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Figure’s Captions

Figure S1. XRD pattern of F-Ta,0s nanorod arrays on the Ta substrates.

Figure S2. Energy—dispersive X-ray spectroscopy of the elments Ta, O and F in the F-Ta,0s
nanorod sample.

Figure S3. Typical top—view scanning electron microscopy image of the Cu,O nanoparticles/TaON
nanorod array passivated with ultrathin carbon sheath.

Figure S4. X—ray diffraction (XRD) patterns of the (a) TaON, (b) Cu(OH),/TaON and (c) glucose—
Cu(OH),/TaON samples (A) and XRD pattern of carbon—Cu,0/TaON sample after PEC test (B).
Figure S5. X-ray photoelectron spectra of the Cu,O nanoparticles/TaON nanorod array passivated
with ultrathin carbon sheath as integrated electrode.

Figure S6. X-ray photoelectron spectra of O, Ta and N elements from the Cu,O nanoparticles/
TaON nanorod array passivated with ultrathin carbon sheath as integrated electrodes before the
photoelectrochemical measurement.

Figure S7. The Cu LMM Auger spectra for the Cu,O on FTO substrate, Cu,O/TaON and carbon—
Cu,0/TaON nanorods array on Ta substrate as the photoanodes after PEC measurement.

Figure S8. X-ray photoelectron spectra of Ta, N and Cu elements from the Cu,O
nanoparticles/TaON nanorod array passivated with ultrathin carbon sheath as integrated electrodes
after the Faradaic efficiency test.

Figure S9. Photocurrent densities at 1.23 V vs. RHE and photostability of the Cu,O/TaON
photoelectrodes as a function of deposition time of Cu®* ions during the chemical bath deposition

process at 1.0 V vs. RHE under AM 1.5G 100 mW cm simulated sunlight.



Figure S10. Photocurrent densities at 1.23 V vs. RHE and photostability of the carbon—Cu,O/TaON
photoelectrodes as a function of glucose concentration at 1.0 V vs. RHE under AM 1.5G 100 mW
cm? simulated sunlight.

Figure S11. Raman spectra of carbon-Cu,O/TaON nanorod array.
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Figure S1. XRD pattern of F—-Ta,05 nanorod arrays on the Ta substrates.

The XRD patterns of as-prepared F—Ta,Os nanorod array are shown in Figure S1. For F-Ta,0Os
nanorod array without the nitridation, Figure S1 shows two strong diffraction peaks at 26 = 22.9°
and 46.3°, which respectively correspond to the (001) and (002) facets of orthorhombic Ta,Os

(JCPDS card No. 71-639).
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Figure S2. Energy—dispersive X-ray spectroscopy of the elments Ta, O and F in the F-Ta,0s

nanorod sample.

The EDS patterns of as-prepared F—Ta,Os nanorod array are shown in Figure S2. For F-Ta,Os
nanorod array without the nitridation, Figure S2 presents the relative peaks corresponding to the C,

O, F, and Ta elements, indicating that this sample is composed of F-Ta,0Os, which is in agreement

with the XRD pattern (Figure S1).



Figure S3. Typical top—view scanning electron microscopy image of the Cu,O nanoparticles/TaON

nanorod array passivated with ultrathin carbon sheath.

To confirm the entire quality of carbon—Cu,O/TaON nanorods array, the surface view with the
large magnification of SEM image was also presented in the Figure S3, indicating the whole
carbon—Cu,O/TaON nanorods array maintained the homogeneous 1D morphology after the

modification of the Cu,0 nanoparticles and the ultrathin carbon layer.
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Figure S4. X-—ray diffraction (XRD) patterns of the (a) TaON, (b) Cu(OH),/TaON and (c) glucose—

Cu(OH),/TaON samples (A) and XRD pattern of carbon—Cu,0/TaON sample after PEC test (B).

The XRD patterns of as-prepared TaON, Cu(OH),/TaON and glucose—Cu(OH),/TaON samples
are shown in Figure 4. After the chemical bath deposition process, the Cu(OH),/TaON nanorod
array was obtained. According to XRD patterns in Figure 4S, five main diffraction peaks near at

20 = 23.8, 34.1, 35.9, 39.8 and 53.2° can be observed, corresponding to (021), (002), (111), (130)



and (150) plane diffraction of Cu(OH), [JCPDS No.12—420, Orthorhombic, space group: Cmc2,],
respectively, indicating that the Cu(OH), phase was confirmed on the surface of the TaON
nanorod (Figure S4). After the coating of glucose, there are no any changes upon the positions of
Cu(OH), and TaON phases in glucose—Cu(OH),/TaON sample in comparison of TaON, and
Cu(OH),/TaON. Especially, the characteristic diffraction peaks of TaON/Ta phase (JCPDS No.
70—-1193) are observed and there are no obvious changes of intensities and widths in all samples.
In addition, the two strong peaks of (211) and (321) can be indexed to the phase of Ta for all
samples. This implies that there is no significant change observed in phase structure of TaON
while there is a little decrease upon the intensities due to the weak crystalline state and the low
loading content during the whole modification of Cu(OH), and glucose. Also no evident shift in
the peak positions is observed in each of the as-prepared glucose—Cu(OH),/TaON samples,
suggesting that the deposited Cu(OH), and glucose species do not incorporate into the lattice of
TaON, and are attached on the surface of TaON nanorod. After the PEC test in NaOH solution, the
XRD pattern of C—Cu,O/TaON sample was conducted, confirming that there is not the formation

of copper hydroxide at the high pH value.
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Figure S5. X-ray photoelectron spectra of the Cu,O nanoparticles/TaON nanorod array passivated

with ultrathin carbon sheath as integrated electrode.
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Figure S6. X-ray photoelectron spectra of O, Ta and N elements from the Cu,O nanoparticles/

TaON nanorod array passivated with ultrathin carbon sheath as integrated electrodes before the

photoelectrochemical measurement.



In order to determine the surface composition and chemical nature of carbon—Cu,O/TaON
composites, the chemical state of each element in the samples were carefully checked by X-ray
photoelectron spectroscopy (XPS). XPS characterization was performed, from which survey
spectrum, Ta, O, N, C and Cu elements were observed (Figure S5-6). The binding energies were
calibrated by using the contaminating carbon Cls peak at 284.5 eV as a standard. In Figure S5, XPS
signals of Ta 4f in the carbon—Cu,O/TaON composites are observed at binding energies at around
26.0 eV (Ta 4f;,) and 27.6 eV (Ta 4fs;) ascribed to Ta>".!"7 Figure 4b displays the Cu 2p level
spectrum. The Cu 2ps3,; and Cu 2p;,, spin—orbital photoelectrons were located at binding energies of
932.5 eV and 952.4 eV, respectively, which are in good agreement with the reported values of
Cu,0.% Obviously, the deposited nanoparticles were Cu,O rather than Cu or CuO. Especially, after
the combination of the ultrathin carbon on the surface of Cu,O/TaON, the strong C—C peak at 285.0
eV implies the formation of a carbon layer on on the surface of Cu,O/TaON, as shown in Figure 4c.
Furthermore, a notable decrease in oxygen content is clearly visible and the peak corresponding to
the C—O bond has disappeared in Figure 4c, compared with the extensive results of carbon.® The
oxygen loss mainly results from the loss of C—O and O—C=O0, indicating the partial removal of the
oxygen—containing functional groups. As shown in Figure S6, the N1s peak in the XPS spectrum of the N
is fitted, indicating that the lowest energy peak is near 396.4 eV, which can be indexed to N 1s from TaON.!-
7 Furthermore, in order to confirm the composition of carbon-Cu,O/TaON sample with the
depositon of Cu?* ions for 40 s and the 0.1 M glucose according to XPS results, the atomic ratio of
Ta/N and Ta/Cu was about 1 : 0.96 and 20 : 1, repectively, indicating that TaON possesses the
stoichiometric component and the Cu species is lying on the surface of TaON sample passivated

with ultrathin carbon sheath. Combined with TEM and STEM images as well as XPS spetra, the



carbon layer is lying on the surface of Cu,O/TaON, confirming the formation of the Cu,O

nanoparticles/TaON nanorod array passivated with ultrathin carbon sheath as integrated electrodes.
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Figure S7. The Cu LMM Auger spectra for the Cu,O on FTO substrate, Cu,O/TaON and carbon—

Cu,0/TaON nanorods array on Ta substrate as the photoanodes after PEC measurement.

In order to determine whether the photocorrosion of the Cu,O/TaON and carbon—Cu,O/TaON
photoanodes were existed during the photoelectrochemical test, the Cu LMM Auger spectra of the
as-prepared Cu,O/TaON and carbon—Cu,O/TaON nanorods array on Ta substrate as the
photoanodes was performed after the photoelectrochemical measurement, as shown in Figure S7. It
is very interesting that there is no any peaks for the Cu LMM Auger spectra of the Cu,O/TaON and
carbon—Cu,O/TaON photoanodes. In comparison to that of different photoanodes, the Cu,O
nanoparticles were deposited on FTO substrate. A peak of kinetic energy at 918.5 eV, which
corresponds to the Cu(0) state, appeared after the test for the Cu,O photoanode, confirming that the
surface of the bare Cu,O was reduced to Cu, which is in agreement with the previous work.!!
Combined with the previous works about poor stability of Cu,O,'?!3 the limited enhancement of

photostability for the Cu,O/TaON photoanode is ascribed to the phase conversion because the



accumlated surface holes lead to the oxidation of Cu,O and a certain of photocorrosion of TaON
because Cu,O nanoparticles doesn’t fully cover TaON nanorods. Especially, there is no any peak
for the Cu LMM Auger spectra of the stable carbon—Cu,O/TaON photoanode. The combined results
from the Cu LMM Auger spectra and the photostability indicate that the photocorrosion and the
phase conversion did not occur on the carbon—Cu,O/TaON photoanode after the PEC test.
Therefore, this modified approach using the Cu,O nanoparticles and ultrathin carbon layer has
almost resolved the above-mentioned limitations of the TaON based photoanodes due to a high
built-in potential in the protective p—n heterojunction device encapsulated in an ultrathin graphitic

carbon sheath from the electrolyte.
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Figure S8. X-ray photoelectron spectra of Ta, N and Cu elements from the Cu,O

nanoparticles/TaON nanorod array passivated with ultrathin carbon sheath as integrated electrodes

after the Faradaic efficiency test.

As surface nitrogen contents are important parameters for evaluating the photoelectrochemical
properties of carbon-Cu,O/TaON photoelectrode, surface nitrogen contents after the Faradaic

efficiency test were monitored by XPS analysis on the carbon-Cu,O/TaON photoanodes. After



photostability measurement in NaOH, there is no obvious change for the N s peak of carbon-
Cu,0/TaON photoanodes in comparison to that before PEC measurement. The high-resolution Cu
2p XPS spectra of carbon-Cu,O/TaON photoanode was shown in Figure S8b. The peaks at 932.4
and 952.2 eV correspond to the binding energy of Cu 2ps,; and Cu 2p;,, of Cu,0, and those at 934.3
and 953.8 eV are attributed to CuO,!*!5 confirming the coexistence of a trace amount of CuO. Thus,
there is still a certain decrease of the photocurrent in the carbon—Cu,O/TaON photoanode, which
may be ascribed to the little oxidation of Cu,0 and the charge recombination or other mechanisms,
such as photon exchange, tunneling through the electric potential barrier near the interface, or
thermionic emission. The in-depth research about these mechanisms is beyond the scope of our

present work, but efforts will be conducted in the future.
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Figure S9. Photocurrent densities at 1.23 V vs. RHE and photostability of the Cu,O/TaON
photoelectrodes as a function of deposition time of Cu®* ions during the chemical bath deposition

process at 1.0 V vs. RHE under AM 1.5G 100 mW cm simulated sunlight.

To explore the influence of the content of Cu,O nanoparticles upon the photocurrent densities at
1.23 V vs. RHE and photostability of the Cu,O/TaON photoelectrode as a function of deposition
time of Cu?* ions from 0 to 80 s during the chemical bath deposition process at 1.0 V vs. RHE
under AM 1.5G 100 mW c¢m? simulated sunlight were also investigated in this work, as shown in
Figure S9. Under the deposition time of 40 s for Cu ions, the Cu,O/TaON photoelectrode showed
the highest photocurrent densities of 2.94 mA c¢cm2 at 1.23 V vs. Vyyg under AM 1.5G solar light
and the best photostability of 47% at 1.0 V vs. Vryg under AM 1.5G solar light in comparison of
that of TaON photoelectrode with the photocurrent densities of 0.93 mA cm and the photostability
of 6%. However, the other Cu,O/TaON photoelectrode under the deposition time of 0, 10, 20, 60

and 80 s for Cu ions presented the relative decrease of the photocurrent densities and photostability.



Especially, the low photostability, less than 47% of the Cu,O/TaON photoelectrode is ascribed to
the unstable state of Cu,O phase. Further increase of Cu,O on the nanostructured TaON array;
likely reduce the contact area between the sample and the electrolyte, thereby increasing charge
recombination in the Cu,O due to its short exciton diffusion length.'® Therefore, if the Cu,O content

exceeds a critical amount, the photocurrent density of the composite will decrease.
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Figure S10. Photocurrent densities at 1.23 V vs. RHE and photostability of the carbon—Cu,O/TaON

photoelectrodes as a function of glucose concentration at 1.0 V vs. RHE under AM 1.5G 100 mW

cm? simulated sunlight.

To further explore the effect of the content of carbon upon the photocurrent densities at 1.23 V vs.
RHE and photostability of the carbon—Cu,0O/TaON photoelectrode as a function of glucose
concentration from 0 to 0.2 M after solution-based carbon precursor coating (i.e., glucose solution)
combined with subsequent carbonization strategy at 1.0 V vs. RHE under AM 1.5G 100 mW c¢m
simulated sunlight were also investigated in this work, as shown in Figure S10. Since most previous
works has confirmed that the thickness of carbon layer in the carbon—Cu,O/TaON photoelectrode is
determined by the concentration of glucose, it is necessary to assure the content of carbon sheath.
The as-prepared Cu,O/TaON photoelectrode passivated with ultrathin carbon sheath (carbon—
Cu,0/TaON using 0.1 M glucose) as a surface protection layer exhibited the highest photocurrent

densities of 4.36 mA cm? at 1.23 V vs. Vrye under AM 1.5G solar light and the best photostability



of 87.3% at 1.0 V vs. Vryg under AM 1.5G solar light, which are ~4.69 times in the photocurrent
density and ~14.55 times in the photostability higher than that of bare TaON photoanode. However,
the other Cu,O/TaON photoelectrode with the various concentration of glucose of 0.01, 0.05, 0.15
and 0.2 M, presented the relative decrease of the photocurrent densities and photostability. A carbon
layer with more content may reduce the inherent optical absorption of Cu,O/TaON sample and
result in a rapid decrease in photogenerated charges, ultimately reducing the photocatalytic
activity.!”!8 Thus, the above-mentioned results indicate that the carbon sheath with the appropriate
content is indeed an effective strategy for combating the photocorrosion problem of this unstable

photoanode.
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Figure S11. Raman spectra of carbon-Cu,O/TaON nanorod array.

In order to confirm the carbon sheath as the graphitic carbon layer, the nature of the carbon
present in the carbon-Cu,O/TaON samples was investigated by Raman spectroscopy, as shown in
Figure S11. The spectra of carbon-Cu,O/TaON shows two peaks around 1341 and 1596 cm!. The
Raman-active E,, mode at 1596 cm! is characteristic for graphitic carbon. The above-mentioned
result has been confirmed the presence of sp? carbon-type structures within the carbonaceous wall
of the carbon-Cu,O/TaON samples.!®?* The D-band at around 1341 cm! can be attributed to the

presence of defects within the hexagonal graphitic structure.



Reference

1. Hitoki, G.; Takata, T.; Kondo, J. N.; Hara, M.; Kobayashi, H.; Domen, K. Chem. Commun. 2002,
1698-1699.

2. Higashi, M.; Domen, K.; Abe, R. Energy Environ. Sci. 2011, 4, 4138-4147.

3. Hou, J., Wang, Z., Yang, C., Cheng, H., Jiao, S., Zhu, H. Energy Environ. Sci. 2013, 6, 3322-
3330.

4. Wang, Z.; Hou, J. G.; Yang, C.; Jiao, S. Q.; Huang, K.; Zhu, H. M. Energy Environ. Sci. 2013, 6,
2134-2144.

5. Liao, M.; Feng, J.; Luo, W.; Wang, Z.; Zhang, J.; Li, Z.; Yu, T.; Zou, Z. Adv. Funct. Mater. 2012,
22,3066-3074.

6. Yokoyama, D.; Hashiguchi, H.; Maeda, K.; Minegishi, T.; Takata, T.; Abe, R.; Kubota, J.;
Domen, K. Thin Solid Films 2011, 519, 2087-2092.

7. Hara, M.; Chiba, E.; Ishikawa, A.; Takata, T.; Kondo, J. N.; Domen, K. J. Phys. Chem. B 2003,
107, 13441-13445.

8. Zhang, Z. H., Dua, R., Zhang, L. B., Zhu, H. B., Zhang, H. N., Wang, P. ACS Nano 2013, 7,
1709-1717.

9. Zhang, L.W., Fu, H. B., Zhu, Y. F. Adv. Funct. Mater. 2008, 18, 2180-2189.

10. Paracchinol, A.; Laporte, V.; Sivula, K.; Gritzel, M.; Thimsen, E. Nat. Mater. 2011, 10, 456-
461.

11. Huang, Q.; Kang, F.; Liu, H.; Li, Q.; Xiao, X. D. J. Mater. Chem. A 2013, 1, 2418-2425.

12. Paracchinol, A., Laporte, V., Sivula, K., Gritzel, M., Thimsen, E., Nat. Mater., 2011, 10,
456—-461.

13. Zhang, Z. H., Dua, R., Zhang, L. B., Zhu, H. B., Zhang, H. N., Wang, P., ACS Nano, 2013, 7,
1709-1717.

14. Qiu, X.; Miyauchi, M.; Sunada, K.; Minoshima, M.; Liu, M.; Lu, Y.; Li, D.; Shimodaira, Y.;

Hosogi, Y.; Kuroda, Y.; Hashimoto, K. ACS Nano, 2012, 6, 1609-1618.



15. An, X. Q.; Li, K. F.; Tang, J. W. ChemSusChem, 2014, 7, 1086—1093.

16. Sharma, D.; Verma, A.; Satsangi, V. R.; Shrivastav, R.; Dass, S. Int. J. Hydrogen Energy., 2014,
39, 4189-4197.

17.Li, Y. Y.; Liu, J. P.; Huang, X. T.; Yu, J. G. Dalton Trans., 2010, 39, 3420.

18. Hu, Y.; Gao, X.; Yu, L.; Wang, Y.; Ning, J.; Xu, S.; Lou, X. W. Angew. Chem. Int. Ed., 2013,
52, 5636-5639.

19. Eklund, P. C., Holden, J. M., Jishi, R. A., Carbon, 1995, 33, 959.

20. Zhang, L.W., Fu, H. B., Zhu, Y. F., Adv. Funct. Mater., 2008, 18, 2180-2189.



