Black Phosphorene as A Hole Extraction Layer Boosting
Solar Water Splitting of Oxygen Evolution Catalysts
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Supplementary Figure 1. BP nanosheets dispersed in isopropanol.
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Supplementary Figure 2. Raman shifts of bulk BP and exfoliated BP layer.

Raman spectra of bulk BP and exfoliated BP sheets show three typical peaks between
300 and 500 cm ™!, which include an out-of-plane vibrational mode of A,', two in-plane
modes of By, and A% [1]. Compared to bulk BP, the Raman signals of exfoliated BP

are shifted to a high number, which is in agreement with previous reports [2].



Supplementary Figure 3. AFM image of exfoliated BP layer.



Supplementary Figure 4. TEM and HR-TEM images of exfoliated BP layer.



Supplementary Figure 5. SEM images of pure BiVO4 and BP/BiVO4 photoanodes.

The top-view SEM images indicate that the pure BiVOs4 photoanode has larger
micropores that BP/BiVOs. The changes in the porous electrode can be considered as
the collapse of the structure to some extent that arises from high centripetal force

through centrifuged deposition.



Supplementary Figure 6. SEM image of the depositing BP on BiVOjs electrode by immersed
BiVOy4 in BP dispersion.
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Supplementary Figure 7. XRD patterns of BiVO4, BP/BiVO4, and Bulk BP.

XRD pattern of BP/BiVO4 clearly shows an additional peak corresponding to (002) plane of

BP, as compared to that of pure BiVOa.
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Supplementary Figure 8. HAADF-STEM-EDX image of BP/BiVOa.



Supplementary Figure 9. TEM and HAADF-STEM-EDX element mapping images.

Figure S9 shows that the TEM and HAADF-STEM-EDX element mapping images of the

depositing BP on BiVOj electrode by immersed BiVO4 in BP dispersion.
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Supplementary Figure 10. Partial density of states and the corresponding charge
density of valence band maximum and conduction band minimum of bulk BiVO4.

The theoretical results demonstrate that the valence band is mainly contributed by O-p
orbital, together with a small contribution from Bi-s orbital mixing. The conduction

band is primarily of V-d, O-p, and Bi-p with contributions from O-s orbital.
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Supplementary Figure 11. In-situ transient absorption signals.
Figure 11a and 11b shows the in-situ transient absorption signals probed at 500 nm of

BiVO4 and BP/BiVO4 photoanodes under OCP and 0.8 V vs Ag/AgCl bias, respectively.
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Supplementary Figure 12. The dark current density of BiVO4 and BP/BiVO4 with a

scanning rate of 2 mV/s.

Figure S12a indicates that the OER activity of BiVO4 is lowered after deposition of BP.
In Figure S12b, the estimated Tafel slope for BiVO4 photoanode (268 mV dec™!) is
smaller than that for the BP/BiVO; photoanode (301 mV dec™'), implying that the BP

somewhat hinders the reaction kinetics of BiVOas.
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Supplementary Figure 13. CV curves of BP/BiVO4 and NiOOH/BP/BiVO4 with a

scanning rate of 2 mV/s under dark condition.
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Supplementary Figure 14. SEM (a) and TEM (b) images of NiOOH/BP/BiVO4

photoanode.
From the TEM image, it can be found that a 2 nm NiOOH layer is deposited on BP/BiVO4

surface.
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Supplementary Figure 15. Chopped J-V curves of FeOOH/BiVO4 and BP/BiVO;4 in

KPi electrolyte under AM 1.5 illumination.
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Supplementary Figure 16. UV-vis absorption spectrum of exfoliated BP layer.
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Supplementary Figure 17. Photocurrent response of BP/BiVO4 photoanode in KPi
electrolyte with hole scavenger (0.5M Na>SOz3) under AM 1.5 with 450 nm and 520 nm

band-pass filter.
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Supplementary Figure 18. (a) LHE of BiVO4 and BP/BiVO4 photoanodes, (b) Spectra
of the solar irradiance of AM 1.5G and corresponding Jabs that was calculated by the
LHE spectra of the BiVO4 and BP/B1VO4 photoanodes (300~515 nm).
Light harvesting efficiency (LHE) can be calculated by the following equation:

LHE =1 - 104®

where A()) is absorbance, A is wavelength.
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Supplementary Figure 19. J-V curves (Jus) of BiVO4 and BP/BiVO4 measured in KPi

electrolyte with and without hole scavenger (0.5M NaxSO3).
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Supplementary Figure 20. Charge transfer efficiencies (Nuan) 0f BiVO4 and BP/BiVO4

photoanodes.



(a) 4d - -+ BiVO, in hole scavenger (b) 100 (C) 100 BIVO

- - 4

| -+ BP/BIVO, in hole scavenger. . 80 4 74.5% 80 4 BR/BIVO
& 3 BvO, ‘, ¢
£ ——BP/BIVO,” .- !
o 1 S 75.3%
< 24 o
= —BIVO,

] ——BP/BIVO,

Ot T T 0 —T—T T i
00 02 04 06 08 1.0 12 04 06 08 10 12 06 0.8 10 12
E (V vs RHE) E (Vvs RHE) E (V vs RHE)

Supplementary Figure 21. (a) J-V curves of BiVO4 and BP/BiVO4 measured in KPi
electrolyte with and without hole scavenger (0.5 M Na>SOs3) under rear illumination.

The corresponding charge separation efficiencies (b) and charger transfer efficiencies

(©).
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Supplementary Figure 22. J-V curves of the NiOOH/BP/BiVOs4 photoanodes

measured in KPi electrolyte with and without hole scavenger (0.5 M Na2SOs3).
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Supplementary Figure 23. (a) Chopped LSV measurements of NIOOH/BiVO4 and
NiOOH/BP/BiVOs4 photoanodes in potential ranging from 0.1 to 0.6 vs. RHE. (b)
Comparison of transient-state photocurrent densities obtained by chronoamperometry
(stable bias) and LSV (gradually increasing bias) in potential ranging from 0.2 to 1.0 V

vs. RHE.



Supplementary Figure 24. SEM images of MnOx/BP/BiVOs (a) and

CoOOH/BP/Bi1VOys4 (b) photoanodes.
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Supplementary Figure 25. OER activity of CoOOH, MnOy, and NiOOH measured in

KPi electrolyte (pH=7.1) at a scanning rate of 5 mV/s.
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Supplementary Figure 26. P2p XPS spectrum of BP/BiVO4 and NiOOH/BP/BiVO4
photoanodes after long time testing. A raised PxOy peak can be clearly observed when
the BP was directly exposed in the electrolyte, indicating considerable oxidation degree

of BP during photoelectrochemical water splitting.
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Supplementary Figure 27. Photocurrent density stability of CoOOH/BP/BiVO4
photoanode measured at 1.23 V vs RHE in KPi electrolyte (pH=7.1) under AM 1.5

illumination.
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Supplementary Figure 28. Comparisons of XPS results of NIOOH/BP/BiVOj4 before

and after long-term testing. (a) V 2p and Ols, (b) P2p and (c) Ni2p.

In Figure S28a, the Ols peak shows on detectable changes in intensity and position,
whereas a slight shift of the V 2p towards lower binding energy and reduced intensity
can be observed after long-term testing. The phenomenon can be tracked to the photo-
charging of BiVOs, by which the V in 5+ state was somehow reduced to 4+ state **.
Figure S28b shows the P 2p peak before and after long-term testing. It is a fact that BP
is able to be slowly oxidized during PEC testing, as evidenced by the raised PxOy peak.
Nevertheless, the Ni 2p peaks were determined to be stable during PEC testing (Figure
S28c). Overall, the BP/BiVO4 protected by NiOOH layer can be relatively stable for at

least 60 hours.
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Supplementary Figure 29. P2p XPS spectrum of CoOOH/BP/BiVO4 before and after

long-term testing.



Supplementary Table 1. Fitting results of Nyquist plots.

Samples R1(Q) | R2(Q) R3 (Q) Couik (UF cm™) | Cirap(uF cm2)
BiVO, 11.6 3200 35.2 29.7
BP/BiVO4 12.4 1084 32.9 328.9
NiOOH/FeOOH/BiVO4 10.3 204 1412 30.2 132
NiOOH/BP/BiVO, 10.2 162 1416 32.2 567.5




Supplementary Table 2. Photocurrent density at 1.23 V vs RHE and enhancement

factors.
Enhancement factors
Samples J (mA/cm?) ) i
(with BP/without BP)
NiOOH/BiVO, 3.03
1.48
NiOOH/BP/BiVO, 4.48
CoOOH/BiVO4 2.23
1.51
CoOOH/BP/BiVO, 3.37
MnOy/BiVO4 1.85
1.74
MnO./BP/BiVO, 3.22




Supplementary Table 3. Recent progress on PEC performance of various OEC/BiVO4

photoanodes.
Photocurrent density
Category Photoanode OEC (mA/cm? @ 1.23 V Ref
vs RHE)

BiVO4 Co-pi 3.6 S4
BiVO4 FeOOH ~2.0 S5
BiVO4 CoOOH 4.0 S6
BiVO4 Ni-Bi 1.8 S7
BiVO4 C0304 2.71 S8
BiVO4 Co-Bi 3.2 S9

Pristine
OEC/BiVOs4 BiVO4 Fe-Ni LDH 1.21 S10
BiVO4 NiB 3.47 S11
BiVO4 Co—La LDH ~2.0 S12
BiVO4 NiOOH/FeOOH 4.8 S13
BiVO4 CoFe(OH)x 2.48 S14
BiVO4 NiFex-Bi ~4 S15
BiVO4 Molecular Co404 Cubane ~5 S16
N doped BiVO4 NiOOH/FeOOH ~5 S17
BiVO4 p-NiO/CoOx 35 S18

Modified
] BiVO4 Oxygen defect FeOOH 4.3 S19

OEC/BiVO4

BiVO4 In203 thin layer/CoOOH 3.4 S20
BiVO4 TiOz thin layer/Ir-COOH ~2.7 S21




BiVOs BP/NiOOH 4.48 Our work
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