchanged.
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Supplementary Figure 8. The TEM images of the photoanode
Ti/Fe203/CuzS/Co(OH)x after stability testing. The three-phase interface of FeOs,
CuO, and Co(OH)y is also clearly visible in the TEM photographs.
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Supplementary Figure 9. XRD patterns of photoanode Ti/Fe203/Cu2S/Co(OH)
before and after stability testing. The samples before and after the stability test
performed XRD characterization, as shown in Supplementary Figure 9. As can be
seen from Supplementary Figure 9, the XRD patterns of the samples before and after

the stability test were almost unchanged.
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Supplementary Figure 10. XPS plots of photoanode Ti/Fe2O3/Cu,S/Co(OH)y after
stability testing. (a) Cu 2p; (b) S 2p; (c) Co 2p. XPS characterization (Figure S10)
showed that CuxS was converted to CuO after the photocatalytic reaction (Figure 4D
and Supplementary Figure 10a). Still, a significant portion of the S-O covalent bond
was retained at the interface (Supplementary Figure 10b). As a reported™! co-catalyst
for water oxidation, the generated CuO can counteract the unfavorable effect of the
conversion of CuzS to CuO on the photoelectrochemical process!*l. These results
suggest that forming S-O chemical bonds between CuzS and Fe;Os is essential for
improving and stabilizing PEC performance. In addition, the XPS fitting results for
Co 2p were similar before and after the photocatalytic reaction (Figure 4F and
Supplementary Figure 10c), which suggests that the Co(OH)x material will not be
oxidized to metal oxides. The results after stability tests further highlight the critical
role of ultrathin Co(OH)x nanosheets in preventing photo corrosion and improving the

performance of photoanode PEC.
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Supplementary Figure 11. FT-IR spectra of photoanode Ti/Fe;O3/Cu2S/Co(OH)x
before and after stability testing. As can be seen from Supplementary Figure 11, the
FTIR spectra of the samples did not change significantly before and after the stability

test.
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Supplementary Figure 12. nsurface curves. The introduction of Cu,S and Co(OH)x
enhances the separation efficiency of photogenerated electrons and holes in Fe;O3, as
depicted in Supplementary Figure 12. Conversely, the Ti/Fe2O3/Cu2S/Co(OH)x

photoanode exhibits the highest Nsurface, indicating the lowest electron-hole conformity.
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3. Supplementary Tables

Supplementary Table 1. Comparison of PEC performance of
Ti/Fe203/Cu2S/Co(OH)x photoanode with other reported Fe;Os-based photoanodes
in this study.

Photocurrent density at 1.23 V (vs.
Fe;03-based photoanodes RHE) (mA cm?2, AM 1.5G, 100 mW  Ref.

cm?)

Ta:FexOs@CaFe204 2.7 (5]
ZnFe;04/Fex03 3.17 (6]
Fe203@Co304/GQDs 3.63 7]
Fe203/Fe TiOs/FeTi-LDH 3.54 (8]
Hf:Fe2O3;@HfOx/NiCoFe(OH 413 o
)x

SAs Pt:Fe2O03-Oy 3.65 [10]
NiFe(OH)x/Psi/Ge-PH 4.57 (1
FexOs/Ir 1.35 [12]
Ti/Fe;03/CuzS/Co(OH)x 4.8 This work

Supplementary Table 2. The fitting data of the equivalent circuit (Tested at 1.23V vs.
RHE)

Sample Ry R R: R3 CPE, CPE; Ci Zyw

Q) KQ) KQ) ) @F) @F) (@F) (KDW)
Ti/Fe20s3 445 299 140 1220 5.61 0.183 4211 194
Ti/Fe;03/CuzS 237 488 607 566 16,6 0.0633 103 3.21

Ti/Fe203/CuaS/Co(OH)x 163 493 822 509 191 0.0793 724 25
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Supplementary Table 3. The fitting data of the equivalent circuit (Tested at open

circuit potential)

Sample Rs Ri R R; CPE; CPE; Ci Zw
Q) KQ) KQ) (@) WF) @F) @F) (KDW)

Ti/Fe203 1.21 555 87.7 624 186 0.059 122 8.75

Ti/Fe;O3/CuaS 203 579 295 603 182 0.063 953 09

Ti/Fe;03/CuxS/Co(OH)x  12.0 4.64 368 584 174 0.070 193 1.17
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