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p-Si surface; p-SiNWs-Ta2O5 heterostructure with different thickness of Ta2O5 (b) 15 nm; (c) 40 nm; (d)80 nm.
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Figure S2. (a) Absorbance spectra and inset shows the solution colour under sunlight; (b) PL Spectra of GQD at an 
excitation wavelength of 370 nm and inset shows the solution colour under UV irradiation.
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Figure S3. ATR-FTIR absorption spectrum corresponding to both GQD and NGQD. In GQD, the bands at 3329 and 
1387 cm-1 corresponds to the vibration mode of O-H functional group. The absorption bands at 2925, 2856, 2159 
and 2034 cm-1 indicate the stretching vibration mode of -CH2, -CH3, C=C=O and C=O bonds in both GQD and 
NGQD. Additionally, in NGQD, the newly formed bands at 3260~3132, 1625 cm-1 and; 1452, 1150 cm-1 

corresponds to the bond formation of N-H and; C=N, C-N bonds, respectively.
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Figure S4. (a) Raman spectra of NGQD. The peaks centered at ~1365 and 1600 cm-1 corresponding to the D and G 
bands, which are attributed to the in-plane A1g and E2g mode of vibrations, respectively.



10 nm
Figure S5. AFM image of as-prepared NGQD and the diameter is found to be in the range of 3-4 nm.

Figure S6. TEM image of p-SiNWs decorated with NGQD layer on its surface. HR-TEM images depicting the 
lattice fringes corresponding to both SiNWs ((100), d~ 0.30 nm) and NGQD ((002), d~ 0.34 nm), respectively. 



Table S1. Calculated lattice spacing corresponding to Ta2O5 and Si from SAED pattern. where r represents the 
radius of the ring.

Label 1/2r (1/nm) 1/r (1/nm) r (nm)
Si (100) 6.311 3.312 0.301907

Ta2O5 (111) 8.683 4.341 0.230335
Si (222) 12.612 6.306 0.158579
Si (331) 16.428 8.214 0.121743
Si (220) 19.548 9.774 0.102312
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Figure S7. XRD analysis of p-SiNWs-Ta2O5 sample in where the diffraction peak at 23.81 29.16, 36.52, 
55.52 corresponds to the lattice plans of (001), (200), (201) and (1112), respectively for Ta2O5 and 33.09  ° °
correspond to (100) plan of Si.
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Figure S8. XPS Survey scan of p-SiNWs-Ta2O5-NGQD. The presence of all the elements (Si, Ta, O, N, C) confirms 
the formation of the heterostructure.
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Figure S9. High-resulation XPS spectra of (a) Si 2s (b) Si 2p (c) Ta 4d (d) Ta 4f (e) O 1s (f) C1s (g) N1s of the 
prepared p-SiNWs-Ta2O5-NGQD heterostructure.
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Figure S10.  LSV polarization curve (without iR correction) for p-SiNWs, p-SiNWs-NGQD and p-SiNWs-Ta2O5-
NGQD in 1 M HClO4 solution in dark condition.
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Figure S11. LSV polarization curve (without iR correction) for p-SiNWs-Ta2O5-NGQD in 1 M HClO4 
solution for different Ta2O5 thickness under illuminated condition.



Table S2. Comparison of PEC-HER performance in terms of overpotential, photocurrent density and ABPE of all 
as-grown samples in 1 M HClO4 solution under illuminated and dark conditions, respectively.

Hydrogen evolution reaction (HER) mechanism in acid medium:

There are two different reaction mechanisms comprising of three steps for hydrogen evolution 

reaction (HER) under acidic medium. One is Volmer-Heyrovsky and the other is Volmer-Tafel, 

where the primary discharge step (Volmer step) is common in both the mechanism. The three 

steps for hydrogen evolution under acidic medium are as listed below.1

Step 1: Volmer reaction (Discharge step)

H3O+ + e- + M ⇌ M-Hads + H2O;

Condition Working 
Electrode 

Over-
potential 
(mV)@5 
mA/cm2

Over-potential 
(mV)@10 
mA/cm2

Current 
density(mA/cm2) @ 

-0.78 V (vs RHE)

ABPE (%) 

p-SiNWs - - -0.1 -

p-SiNWs-
NGQD

-745 - -8.5 3.5Under 
illumination

p-SiNWs-
Ta2O5-
NGQD

-449 -498 -49.5 21.1

p-SiNWs - - -0.09 -

p-SiNWs-
NGQD

- - -3.64 -Under dark 

p-SiNWs-
Ta2O5-
NGQD

-720 -775 -10.05 -
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In this step, the electrons move towards the cathode surface and concurrently there is a formation 

of M-Hads intermediate state by the hydronium ions (H3O+) coming from the electrolyte side 

(where M is the active surface of the metal). Here, Tafel slope b ~ 120 mV.

Step 2:  Heyrovsky reaction (desorption step)

M-Hads + H3O+ + e- ⇌ H2 + M + H2O;

In this step, the Hads intermediates combine with a electron and hydronium ion and produce H2 

molecule, while the density of Hads on the surface of the metal is very less and Tafel slope, b ~ 40 

mV under such condition. 

Step 3:  Tafel reaction (Recombination Step)

M-Hads + Hads-M ⇌ H2 + 2M;

This step occurs when there is a high density of Hads on the metal surface, leading to the 

recombination of the two nearby Hads intermediates together to form a H2 molecule. Under such 

condition, Tafel slope b ~ 30 mV.

Figure S12. Calculated exchange current density of p-SiNWs-Ta2O5-NGQD and p-SiNWs-NGQD via extrapolating 
the Tafel plots to the X-axis under illumination



0 1000 2000 3000 40000
500

1000
1500
2000
2500
3000
3500
4000

 

 

 

-Z
'' 

(O
hm

)
 Dark
 Light

Z' (Ohm)

Rct= 306 ohm
Rs= 1.51 ohm 
Rct= 663 ohm
Rs= 59.8 ohm 

RctRs

Cs CPE

Figure S13. Nyquist plots of p-SiNWs-Ta2O5-NGQD in light and dark conditions in 1 MHClO4 solution. Inset 
shows the fitted circuit diagram of the above Nyquist plots. 
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Figure S14. DRS UV-Vis spectra analysis of Planar Si, p-SiNWs, p-SiNWs-Ta2O5 and the p-SiNWs-Ta2O5-NGQD 
hetero-structure. The result shows the reflectivity decreases with the decoration of Ta2O5 and NGQD on top of the p-
SiNWs as compared to planar Si substrate.



Table S3. The PEC-HER performance of the as-prepared p-SiNWs-Ta2O5-NGQD heterostructure in comparison 
with the recently reported Metal and Metal-Free Si-based photocathodes. 

S. No Material Electrolyte Photo
current 

(mA/cm2)

ABPE
(%)

Over
Potential
(mV)@10 
mA/cm2

Ref.

1. SiNW/Ni-B
SiNW/Co-B

2M PBS -15.6
-19.5

2.45
2.53

-54
-

2

2. n+p Si microwire /Ni-Mo
n+p Si microwire/Pt

KHP Buffer 
(pH=4)

-9.1
-13.2

1.9(STH)
2.7(STH)

- 3

3. p-i-n Si/ Pt/Co3O4

n-i-p Si/ Pt/Co3O4

1M KOH
1M KOH

-12.03
-7.3

3.3
0.93

- 4

4. Si-SrTiO3(Ti/Pt catalyst) 0.5M H2SO4 -35 4.9 - 5

5. pn+-Si/Ta2O5/Pt 1 M HClO4 -34.7 8.1 - 6

6. Si/TaOx 1 M HCl -37.1 7.7 - 7

7. SiNWs – MoS2 0.5 M H2SO4 -26.5 1.05 8

8. n+p-Si/MoSe2 1 M HClO4 -29.3 3.8% -195 9

9. Si/MoS2Cl 0.5MH2SO4 -20.6 - -160 10

10. ZnO/a-Si/TiO2 0.5 M aqueous 
KHP

-11.6 5.5 - 11

11. Si/TiO2/MoS2 0.5 M H2SO4 −0.24 - - 12

12. n+p SiNWs/Pt 0.5 M K2SO4 -15 6.6 - 13

13. Si /Al2O3 (Pt catalyst) 0.5M H2SO4 -26.2 - - 14

14. p-Si/SiO2/Ti/Pt 0.5 M H2SO4 -22 2.9% - 15

15. n+p-Si /TiO2/Pt 1M HClO4 -34.8 STH – 10.8 - 16

16. n+p-Si/Mo/MoS2/Pt
n+pSi/Mo/MoS2/MoSx/Pt

n+p-Si/W/WS2/Pt
1 M HClO4

-10.9
-12
-9

-
-
-

-
17

17. n+p-Si/Co-S 0.5M H2SO4 -11 - -85 18

18. p-Si NW/Pt H2SO4 + 0.5M 
K2SO4 (pH=1)

-20 - - 19

19. p-SiNWs/TiO2/Pt 0.5M H2SO4 -30 - - 20

20. p-SiNWs/MoS2 1M Na2SO4 -1 STH- 
0.03%

- 21

21. n-type SiNWs/Bi2O3 1 M NaOH -1.28 0.47 - 22

22. SiNWs/CdSe QD 0.25M Na2S + 
0.35M Na2SO3

-6.1 - - 23

23. Si/PEDOT hybrid 1M KOH -2.5 - - 24



Metal Free Si based PEC-HER

1. Graphene/Si 1M HClO4 -31.1 0.32 36

2. SiNW@N-doped GQS 1M HClO4 -35 2.29          - 37

3. N-doped monolayer 
Graphene/ Silicon

1M HClO4 -5.5 STH-3.05          - 38

4. rGO-SiNWs 1M HClO4 -23.152 STH- 3.16           - 39

5. Chl/CQDs-SiNWs 0.5M H2SO4 -26.36 7.86           -    40

6. p-i-n SiNWs/NGQD 0.5 M H2SO4 -26.2 16.4 -460    41

7. p-SiNWs-Ta2O5-
NGQD

1M HClO4 -49.5 21.1 -498 This 
Work

#ABPE- Applied Bias Photon-to-Current Efficiency 
#STH- Solar to Hydrogen Conversion Efficiency

core/shell NW array
24. SiNW/ Fe2S2(CO)6 0.1M H2SO4 -17 - - 25

25. Vertically aligned 
SiNWs
(n-type)

200 mM 
Me2FcB4 + 1M 

LiClO4 in 
Ethanol.

4.19 - - 26

26. Si MWs/MoOxSy-10
Si MWs/MoOxSy-30
Si MWs/MoOxSy-50

0.5M K2SO4 + 
H2SO4

-1.28
-7.35
-9.83

STH- 0.05
0.63
0.82

-100 27

27. Si MWs/CoSe2 0.5 M Na2SO4 / 
H2SO4

-9 STH- 0.93 -320 28

28. Si NWs/Ni12P5

Si NWs/Ni2P
0.5 M H2SO4 -21

-22.6
STH- 2.97
STH- 3.13

-143 29

29. Si NWs/Co-P 0.5M K2SO4 
/H2SO4

-15.6 STH- 2.86 - 30

30. Si NWs/FeP 0.5M K2SO4 
/0.05M H2SO4

-13.9 STH- 2.64 - 31

31. Si MWs/CoS2

Si MWs/CoSe2

0.5M H2SO4

1.0 M PBS
-3.22
-2.55

-
-

-    32

32. Si wires/WS3

Si wires/WS2

0.5M 
K2SO4/0.05M 

H2SO4

-19
-7

STH- 2.02
STH- 0.187

-670 33

33. a-Si /Mo2C 0.1 M H2SO4

1 M KOH
-11.2
-11.4

-
-

- 34

34. Pyramidal p-SiNWs-
Co2P

0.5 M H2SO4 -35.2 - - 35



Mott-Schottky analysis:

The dependence of the inverse square capacitance of the space-charge region under reverse-bias 
in the semiconductor is given by the Mott-Schottky relation:42

) …………………. (1)

1

𝐶 2
𝑠𝑐

=
2

𝜖0𝜖𝑆𝑖𝑞𝑁𝑑
(𝑉 ‒ 𝐸𝑓𝑏 ‒

𝑘𝑇
𝑞

where : Relative permittivity of Si (11.7), ϵ𝑆𝑖 𝜖 = 𝜖𝑆𝑖𝜖0 

 F/cm𝜖0 = 8.85𝑥10 ‒ 14

q: Elementary charge (1.6 × 10−19 C), 

Donor concentration in the semiconductor, 𝑁𝑑 : 

V: potential difference between the semiconductor and the redox potential of the solution.

 : Flat band potential, 𝐸𝑓𝑏

K: Boltzmann’s constant (1.38 × 10−27 cm2 kg s−2 K−1) 

T: Temperature (298 K). 

The  is determined by taking the value of the X-axis intercept of the extrapolated linear region 𝐸𝑓𝑏

of the (CSC)-2 in the Mott-Schottky plot. 

The barrier height  is calculated using the Schottky’s relation:𝜑𝑏

…………………………...(2)𝜑𝑏 = 𝐸𝑓𝑏 + 𝑉𝑛

Where is the difference between the potential of the conduction band edge and the Fermi 𝑉𝑛

level, and is obtained by using the following relationship

…………………………..(3)
𝑉𝑛 =

𝑘𝑇
𝑞

 (ln
𝑁𝑐

𝑁𝑑
)

The density of conduction band states (  ) is calculated by:𝑁𝑐



…………………….(4)
 𝑁𝑐 = 2(

2𝜋𝑚 ∗
𝑒 𝑘𝑇

ℎ2
)3/2

where : Effective mass of electron in Si ( ~ 9.8410-31kg)𝑚 *
𝑒 𝑚 ∗

𝑒

h: Planck’s constant (6.6310-34 Js).

Using the slope (slope ) of Mott-Schottky plot and the above equations, the and
𝑆𝑙𝑜𝑝𝑒 =

2
𝑞𝜖𝑁 𝐷  𝑁𝑑

the are calculated. 𝑉𝑛

Table S4. Calculated values of carrier concentration, flat band potential, barrier height of p-SiNWs, p-SiNWs-

NGQD and p-SiNWs- Ta2O5 and p-SiNWs- Ta2O5-NGQD photocathodes from the Mott-Schottky analysis.

Working electrode Nc(cm-3) Nd(cm-3) Efb(V) Vn(V) Φb(V)

p-SiNWs-Ta2O5-NGQD 27.72e18 4.19e17 -0.78 0.11 -0.67

p-SiNWs-Ta2O5 27.72e18 1.8e17 -0.29 0.15 -0.14

p-SiNWs-NGQD 27.72e18 6.67e16 0.12 0.1 0.22

p-SiNWs 27.72e18 1.06e17 0.07 0.13 0.20



Figure S15. Mott-Schottky result of bare p-SiNWs, p-SiNWs-NGQD and p-SiNWs- Ta2O5and p-SiNWs- Ta2O5-

NGQD photocathodes.
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