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Figure S1: Comparing Raman spectra of anatase, P25, rutile and HTN-1Y
[Anatase and rutile were synthesized by solvothermal method followed by 2 h-450 oC-

annealing for anatase and 5 h-850 oC-annealing for rutile]
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Figure S2: XRD spectra of sodium titanate and Y-doped sodium titanate: Due to the broad 
peaks of XRD peaks, multiple phases of sodium titanates were fitted including major phases 

of Na2Ti3O7 (JCPDS#31-1321), Na2Ti4O9 (JCPDS#33-1294) and Na2Ti6O13 (JCPDS#37-
0951). So, we represented Na2TinO(2n+1) as produced titanates and Na2YxTi(n-x)O(2n+1) as Y-
doped titanate. Although the peaks were identical between Y-doped and undoped sample, 

small shift to lower angels was observed, which should be due to the increase of crystal cells 
by Y-doping.

Figure S3: XRD spectra of HTN-1Y and HTN-1Y loading with Co, Cu and Ni
[There was no important change with metal loading. No metal peaks were observed. This 

might due to the low concentration of metal loading]
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Figure S4: UV-vi-NIR absorption spectra of HTN-1Y and loaded samples with Co, Ni and 
Cu

(a)-Ni 2p (b)-Cu 2p

(c)-Co 2p
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778 eV (2p3/2)

949.75 eV (2p3/1)

Figure S5: XPS spectra of (a) Ni 2p, (b) Cu 2p and Co 2p from for metal-loaded HTN-Y 
samples
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XPS of Ni 2p: Intense peak at ~855.9 eV was known as binding energy of Ni2+ (inform of NiO 
or Ni(OH)2) [1]. No Ni0 specie was observed (~582.1 eV [2]). XPS of Cu 2p: The observed 
peaks of binding energies were at 930.0 eV and 949.75 (△E~18.75), which were identified as 
spin-orbit splitting components of 2p3/2 and 2p1/2 [3,4]. The absence of satellite peaks at around 
~943 eV confirmed that no Cu2+ species was presented in our samples, which inferred the 
complete reduction of Cu2+ precursor to Cu0 metal by ZnS-ZnO photoreduction [3-5]. XPS of 
Co 2p: The intense peak at 778 eV was attributed to 2p3/2 of Co0. Other oxidative states of Co 
such as Co2+ (inform of CoO, or Co(OH)2) and Co4+ (inform of Co3O4), which were observed 
at binding energies greater than 780 eV [5], were not found in our sample. Therefore, Co metal 
should be the major phase in our loading sample. The concentrations of Ni, Cu and Co 
calculated from XPS spectra were 1.45 at.%, 0.35 at.% and 0.55 at.%, respectively. 

Figure S6: XRD spectra of HTN-Y and HTN-Y loading with Ni before and after 8h and 40 h 
reaction

[Phases were maintained after 35 reaction, however lower XRD peak inferred the low 
crystallinity. This might be due to corrosion of particles under UV radiation.]

Comparing with other works:
We have selected several related works on titanates and loading photocatalyst for comparing 
with our work. Ide et al. (2018) induced anatase phase deposited on the K2Ti4O9 by chemical 
dissolution and recrystallization under hydrothermal treatment [7]. H2 generation by Ni-loaded 
K2Ti4O9/anatase catalyst was very low under visible light (> 450 nm). Quantum yield (QE) 
was 0.0002%. In similar process from the same group, Esmat et al. (2019) produced 2 D 
structures of layered KxTi2−x/3Lix/3O4/anatase and tested photocatalytic activities for H2 
evolution under solar simulator [8]. H2 production rate was 0.3 mmol/g/h, which was lower 
than that of our samples although they used precious Pt metal as cocatalyst. By assuming UV 
fraction in 1 sun is ~5%. Therefore, UV light intensity in their work is ~ 5 mW/Cm2, which 
was still stronger than our light intensity. Our samples’ performances were much better. Saito 
et al. (2017) prepared H1.07Ti1.73�0.27O4/rutile heterostructure by treated K0.8T1.73Li0.27O4 with 
diluted HCl and dried under room temperature under reduced pressure [9]. H2 production rate 
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under solar simulator with Pt-loading showed higher than that of our samples (HTN-1Y) 
loading with Ni and Co. But, this rate is less than that of Cu-loaded HTN-1Y. Another 
interesting work on mixed H1.07Ti1.73�0.27O4 and P25 done by Saito et al. (2016) showed very 
high quantum yield (23% at 320 nm) [10]. My mixing with P25, H2 production rate from 
ethanol-water solution under solar simulator was increased by 6 times, compared to pure 
H1.07Ti1.73�0.27O4. H1.07Ti1.73�0.27O4/P25 in this work shows much higher than that our sample. 
This might be due to synergetic effects of highly active P25 and H1.07Ti1.73�0.27O4. Another 
similar work on nickel intercalated into titanate nanotube was reported by Jang et al. (2011) 
[11]. H2 production under Hg-lamp was improved by 3.5 times with nickel intercalating. 
However, their H2 production rate so much lower than our samples.

In summary, HTN-Y in this work showed comparable or even better performance on 
photocatalytic H2 generation compared to other titanate catalysts (Ni-intercalated 
Na2Ti2O5.nH2O, K2Ti4O9/anatase, KxTi2−x/3Lix/3O4/anatase). However, HTN-Y still showed 
less activities than commercial P25.

Table S1: Comparison of recent works
Materials Solution Lamp

Catalyst 
loading 

(mg/mL)

Surface 
area

(m2/g)

Production 
rate * 

(mmol/g/h)
QE (%) Ref.

HTN 300 0.009 -

HTN-1Y 165 0.072 -

Ni-HTN-Y - 6.668 0.43 
[365nm]

Co-HTN-1Y - 5.289 0.18 
[365nm]

Cu-HTN-1Y - 11.683 2.25 
[365nm]

Ni-P25

Methanol-water UV (2.4 mW/Cm2) 50/50

44.8 8.97 -

This 
work

Ni-HTN-1Y - 0.049 -

Co-HTN-1Y 50/50 - 0.011 -

Cu-HTN-1Y - 0.279 -

Ni-P25

Methanol-water

Visible (4.7 
mW/Cm2)-400nm-

cutt-off

- 0.007 -

This 
work

Ni-K2Ti4O9/Anatase Methanol-water 150 W-Xe lam (450 
nm-cutt) 15/5 - 0.005x10-3 0.0002

[450 nm]
2018
 [7]

Pt-
KxTi2−x/3Lix/3O4/Anatase Methanol-water Solar simulator (1000 

W/m2) 15/5 - ~0.30 - 2019
[8]

Pt-
H1.07Ti1.73�0.27O4/Rutile Methanol-water Solar simulator (1000 

W/m2) 15/5 51 ~8.22 14.1
[320 nm]

2017
[9]

H1.07Ti1.73�0.27O4/P25 Methanol-water Solar simulator (1000 
W/m2) 15/5 - ~0.67 23

[320 nm]
2016
[10]

Ni-Na2Ti2O5.nH2O Methanol-water Hg-arc (450W) 100/100 - ~0.90 - 2009
[11]

*Different works reported unit of H2 production rates. For comparing, production rates were 
assumed based on average H2 production per hour divided by catalyst used. 
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