Synthesis and Photocatalytic Properties of Au-ZnSe Hybrid Nanorods for H;

Generation

1. Background

Hybrid nanocrystals which integrate multiple component into a single nanoparticle at
nanoscale has attracted much research interest in recent years '®. The combination of
several material enables the hybrid nanocrystals with synergetic optical and chemical
properties?. Hybrid semiconductor-metal nanostructures, especially platinum (Pt) or gold
(Au) nanoparticles decorated semiconductor nanocrystals, such as Au-CdSe’, Pt-CdSe® Au-
CdS®, CdS-Pt, CdSe/CdS-Pt1%, Au-CusP*, and Au-Cu,0O'! gained much attention because of
the special property of these hybrid nanocrystals, such as the located surface Plasmon
resonance effect (LSPR) of noble metals and outstanding charge separation ability?. Nobel
semiconductor-metal hybrid nanoparticles like Au-CdSe, Pt-CdS work as co-catalyst by
providing the active sites for reaction with lower activation barrier than semiconductors.
The lifetime of charge carriers is also extended because of the enhanced rate of electron-

hole separation.'?

Based on this the effective light induced electron-hole separation, noble metal-hybrid
nanoparticles such as Au-CusP*, CdS-Pt, CdSe/CdS-Pt! or CdSe/CdS-Pt-Au bimetallic
nanoparticles'3 are widely applied in photo catalysis reaction like Hz generation by water
splitting. Some research also reported CdS Nanocrystals with a dinuclear cobalt catalyst'* or
CdS ((Mo-Bi)Sx/CdS)*> can be used for the selective photocatalytic CO; reduction. In
addition, the applications of hybrid semiconductor-metal nanoparticles in photodynamic
therapy, antifouling, wound healing, and photoinitiators for 3D-printing recently are also

reported which expanded the application field of the distinctive nanomaterial. ©

Among all these applications, the conversion of renewable solar energy to hydrogen, has
attracted massive attention because of the growing crisis of fuel energy. Up to now, metal
decorated hybrid 1I-VI semiconductor photo catalysts are mostly based on CdSe or CdS
semiconductor nanocrystals benefit from their mature synthetic control on morphology,

metal location and size and visible light absorption of band gap.



Compared with Cd-based II-VI semiconductor, Zn-based 1I-VI semiconductor is non-toxic
and environmental friendly materials which makes it more compatible for bio-applications
and has great potential in efficient photocatalytic generation of reactive oxygen species
(ROS) 8. But the synthesis control of Zn-based 1I-VI semiconductor and their noble metal-
hybrid nanoparticles is still a challenge'’. From the point of application in photocatalysis for
H. generation, Zn-based II-VI semiconductors with wide bandgap (bulk ZnSe: 2.82 eV; bulk
ZnS 3.66 eV)!® absorb ultraviolet (UV) light from the solar while Cd-based heterostructure
nanocrystals absorb visible light. As an important portion of solar power (7%), the
complementary absorption of full spectrum solar energy for photo catalysis is important for

energy harvesting.1%-20

Based on this idea, we developed a new regime of Cd-free semiconductor-metal hybrid
nanocrystals: Au-ZnSe nanorods with controlled Au tips in this research. The optical
properties, morphology, metal selective growth mechanism and the photocatalytic H2

generation function is studied in detail.

2. Results and Discussion

2.1 Synthesis and Characterization of Au-ZnSe Hybrid Nanorod

For semiconductor-metal hybrid nanocrystals, two-step growth approach is widely applied
in which semiconductor with different components and shape are firstly synthesized
followed by the later growth of metals.® 2122 A reverse crystal-growth method of Au-CdSe
flower, tetrapod, and core/shell semiconductor-metal hybrid nanoparticles is also reported
in which pre-synthesized Au particles work as seeds?3. Comparing the two methods, the
growth site and size of noble metals on semiconductors are easier to control when
employing semiconductor as seeds than that of employing noble metals as seeds. For
example, most semiconductor grow as flower shape instead of one-dimensional nanorods

or Au-CdSe core shell structure while using Au as seed to grow CdSe nanoparticles.

Herein, we used a two-step method to synthesize Au-ZnSe nanorods. Firstly, uniform ZnSe
nanorods were synthesized by a heat-up method according to a previously reported method
with some modification 2* (Experiment details can be found in Experimental Section in the
Supporting Information), typically, zinc acetate and selenium powder were employed as

precursor, oleylamine and 1-dodecanethiol were employed as ligand and solvent to



synthesize ZnSe nanorods at 240°C in a standard Schleck line. Compared with long ZnSe
nanowires synthesized in oleylamine, the ZnSe nanorods synthesized in the mixture of
oleylamine and 1-dodecanethiol are shorted and thicker, the UV-Vis of nanorods is 360nm
which is red shifted than long nanowires with absorption at 345 nm?°. To find out the
composition and crystal structure of synthesized nanorods, powder XRD characterization
was done (Supporting information Figure. S1), the XRD patterns identified the structure of
wurtzite ZnSe rather than ZnSeS alloy structure, which means the 1-dodecanethiol just
worked as solvent and ligand instead of S precursor. The uniform ZnSe nanorods grown at
260°C with average dimension of 24.8+7.7 nm in length and 2.1+0.3 nm in diameter (The
length and diameter distribution is shown as supporting information Figure.S1) were used to

further grow Au.

For metal growth, Banin’s group reported the growth of Pt nanocrystals onto CdSe
nanorods and nanonets in aqueous media, they concluded that the pH conditions of the
growth solution determined the different morphologies?®, but the size of Pt dots is too big
which may lead to the lower H; generation efficiency. Compared with noble metal growth in
aqueous solution, the control of size and site of metals is much easier in nonpolar solution,

such as chloroform and toluene with the help of amines as surfactant?27-28,

Based on these research, we employed AuCls as gold precursor and dodecylamine as
surfactant and reductant for Au growth on ZnSe nanorods in toluene in our research?.
Typically AuCls was firstly dissolved with dodecylamine in toluene by sonication as Au stock
solution, then a predetermined dosage of Au stock solution was injected into ZnSe nanorods
dispersed in toluene under N; protection, a detailed experimental method is presented in
supporting information. The dodecylamine works as the ligand to stabilize the nanorods and

also works as reductant for AuCls reduction2.

Some research reported the mechanism of Au growth, such as light-induced growth?? and
thermal-induced growth?? . For thermal mechanism, small gold domains tend to grow along
the rod body at higher temperature while fewer gold particles are found to grow along the
rod body. The laser irradiation helped the growth of big Au tips on one end of nanorods?°.
For size control of the gold tips can be also fulfilled by controlling the concentration of the

starting materials in which Au tips starts to grow at one end due to the surfactant-controlled



growth of CdSe nanorods. The growth of Au along the body of nanorod or tetropod can be

controlled by increasing the amount of Au added.?

In our research, we grow the Au tips under ambient light at room temperature, the
different condition is the ratio between Au and ZnSe particles. Figure 1 presents the UV-vis
absorbance spectra of Au-ZnSe hybrid nanorods with different ratio between Au precursor
and ZnSe nanorods used for Au growth. When small amount of Au precursor was used
(Figure 1: 1), the final solution is colourless, the same as its original ZnSe nanorods solution
and an absorption peak at 368 nm can be found corresponding to the bandgap of ZnSe
nanorods, with increased Au precursor used (Figure 1: 2~4), the exciton absorption peak of
ZnSe nanorods are quenched due to the plasma resonance effect of gold as long as the final
solution becoming brown which confirmed the successful growth of Au tips on ZnSe

nanorods.
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Figure 1. UV-vis absorbance spectra and of Au-ZnSe hybrid nanorods and a photo of solution
after Au growth with different mass ratio between Au precursor and ZnSe nanorods; (1)
m(AuCls : ZnSe nanorods) =1:10; (2) m(AuCls : ZnSe nanorods) =1:5; (3) m(AuCls : ZnSe
nanorods) =3:5; (4) m(AuCls : ZnSe nanorods) =1:1;

Figure 2 shows TEM and STEM images of Au-ZnSe hybrid nanorods with different Au tip
sizes and with narrow size distribution. As very small amount of Au precursor used for
growth (m(AuCls : ZnSe nanorods) =1:10), almost no gold tip can be found grown on ZnSe
nanorods (Supporting Information, Figure S2a), which interprets that the UV-Vis of this

sample keeps almost the same as original ZnSe nanorods.



With more Au precursor used for growth, very small gold tips with a diameter 1.3 £ 0.2 nm
are attached to ZnSe nanorods and most of gold tips are found to grow on one end. This
phenomenon is similar to gold growth on CdSe nanorods reported by Mokari and Banin3 in
which one-sided growth is dominate at the first beginning and preceded by two-sided

growth.

Further increase of mass ratio of AuCls to ZnSe leads to the grow-up of small tips, in the
meanwhile, gold tips with a diameter of 1.6 £ 0.3 nm are found grown on both ends of ZnSe
nanorods. While the mass ratio of AuCls to ZnSe gets to 1:1, bigger gold tips with a diameter
of 2.2 £ 0.3 nm are found grown on both ends of ZnSe nanorods, some gold tips are also
found to grown on the body of ZnSe nanorods. STEM-EDS mapping was done as a
supplement to identify the growth of Au on ZnSe nanorods, Au tips were found to grow on

the end of ZnSe nanorods in this research (Figure S3).

The site selection of gold growth can be also found in other regime, such as Au-CdSe? or Pt-
CdS?%, the reason of site selection is the difference of binding energy (or reaction activity) of

nanocrystal facets.

On the one hand, there is less ligand on the end of nanorods than its body, it’s easier for
gold precursor to contact with ZnSe nanorods. On the other hand, as we analysed before,
the end facet of wurtzite ZnSe nanorods is (002), while the body surface of ZnSe nanorods is
(100), the binding energy of these two facet is also different which leads to the selective
growth of gold. The (002) planes are alternately composed of either Zn or Se atoms, which
makes growth at earlier stages more favourable on the Se rich facets and leads to one-tip
Au-ZnSe nanorods?!. While more Au precursor was used for growth, the chemical potential

of concentrated Au precursor overcame the energy barrier and grew to ZnSe nanorods.

What’s more, when excessive Au precursor was used, big Au tips and aggregation
phenomena can be found (Supporting Information, Figure S2b). The big Au tips can be found
on the end of ZnSe nanorods which are caused by the ripening process® when high gold

concentration was used.
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Figure 2. TEM images of Au-ZnSe hybrid nanorods with variable Au tip size of 1.3 £ 0.2 nm
(a); 1.6 £ 0.3 nm (b); 2.2 £ 0.3 nm (c); (d-e) STEM images corresponding to (a-c); (g-i) size

distribution histogram of the Au metal tip diameters corresponding to (a-c)

The detailed characterization of crystalline structure for Au-ZnSe hybrid nanorods is shown
in Figure 3a. The X-ray diffraction (XRD) pattern of the Au-ZnSe hybrid nanorods shows that
ZnSe nanorods are wurtzite structure (PDF Card #80-0008) and Au tips are cubic face-
centred structure (PDF#99-0056). A high-resolution TEM (HRTEM) image and FFT patterns of
a single Au nanocrystal is shown as Figure 3b. The lattice plane spacing of 0.235 and 0.204
nm agrees well with the (111) and (200) lattice planes of the Au crystal, respectively. It's
worth noting that due to the big difference of mass between Au and Zn, Se atom, ZnSe

nanorods are hard to see at high magnification while lattice of Au can be found clearly.



Q

——Au-ZnSe nanorods
——Standard Wurtzite ZnSe
——Standard Au

Intensity(a.u.)

20 25 30 35 40 45 50 55 60 65 70 A
20(°)

Figure 3. (a) XRD pattern (b) HRTEM images and FFT patterns of Au-ZnSe hybrid nanorods

In order to investigate the oxidation state of the Au domains present on the nanorods, we
have studied X-ray photoelectron spectroscopy (XPS) of Au-ZnSe hybrid nanorods. The

results of the XPS analysis are shown in Figure 4.

The XPS survey spectrum in Figure 4a of the clean Au-ZnSe hybrid nanorods powder

confirmed the presence of Zn, Se, and Au signals.

The binding energy peaks at =84 eV and =87.7 eV of high resolution XPS spectra of Au are
attributed to Au 4f; ;2 and 4fs/, in its zero oxidation state (Figure 4b)3°. The distinct peaks
observed at =84.9 eV and =88.6 eV are correspond to 4f7/; and 4fs/, binding energy peaks of
Au in its plus one oxidation state3!. This can be explained as most of the AuCI3 precursor is
reduced to zero oxidation state while a small part of AuCls is reduced to plus one oxidation

state.

The two Zn 2p peaks at 1044.3 eV and 1021.3 eV in Figure 4b correspond to Zn 2p1/2 and
2ps/2and confirm the presence of Zn?* (Figure 4c)3? . The corresponding binding energy

values of Zn?* can be attributed to Zn-Se bonding in ZnSe crystal.

The spectrum for Se (3d) was fitted yielding a single peak at the binding energy of 54.0 eV,
which confirms the selenide phase in metal chalcogenides and is well in agreement with
values reported for the Se?” phase (Figure 4d) 32. The Se 3d singlet peak is significantly
broadened over a range of ~4 eV and it includes Se 3ds;; and 3ds/2 due to an apparent lack of

distinguishable peaks?.



As analysed above, the values of binding energies for Zn and Se confirms the valance states
as Zn** and Se? respectively. Most Au tips are of zero oxidation state and a small amount of

Au precursor residue also exists as Au* in the final products.

+ Raw
- - Fitted

o

Au 4 7/2

Intensity (a.u.) o
Intensity(a.u.)

0 250 500 750 1000 82 84 86 88 00 92

? 1A
# A Se-0

Binding energy (eV) Binding energy (eV)

C Zn 2p3/2 » Raw d Se 3d + Raw
— — Fitted 5@154'0 eV = = - Fitted

- 1021.3 eV - 41

= S { &

© © { 1

S S %" &

= Zn2p12 2 i

g v 2 P EI:'

S 10443eV | &

- =]

£ £

5 % s88ev
1020 1030 1040 1050 1060 48 50 52 54 56 58 60 62 64 66
Binding Energy (eV) Binding energy (eV)

Figure 4. XPS spectra of the Au-ZnSe hybrid nanorods; (a) Survey spectrum of Au-ZnSe
nanorods; (b) Binding energy peak of Au 4f; (c) Zn 2p; (d) Se 3d;

2.2 Simulation of Au-ZnSe Hybrid Nanorod growth

The growth direction of Au tips on ZnSe nanorods is measured by HRTEM. Based on the
statics (Supporting Information, Figure S4) of the angel between (111) facet of Au tips and
(100) facet of ZnSe nanorods, the angles are 0~90° without any angles of high frequency, so
we concluded that gold was seldom growth on ZnSe nanorods without particular
orientation. To further explore the atomic interfce structure between ZnSe nanorods and Au

tips, simulations based on density functional theory (DFT) were performed.

DFT calculations were performed using the Vienna Ab initio Simulations Package (VASP) 33-34

and projected augmented wave (PAW) 3>3 method (with 1s', 5d'%6s?, 4s24p*, 3d*%4s? as



valence electrons for H, Au, Se and Zn, respectively). The exchange-correlation interaction
was treated with generalized gradient approximation (GGA) in the Perdew, Burke and
Ernzerhof (PBE) 38 parameterization. The cutoff energy of plane-wave basis was set to 450
eV for ZnSe and 400 eV for Au. Integrations over the first Brillouin zone were calculated
using a Gamma-centred k-point set of 6x6x4 for wurtzite ZnSe (space group P63:mc, No.
186) and 12x2x12 for fcc Au. With these settings, the total energy was able to converge
within 1 meV/atom. The structures were fully relaxed using PBE, and the energy was
converged within 10 eV/cell and the force was converged to less than 10 eV/A. We
adopted GGA+U (U=8 and J=1) 3°-%0 to correct the self-interaction and over delocalized d

states in wurtzite ZnSe.

Although the HRTEM measurements suggest no preference of a specific orientation
relationship between ZnSe and Au, we think the interface between ZnSe (001) and Au (111)
is a typical and representative structure of the hybrid system, as it is composed of the most
closely packed planes and resembles the Au-CdSe hybrid system. The detailed interface
structure of ZnSe (001) and Au (111) was explored thoroughly as follows: First, we scanned
the potential energy surface (PES) of interfacing ZnSe (001) and Au (111). We built a 3x3x4
supercell of wurtzite ZnSe containing 16 alternating Zn and Se layers along (001), of which
the top 11 layers were removed. The remained layers are terminated by Zn. We then
removed the top Zn layer and added four fcc Au (111) layers on top. The Au fcc lattice is
therefore subjected to a strain of 1.4%, which is within the DFT error. We then mapped the
PES of this interface structure (denoted as ZnSe(001)//Au(111)) by moving around the Au
layers together. The interfacing Se layer and four Au (111) layers were allowed to relax
completely except that the in-plane coordinates of the top Au (111) layer and the other
ZnSe layers were fixed. All the PES calculations for the interface were performed at the PBE
level and with an energy cutoff of 450 eV and a single Gamma point sampling. The obtained
PES is plotted in Figure 5. It can be seen that the highest barrier between energy minima is
no more than 0.1 eV/atom, which implies no strong preference of specific interface
structures. It can be inferred that when the first atomic layer of Au was deposited on the
ZnSe (001) surface the distribution of Au atoms could be rather random since there is no big
difference between different bonding states. The following build-up of Au layers will gain an

orientation depending on the deposited Au layer, and thus an interface with no preference



of orientation relationship between ZnSe (001) and Au will be seen, which agrees with and

explains the HRTEM observations.
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Figure 5. (a) Initial input interface structure for potential energy surface calculations of
ZnSe(001)/Au(111) interface; (b) Calculated potential energy surface of ZnSe(001)/Au(111)

interface.

We then further explored the detailed atomic interface structure. The interface structure
with the minimum energy was chosen and relaxed with a Monkhorst-Pack k-point set of
2x2x1. Seven Au atoms at the interface layer that are most distant from ZnSe lattice sites
were removed to create a ZnSe(001)/ZnoAui/Au(111) interface, namely, an interface with
the top layer Zn atoms completely substituted by the interfacing layer Au atoms and no
more Au left in the interfacing Au single layer. From the ZnSe(001)/ZnoAu1/Au(111)
interface, we varied the ratio of Zn to Au at the interfacing single layer to obtain the
ZnSe(001)/Zn1/3Auz/3/Au(111), ZnSe(001)/Zny/3Au1/3/Au(111) , and
ZnSe(001)/Zn1Auo/Au(111) structures. The phase diagram of the interface can be obtained
and is plotted in Figure 6. It can be seen that only the ZnSe(001)//Au(111) and
ZnSe(001)/Zn1Auo/Au(111) interfaces are thermodynamically stable within the allowed
chemical potentials of Zn and Au. The other three structures (ZnSe(001)/Zn1/3Auz/3/Au(111),
ZnSe(001)/Zny/3Au1/3/Au(111) , and ZnSe(001)/ZnoAu1/Au(111) structures) are not stable at
all. Actuallly, the stable ZnSe(001)//Au(111) and ZnSe(001)/Zn1Auo/Au(111) interfaces

representing the two situations: The interfacing of the Se-terminated nanorod end and the



Zn-terminated ZnSe nanorod end with Au (111), respectively. Therefore, at the high
chemical potential of Au (low ratio of AuCls to ZnSe), it could only allow the Se-terminated
ZnSe nanorod end to grow Au tips, forming the ZnSe(001)//Au(111) interface. With the
chemical potential of Au being lowered with more added AuCls, the

ZnSe(001)/Zn1Auo/Au(111) interface is also allowed.
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Figure 6. Phase diagram of ZnSe(001)/Au(111) interface. Five structures were explored,
namely, the ZnSe(001)//Au(111), ZnSe(001)/ZnoAu1/Au(111), ZnSe(001)/Zn1/3Auz/3/Au(111),
ZnSe(001)/Zny/3Au1/3/Au(111), and ZnSe(001)/Zn1Auo/Au(111). The
ZnSe(001)/Zn1/3Auz/3/Au(111) and ZnSe(001)/Zny/3Au1/3/Au(111) interfaces
thermodynamically are not stable. The inset rectangular represents the allowed chemical
potentials of Zn and Au. The chemical potential of Zn is bounded by pz,se — Use < Uzn <

Unep—zn, and the chemical potential of Au is bounded by pfcc_ay < Uay < Hause + Uzn —

Uznse-

2.3 Au-ZnSe Hybrid Nanorods for Photocatalytic H2 Generation

The hybrid Au-ZnSe may present novel catalytic property with hot electrons due to the
plasma coupling effect of Au tips, compared with original ZnSe nanorods. The light induced
electron-hole pair produced in ZnSe nanorods can gain a longer lifetime and a lower
recombination rate as a result of the enhanced separation of charge carriers in the Au-ZnSe

semiconductor-metal heterostructure.
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Figure 8. (a) Proposed photocatalytic mechanism of Au-ZnSe hybrid nanorods for H;
production in water splitting and energy band alignment diagram; (b) Photocatalytic H;
production of Au-ZnSe hybrid nanorods using methanol or Na,S and Na,SOs as sacrificial

holes scavenger.

Figure 8a shows the band diagram of Au-ZnSe hybrid nanorods. The energy band gap of bulk
ZnSe is 2.82 eV, light induced electrons are transferred to the conduction band of ZnSe
followed by transferred to gold tips due to the band alignment between ZnSe*?*** and Fermi
level of Au*® . The light induced holes keep in the valence band, thus the electron-hole are
effectively separated and recombination is greatly reduced. Rich in electrons, the Au tips
provide an active site for protons reduction and produce H; efficiently while the holes in

ZnSe nanorods can be removed by introduction of methanol or Na,S and Na,SOs.

The photocatalytic activity of the hybrid nanoparticles was measured via the light-induced

reduction of water using a 300W Xeon lamp (Newport, 200~2500 nm) to produce hydrogen



in the presence of methanol acting as sacrificial hole scavengers as depicted schematically in

Figure 8.

The sample we used for photocatalyst is Au-ZnSe with two tips because according to
previous report by Amirav*® in which Pt-decorated CdSe@CdS rods with less reduction sites
is more active for hydrogen reduction. As reported in Au-CdS NRs for photo catalysis, the
size of metal tips has essential influence on reduction efficiency, Au-CdS NRs with a
diameter of ~3 nm of Au tips showed the higher H, generation rate than Au-CdS NRs with a
diameter of ~6 nm of Au tips 28. Considering the combined influence of the metal tips
number and size, we chose double-tips Au-ZnSe naorods with Au diameter of 1.6 £ 0.3 nm
for photo catalysis characterization. PEI coating which make nanoparticles water soluble?’
and enhance the photocatalytic H, generation*® was used for the colloidal synthesized Au-

ZnSe nanoparticles®.

As shown in Figure 8b, the photocatalytic H, production rate of Au-ZnSe hybrid nanorods
with two gold tips is about 427 pmol-h*-g* which is higher than reported H. evolution of
Au@CdS (~100 umol-ht-g1) CdS/Pt (~300 umol-h1-g1) hybrid nanocrystals and the

generation kinetics shows that the H, generation is stable and sustainable°.

In previous reports of photocatalytic hydrogen evolution reaction (HER) with noble metal
decorated II-VI nanocrystals as catalyst, the removal of holes from the surface of the
nanocrystals to the electron donor has been illustrated as the key rate limiting and NaS and
Na,SOs3 can remove holes more efficiently than methanol*. So we conducted another test
with applying NaxS and Na,SOs as sacrificial holes scavenger, the photocatalytic H2
production rate is 2696 pmol-ht-g't which is much higher than that of using methanol as

sacrificial holes scavenger.

We also investigate the HER by using the free energy of hydrogen adsorption (AGy., *
denotes the electrode) as a single catalytic descriptor #!. This descriptor can decribe the

hydrogen evolution exchange-current density



_ 1
bo = ~eko T exp(=AG,. /KT

Where i, is the hydrogen evolution exchange-current density, e is the electron charge, and
kg is a factor that needs to be fitted to experimental data. The best electrode material

should have (AGy, = 0) for hydrogen evolution reaction
1
HY*+e™ +x—> EHZ(Q)

AGy,, therefore, can be expressed by
AGH* = AEH + AEZPE - TASH

where AEy, AE;pg, and ASy are the potential energy difference, zero-point energy
difference and change of entropy, respectively. At 300 K, it can be simplified as AGy, =

AE, + 0.24 eV .

The calculated HER free energies were summarized in Table 1. All the stable interfaces show
much smaller |AGy, | compared to the pristine Au (111) surface. This is due to the enhanced
adsorption of H* by the Au atoms of interface structures. At a close look, the interface
structures show an increased charge redistribution upon hydrogen adsorption as can be
seen from the differential charge density plot in Figure 7. Hydrogen adsorbed on the hybrid

Zn-AuSe (Figure 7b) gains more charge than the hydrogen on pristine Au (Figure 7a).
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Figure 7. Differential charge density plot for hydrogen adsorption onto a fcc site of (a)
pristine Au (111) and (b) top Au (111) of ZnSe(001)//Au(111) interface. Golden and black
balls indicate the Au and H atoms, respectively. Yellow and cyan indicate the charge loss and

gain, respectively. Isosurface value is 0.001 e/A3.

Table 1. Calculated free energy change for hydrogen evolution on different electrodes.

|AG .| (eV)
Electrode
fecc site  hep site
Au (111) 0.38 0.43
ZnSe(001)//Au(111) 0.28  0.27

ZnSe(001)/Zn:Auo/Au(111) 0.15  0.24
ZnSe(001)/ZnoAu:/Au(111) 0.10  0.26

3. Conclusion

We have successfully synthesized novel Cd-free Au-ZnSe semiconductor-metal nanorods by
growing Au tips of variable diameter and site on ZnSe NRs. Au tips are found to preferably
grow on one end of ZnSe NRs then to two ends, followed by the body depending on the
concentration of used Au precursor. Au tips tend to be aggregated if large amount of gold
precursor is used for growth. The novel Cd-free system we developed showed the plasma
coupling effect of gold and high H; generation rate as photo catalyst for water splitting. The
photocatalytic H2 production rate is 427 pmol-ht-g* and 2696 pumol-h1-g* while employing
methanol or Na,S and Na,SOs as sacrificial holes scavenger respectively. This performance is
comparable with Cd-based semiconductor-metal heterostructure nanocrystals and could

even be further improved, focusing on the variation of noble metal species, such as Pt or



alloyed Au-Pt or combined metals, as well as the variation of size and number of noble
metal domains present on the NRs. This system open a new Cd-free system plat for H;
generation by water splitting and the special structure can be also used for redox reaction

on biochemistry owing to its non-toxicity.
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