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Examples of Quantum States

https://en.wikipedia.org/wiki/Quantum_state

Probability densities for the electron of a hydrogen atom 

in different quantum states

https://en.wikipedia.org/wiki/Probability_density


Band structures of silicon

Silicon

Microelectronics vs Photoelectronics



http://manoharan.deas.harvard.edu/siliconpc

▪ Surface effect
▪ Size effect

Porous Silicon

Quantum Confinement Effect



Confined Quantum States

https://en.wikipedia.org/wiki/Particle_in_a_box

- quantum states confined due to spatial constraint

Size matters!



https://en.wikipedia.org/wiki/Moore%27s_law



 

Intel's roadmap



Chip thermal management issue: 
hot spot and thermal removal

Smaller


Powerful

Smaller


Hotter

Remarks:

➢Heat => bottle neck for the 

future development

➢New thermal solution: 

high efficiency, energy saving, 

green

hot spot Smaller

More hot spot

Transistor size

10 mm (1970)

23 nm (2012)

8 nm (2018)

…
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http://manoharan.deas.harvard.edu/siliconpc

▪ Surface effect
▪ Size effect

Porous Silicon

Quantum Confinement Effect



Slight surface structure changes induced 

significant changes in electronic structures
Symmetric Canted

HOMO

C. S. Guo, X. B. Yang, and R. Q. Zhang*, Solid State Commun., 149, 1666(2009). 



Band structure tuning of SiNWs
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Band structure of silicon
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Si crystal <112> SiNW

Indirect <==>direct?

Can the sensitive response of electronic structure to 

surface structure be used to engineer the energy band?



Indirect band structure of <112> SiNWs

=> quasi-direct 

band-gap

A.J. Lu, R.Q. Zhang*, et al., Nanotechnology, 19, 035708 (2008) 

Size alone fails to tune the indirect band gap to direct energy gap.
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Tuning energy band of <112> SiNWs

by varying cross-section shape

A.J. Lu, R.Q. Zhang*, et al., Appl. Phys. Lett., 92, 203109 (2008).

(111) to (110) side facet ratio
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Hierarchical Sn2+ Doped SnO2 Nanostructures
Tuning the energy band and sensing properties by controlling 

crystal plane 

H.K. Wang, K.P. Du, … R.Q. Zhang*, A. Rogach*, 

Adv. Funct. Mater. 23, 4847–4853 (2013).



Stability



The origin of the 

outstanding redox 

reactivity for 

hydrogenated TiO2

has been unveiled 

to be a synergy of 

surface H 

heteroatoms 

located at different 

surface sites. 



H(SiH) Si(SiH)

-0.06 0.05

M.X. He, R.Q. Zhang, et al., 
J. Theor. Comput. Chem., 8, 299–316 (2009).

Surface passivation inducing 
charge transfer and thus doping

)/(8 2DaqQ =

q : charge on a H = -0.06 |e|
a : lattice constant 5.43 Å
D : the diameter = 100 nm

Hole concentration due to 
surface doping: 1019 cm-3

C.S. Guo, R.Q. Zhang*, et al., 
Angew. Chem. Int. Ed, 48/52, 

9896(2009).



Achieving effective doping by 
tuning surface composition

Conventional volume doping Surface doping

edeeN  =

Difficult 

at nano

C.S. Guo, R.Q. Zhang*, et al., Angew. Chem. Int. Ed, 48/52, 9896(2009).

Hole concentration: 
1019 cm-3



Experimental verification of 

surface passivation doping 

Original Si wafer H-SiNWs in vacuum

p  p

Sample 1 1×109  (intrinsic) 0.235 9.6×1017

Sample 2 3.3×106 (weak n) 1.83 4.1×1017

C.S. Guo, R.Q. Zhang*, et al., Angew. Chem. Int. Ed, 48/52, 9896(2009).



A p-n junction arry by surface passivation doping

C.S. Guo, R.Q. Zhang*, et al., Angew. Chem. Int. Ed, 48/52, 9896(2009).

p-n diode array



Thermal conductivity reduction 

due to surface nitridation

• Surface nitrogenation => surface lattice deformations

• Remarkable phonon-defects scattering on the surface 

=> low frequency PDOS 

=> reduction of thermal conductivity
H.P. Li, R.Q. Zhang, EPL 96, 56007(2011)
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atomic distance decrease

stress increase

energy level split

orbital hybridization

https://en.wikipedia.org/wiki/Electronic_band_structure



Bulk Si crystal: 

Applying 0.02 strain in 
<001> or <111>induced 
conduction band 
minimum splitting at Г
point
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Energy band engineering of silicon crystal

Tsay & Bendow, PRB 16, 2663(1977)

Is it more effective for low dimensional systems?



IndirectDirect
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Stress-induced band gap tuning in <112> silicon 

nanowires
A.J. Lu, R.Q. Zhang*, et al., Applied Physics Letters, 91, 263107 (2007) 

Electronic and elastic properties of <110> and <111> Si NWs

P. W. Leu, A. Svizhenko, and K. Cho, Phys. Rev. B 77, 235305 (2008).

Electronic properties tuning of <100>,<110> and <111> Si NWs

K. H. Hong, J. Kim, S. H. Lee, and J. K. Shin, Nano Lett. 8, 1335 (2008). 

Stanford

Korea



2D: Induced strain 

vs 

applied strain

C. Zhang, A. De Shark, R.Q. Zhang*, J. Phys. Chem. C, 115, 23682–23687 (2011).

(110) Si sheet

(100) Si sheet

(110) Si sheet

(100) Si sheet



Charge density distribution 

C1

C2

V1
V2

C. Zhang, A. De Shark, R.Q. Zhang*, J. Phys. Chem. C, 115, 23682–23687 (2011).
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Tuning Exciton Structure in 

Carbon Nitride and 

Graphene Quantum Dots 

for Efficient Solar Energy Harvesting 



Excitation of a molecule:

Excitation of an atom:



Energy transfer

Intersystem crossing

Fluorescence

Photoreactions

Electron 

transfer 

etc

Phosphorescence

After 

excitation

Excimer formation

Jablonski diagram



Unusual size dependence 

X. Wang, R.Q. Zhang*, et al. Appl. Phys. Lett. 90, 123116 

(2007); J. Phys. Chem. C, 111(34); 12588-12593 (2007) 



Diamond, Graphite and graphene

graphene

Carbon

sp3

sp2

Wide gap

No gap







Interpretation of broadband PL from a-C

total density of states 

delocalized states

localized states.

R.Q. Zhang*, E. Bertran, and S.-T. Lee "Size-dependence of energy gaps in 

small carbon clusters: the origin of broadband luminescence",

Diamond and Related Materials, 7, 1663(1998)



Carrier separation vs size – GQDs

Ground state: Dark brown (dark green) - HOMO (LUMO)

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)



Carrier separation vs size – GQDs

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)



The incident photon to current 
conversion efficiency (IPCE)
of the TNRA/C dot 
nanocomposites in the visible 
range was up to 1.2−3.4%.

ACS Appl. Mater. Interfaces 2014, 6, 4883−4890



Water splitting

(OER)

(HER)

Walter, M. G., et al. "Solar water splitting cells“, Chem. Rev. 110.11: 6446 (2010).





Rising cost of oil and 
environmental 
challenges forced 
India and China to 
take various steps.

H2 generation, solar cell, lithium ion battery, fuel cell battery …
- green energy approaches

http://www.theworldreporter.com/2010/05/energy-crisis-and-environmental-issues.html


Michael Grätzel, “Photoelectrochemical cells”, Nature, 44, 338 (2001).

• Failure in meeting the 

requirements of redox 

reaction and oxidation

• Too large band gap

• Poor conductivity

• Low stability

Drawbacks of conventional photocatalytic materials



Graphitic carbon nitride (g-C3N4)

Trizine Tri-s-trizine



Carrier separation vs size - CNQDs 

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)

Ground state: Dark brown (dark green) - HOMO (LUMO)



S0 vs S1 - CNQDs 

S0

S1

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)



fs resolved 

electron-hole

map

Electron-driven proton transfer (EDPT) found to be the cause for non-radiative decay.  

ωB97XD 6-31G(d,p) 

Revealed a barrier of 0.68 eV (0.75 eV by ADC(2)).

Water-heptazine hydrogen transfer

Excited-state non-adiabatic dynamics simulations of 

heptazine with one water molecule Ullah, Chen and Zhang, JPCL(2019)



Graphitic carbon nitrides (g-C3N4) - a metal-free 

polymeric photocatalyst for hydrogen production 

from water under visible light
Wang, X. C.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Domen, K.; Antonietti, M. 

Nat. Mater. 2009, 8, 76–82

a, A perfect graphitic carbon nitride sheet constructed from melem units.
b, XRD pattern of the g-CN: interplanar stacking distance (0.326 nm).
c, UV-vis diffuse reflectance spectrum. 

Interlayer 
stacking

Eg = 2.7 eV



DFT band structure for 
polymeric melon 

Wang, X. C.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Domen, K.; Antonietti, M. Nat. Mater. 2009, 8, 76–82

electrochemical potential

electrochemical potential

UV-vis absorption spectrum 
of the g-C3N4 catalyst 

Steady rate of H2 production from water containing 
10 vol% methanol as an electron donor by 0.5 wt% 
Pt-deposited g-C3N4 photocatalyst



Synthesis of g-CN powder

g-CN

Thermal Polymerization

• A combination of polyaddition and polycondensation

•Other monomers: melamine, urea, thiourea, …

Thomas, J. Mater. Chem. 2008, 18, 4893.

Powder
only



PEC

Prerequisite:

✓substrate supported film

✓uniform and pinhole free

✓ large area synthesis 

Difficulties in growing thin films from powder:

• insoluble in most solvents

• conventional methods (spin coating, drop 

casting, doctor blade) not working well

Advantages od PEC: 
1) small backward reaction 
2) easy to collect H2 and O2

3) small bias voltage 

A. Fujishima and K. Honda, 
Nature, 1972, 238, 37–38



Using the method by 
M. Shalom, et al. 

Angew. Chem. Int .Ed. 
2014, 126, 3728.

56

J.C. Bian and 
R.Q. Zhang et al. 
ChemPhysChem
2015, 16, 954.

> 480 ℃

air

Our thermal vapor condensation method vs others



Our films

1. uniform, adjustable area

2. adjustable thickness: tens to hundred nanometers

3. easy to control the morphology

4. tunable electrical and optical properties by doping

Zhang and Bian, “A thermal vapor condensation method of graphitic carbon 
nitride films” US Patent (filed, 2016), published in 2018



Transient photocurrent and incident 
photon conversion efficiency

AM 1.5, 0.12 mA/cm2 at 0.5 V vs Ag/AgCl, Na2SO4+ Na2SO3+Na2S

J.C. Bian and R.Q. Zhang et al. Nano Energy 2015, 15, 353. 



Need further improvements on: 

▪ photocurrent density

▪ light absorption in the visible range

▪ diffusion length of charge carrier 

▪ charge transfer of electrons and holes

59

Photocurrent density of 0.12 mA/cm2 under one sun illumination at 1.55 V versus 
reversible hydrogen electrode (RHE) 



Perfect carrier separation: CNQDs vs GQDs

(a) CNQDs in the of various dimensions 

(b) zigzag (ZZ), armchair (AC) and 

zigzag-armchair mix (MIX) edged GQDs

Dark brown (dark green) iso-surface color(s) 

indicate HOMO (LUMO) Wave functions. 

First excited state (S1) 

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)



Band gap tuneability

(a) CNQDs: Eg> 2.7eV

(b) GQDs: Eg ~ 1 - 2 eV

N. Ullah, S.W. Chen, and R.Q. Zhang, ChemPhysChem, 19, 2534-2539 (2018)



Carbon-nanodot Sensitized Graphitic Carbon Nitride

GQDs regulated charge separation:

✓ Nitrogen to carbon (N:C) ratio regulates the exciton charge separation, 

guiding the design of appropriate GQD assembly over g-C3N4

nanosheets.
N. Ullah, S. Chen, R.Q. Zhang, Applied Surface Science 2019,  487, 151–158



melamine
2, 6-Diaminopyridine (26D)

J.C. Bian, R.Q. Zhang and M. Shalom et al. Adv. Energy Mater 1600263 (2016).



C/N atom ratio XPS spectra

XRD patterns 

FTIR spectra 

J.C. Bian, R.Q. Zhang and M. Shalom et al. Adv. Energy Mater 1600263 (2016).



Improvement through C=C π bond 

generation by annealing

J.C. Bian, R.Q. Zhang et al. Chem. Asian J. 12, 1005 – 1012(2017).



J.C. Bian, R.Q. Zhang et al. Chem. Asian J. 12, 1005(2017).

Improvement through C=C π 

bond generation by annealing



Improvement by Boron Doping

pristine CN (left) and BCN-0.6 with two C substituted by B at corner (middle) and bay (right) sites

M.Y. Huang, R.Q. Zhang et al. Catalysis B: Environmental, 237, 783–790 (2018)



M.Y. Huang, R.Q. Zhang et al. 
Catalysis B: Environmental 237, 783–
790 (2018)

J.C. Bian and R.Q. Zhang et al. 
Nano Energy 2015, 15, 353. 

J.C. Bian, R.Q. Zhang and M. 
Shalom et al. 
Adv. Energy Mater. 2016, 1600263

J.C. Bian, R.Q. Zhang et al. 
Chem. Asian J. 2017, 12, 1005



Review: Recent developments on carbon nitride 

based films for photoelectrochemical water splitting

W. Xiong, F. Huang, R.Q. Zhang, 

Sustainable Energy & Fuels

4, 485 (2020)



Demonstration of PEC H2 generation 

70
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