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Computation methods

In this work, all the theoretical computations were performed by using the 

Perdew-Burker-Ernzerhof (PBE) version of the generalized gradient approximation 

(GGA)1 within the DFT framework as implemented in Vienna ab initio simulation 

package (VASP).2 The project-augmented wave (PAW) method was carried out to 

represent the interaction between ion and electron,3 and the cut of energy was set of 

400eV.4 Additionally, the convergence criteria for the ionic forces and the optimization 

of energy were set to be 0.03 eV/Å and 10-5 per atom, respectively. The DFT + U 

method was employed to treat localized Ti 3d orbitals with an effective U 

value of 4 eV.5 Then we selected a 5×3√3 relaxed Au (111) on top of relaxed 1×2 

Ti6O11 surface to model Au (111)@Ti6O11 heterostructure.

Calculations of Hydrogen Evolution Reaction

It’s acknowledged that the hydrogen evolution reaction (HER) activity over a 

specific system can be closely bound up with the adsorption energy of a single H atom 

on the system. The Gibbs free energy of adsorbed state was calculated as:

    STZPEHEHG  

where ∆E (H*) is the hydrogen chemisorption energy, ∆ZPE is the zero point energy 

difference between adsorbed and the gas phase and T∆S is the entropy change of H*. 

∆S was calculated by the formula :

       HSHSHSS
2
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2
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Where S (H2) is the entropy of H2 in the gas phase at standard condition. Considering 

that TS (H2) is 0.40 eV for H2 at 298 K and 1 atm, the corresponding T∆S was 

determined to be -0.20 eV. Furthermore, the equation     22
1 HZPEHZPEZPE  

was carried out to assess zero point energy change of H*.

 Materials



Titanium dioxide (TiO2, P25, Fisher Chemical, 99.99%), hydrochloric acid (HCl, 

37 wt%, J.T.Baker), sodium hydroxide (NaOH, 99.9%, Aldrich), chloroauric acid 

(HAuCl4·4H2O, 99%, Aldrich) , and Nafion (5 wt%, Sigma-Aldrich) were of 

analytical grade and were used without further purification. Deionized (DI) water was 

supplied with a HuaChuang ultra-pure water system (18.5 MΩ·cm) and was used in 

the preparation of all solution.



Fig. S1. (a) N2 Adsorption-desorption isotherms of Ti6O11; (b) The electric 

conductivity/pressure curve of Ti6O11.

Fig. S2. The SEM image of TiO2 nanotubes precursor.



Fig. S3. (a)~(d) The SEM images of Au (111)@Ti6O11-x, (x=25, 50, 100, 200 µL).



Fig. S4. TEM images of Ti6O11 support.

Fig. S5. TEM images of Au (111)@Ti6O11-50.



Fig. S6. HRTEM images of Au (111)@Ti6O11-50.



Fig. S7. (a)~(d) The TEM images of Au (111)@Ti6O11-x, (x=25, 50, 100, 200 µL) 

(inset：the corresponding size distribution of Au NPs).



Fig. S8. The LSV curves of Au (111)@Ti6O11-x, (x=25, 50, 100, 200 µL).



Fig. S9. XPS full spectrum of the Au (111)@Ti6O11-50. 



Fig. S10. (a) High-resolution XPS of Au (111)@Ti6O11-50 and Ti6O11: O 1s; (b) High-

resolution XPS of Au (111)@Ti6O11-50, Ti6O11: Ti 2p.



Table S1. The XPS result for Ti 2p

Sample Peak Position Peak area Ti3+/Ti4+

Ti3+ (458.56) 14813.00

Ti3+ (464.06) 3503.93

Ti4+ (459.02) 36148.69

Ti6O11

Ti4+ (464.72) 14044.22

0.365

Ti3+ (458.96) 9446.58

Ti3+ (464.46) 3746.98

Ti4+ (459.42) 34684.82

Au (111)@Ti6O11-50

Ti4+ (465.12) 10805.01

0.290

Table S2. The XPS result for O 1s

Sample Peak Position Peak area VO/Ti-O

Ti-O (530.15) 39479.59

VO (530.75) 16340.57Ti6O11

O-H (531.85) 18874.23

0.414

Ti-O (530.5) 33424.75

VO (531.1) 12685.72Au (111)@Ti6O11-50

O-H (532.05) 16167.29

0.379



Table S3. Comparison of HER performance in acidic media for Au (111)@Ti6O11 with 

other HER electrocatalysts.

Catalysts Electrolytes

(pH)

Ƞ10 (mV) 

in the 

media

Tafel slope

(mV dec-1)

Mass 

loading 

(mg cm-2)

Ref.

Au (111)@Ti6O11-50 0.5 M H2SO4 49 39 0.53 This 

work

Au/Ti6O11 0.5 M H2SO4 138 97.6 0.53 This 

work

NiCoP/CoP−Ti4O7
0.5 M H2SO4 128 65.5 0.199 6

w-Au@MoS2 0.5 M H2SO4 1

20

52.9 ~ 7

Au@NC 0.5 M H2SO4 130 76.8 0.357 8

Mo2C@NC 0.5 M H2SO4 124 60 0.28 9

Mo0.25Co0.75P/CC 0.5 M H2SO4 59 52 ~ 10

MoP@NPSC 0.5 M H2SO4 71 75 2.5 11

PdNi NWs 0.5 M H2SO4 91 98 ~ 12

Ru@WNO-C 0.5 M H2SO4 172 38.9 0.357 13

Rh-MoS2 0.5 M H2SO4 67 54 0.5 14

Pt@MoS2 0.5 M H2SO4 88.43 55.69 ~ 15



CoS2/CoSe2 0.5 M H2SO4 80 34 0.285 16

FeP/C 0.5 M H2SO4 71 52 0.44 17

 Co/NC 0.5 M H2SO4 82 38 0.283 18

Fe@FeP/CNT 0.5 M H2SO4 53 55 1.6 19

NiSe2/MoS2 0.5 M H2SO4 143 45 0.237 20

Ru0/CeO2 0.5 M H2SO4 47 41 0.197 21

MoS2/Ti3C2Tx 0.5 M H2SO4 152 70 0.283 22

3-D CNF@CoP/NC 0.5 M H2SO4 64.5 48.6 0.5 23

RuNi/CFC 0.5 M H2SO4 80.2 82.2 0.77 24

Mo-MX/C/P 0.5 M H2SO4 54 34 0.25 25



Fig. S11. The polarization curves after normalization for Au (111)@Ti6O11-50 and 

Pt/C.



Fig. S12. (a)(b)(c) Typical cyclic voltammetry curves of Au (111)@Ti6O11-50, 

Au/Ti6O11 and Ti6O11 with different scan rates from 10 to 200 mV s-1 in the potential 

range of 0.01-0.15 V. (b) Capacitive current at 0.08 V based on scan rate for Au 

(111)@Ti6O11-50, Au/Ti6O11 and Ti6O11 (∆j0 = (ja - jc)/2); (d) Polarization curves 

normalized by ECSA for these electrocatalysts recorded in 0.5 M H2SO4 at a scan rate 

of 5 mV s−1.

Table S4. Comparison of the Capacitance (C) and ECSA of HER electrocatalysts.

Electrocatalyst C (mF cm−2) ECSA (cm2)

Au (111)@Ti6O11-50 36.03 900.8

Au/Ti6O11 12.95 323.7

Ti6O11 9.75 243.7

The electrochemical surface area (ECSA) of catalysts is further estimated by cyclic 
voltammetry (CV).26-28 The specific capacitance for a flat surface is generally found to 
be in the range of 20~60 μF cm-2. 40 μF cm-2 is used in the following calculations of 
the ECSA. The following formula is used to calculate ECSA: 

ECSA=
 

𝐶

40 𝜇𝐹 𝑐𝑚 ‒ 2  𝑝𝑒𝑟 𝑐𝑚 ‒ 2



Calculation of turnover frequency (TOF)
To calculate the TOF values, we used the previously reported calculation method:29-32
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The total number of hydrogen turnovers (No. of H2) was obtained by the following equation:
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The number of active sites (No. of active sites) was estimated as the number of surface sites 

(Au atoms as the possible active sites). The active sites per real surface area is calculated from 

the following equation:31, 33
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The Au (111)@Ti6O11-50 phase (JCPDS Card No.50-0788), a=14.378, b=9.899, c=35.65 
(from DFT results), contains: 80 Au atoms.
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    Finally, the current density can be converted into a TOF according to the following 

formula:30
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In this work, we calculated the TOF of Au at η=100 mV:
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Fig. S13. Chronopotentiometry curve at 20 mA cm-2 for the Au (111)@Ti6O11-50.



Fig. S14. (a) SEM, (b) high-angle annular dark-field (HAADF)-STEM, (c) TEM, (d) 

HRTEM images and (e) EDS element mapping images of Ti, Au and O of Au/Ti6O11 

after the stability test.



Fig. S15. XRD patterns of the Au (111)@Ti6O11-50 before and after long-time test.
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