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In this work, surface modification of ZnO nanorods were carried out with three types of organic

molecules that concluded ethylenediamine, sodium citrate and butanethiol to better understand the surface

properties of ZnO nanorods. FT-IR spectra were used to characterize the surface modification of ZnO

nanorods. Photoluminescence spectra and electrochemiluminescence spectra were applied to study the

influence of the functional molecule structure to the surface electron structures and the surface band gap

of ZnO nanorods. The result indicated that the surface state of ZnO nanorods may be regulated by the

selection of functional organic molecules. It contributes to an understanding of organic - inorganic

interfaces and surface properties and may be useful for the design of novel multiplexing sensors or

photovoltaic-hybrid materials and the corrosion prevention of ZnO nanostructures.

1. Introduction

ZnO is an important wide-bandgap semiconductor that possesses
a rich family of nanostructures. Extensive researches on
synthesis, characterization, and applications of ZnO have been
carried out due to their useful properties such as piezoelectricity,
conductivity, optical absorption and emission, high voltage—
current nonlinearity, sensitivity to gases and chemical agents, and
catalytic activity.! It has been reported that the morphology
features have a crucial role to the properties of the prepared ZnO
and influence their applications.”*

Surface modification that based on self-assembled and covalently
bonded organic monolayers can be used to manipulate surface
properties. Functionalizations of metal oxides may be beneficial
due to their applications in manipulating surface properties and
have been widely investigated due to the importance of these
materials several hybrid inorganic-organic electronic
applications.” © These hybrid materials have taken the form of
bulk, film, nanoparticles, and molecularly thin self-assembled
monolayers that have proven to be versatile in terms of the new
properties that can bring to surfaces and interfaces.” ® Because
organic molecules are known to either promote or inhibit the
crystal growth of ZnO, the attachment of organic molecules to
ZnO also can be used to modify the surface properties of ZnO
nanostructures.” '° Photoluminescence (PL) and X-ray absorption
spectroscopies evidenced that the electronic configuration of ZnO
nanoparticles were altered by surface modification, which
depended on the particular molecule.'® ' Surface modification
and efficacy of ZnO nanoparticles may be influenced by the
chemical and physical properties of molecular anchors.”* 2
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Surface passivation has been achieved using organic capping
agents,'” ' such surface states can act as quenchers of the
luminescence, and the passivation of the surface is the key to the
preparation of highly luminescent semiconductor nanocrystals.">
' The bandgap of ZnO nanocrystals can be controlled by the
surface functional molecule and then contribute to the the
fabrication of conventional organic photovoltaic devices."”

In this work, ZnO nanorods were prepared with hydrothermal
synthesis. Ethylenediamine, sodium citrate and butanethiol were
used as molecular anchors to modify the surface properties of
ZnO nanorods. Fourier transform infrared (FT-IR) spectra were
used to investigate the surface composition as the functional
molecule reacted with surface Zn atom. PL spectra and
electrochemiluminescence (ECL) spectra were applied to study
the effect of surface functionalization on the surface band gaps of
ZnO nanorods. It was shown that the surface state of ZnO
nanostructures can be regulated by enabling selective functional
molecule. This work may be helpful in understanding the
organic-inorganic interfaces and surface properties and may be
useful for the design of novel multiplexing sensors and the
corrosion prevention of ZnO nanostructures.

2. Experimental Section
2.1 Chemicals

Zinc acetate (Zn(Ac),'2H,0), potassium chloride (KCl),
potassium  hydroxide (KOH), potassium peroxydisulfate
(K5S,05), sodium hydroxide (NaOH), glycol, butanethiol, sodium
citrate, ethylenediamine and ethanol were purchased from
Sinopharm Chemical Regent Co., Ltd. (Shanghai, China). All
chemical reagents were of analytical grade and used without
further purification. Water used in this work was prepared from
Milli-Q water purification system (= 18 MQ).

This journal is © The Royal Society of Chemistry [year]
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2.2 Apparatus

The morphology and crystal structure of as-prepared products
were characterized with Sirion 200 Field Emission Scanning
Electron Microscope (FE-SEM, FEI, Netherlands) equipped with
an INCA Energy Dispersive Spectrometer (EDS, Oxford
Instruments, the United Kingdom).

The composition and phase of ZnO nanostructures were acquired
by X-Ray Diffraction (XRD) with a D8 Advance powder X-ray
diffractometer (XRD, Bruker, German) using Cu Ka radiation (A
= 0.15406 nm). The surface functionalizations of ZnO nanorods
with organic molecules were characterized by FT-IR (Thermo
Electron Corporation, the United States).

The PL spectra of the as-prepared products were measured with a
FLS 920 fluorescence spectrometer (Edinburgh Instruments Ltd.,
the United Kingdom) equipped with a red sensitive PMT (R928-
P) at room temperature. All PL spectra were acquired using a Xe
900 lamp with an excitation wavelength of 325 nm at room
temperature, excitation slit and emission slit were 1.0 nm. For
ECL spectra measurement, emission scan mode was performed to
record the signals of ECL signal.

2.3 Preparation of ZnO nanorods

ZnO nanorods were prepared by hydrothermal method. 0.33g of
Zn(Ac),2H,0 was dissolved in 5.0 mL of 6 mol L' NaOH
solution, and then 10 mL of glycol was successively dropped into
the mixture. After stirring for 15 min, the mixture was transferred
into a Teflon-lined stainless-steel autoclave kept at 150 °C for 8
h. The products were collected by centrifugation, washed with
water and then dried.

2.4 Surface modification of ZnO nanorods

2.4.1 Surface modification of ZnO nanorods with sodium
citrate

It was well known that ZnO crystals synthesized by hydrothermal
method in the presence of citrate present large areas of (0001)
faces. In this work, the citrate adsorption on the surface of ZnO
nanorods was carried out as following: the prepared ZnO
nanorods were immersed into 100 mmol L' sodium citrate
solution, dispersed by stirring and then kept for 1 day. The
obtained sample was then washed to remove excess reactants and
dried. Due to the strong chelating bonds between carboxylates
and Zn atoms on the surface,'® ! citrate molecules were
chemisorbed onto the surface of ZnO nanorods and formed a
dense self-assembled monolayer on the surface of ZnO nanorods.
2.4.2 Surface modification of ZnO nanorods with
ethylenediamine

As reported earlier, ZnO nanocrystals with large areas of (100)
plane have been grown in the presence of ethylenediamine.
ethylenediamine adsorbs much more strongly to the (100) surface
than the (001) surface of ZnO.* In this study, ZnO nanorods
were added into 100 mmol L' ethylenediamine solution and
uniformly dispersed by stirring. And then the mixture was kept in
room temperature for 1 day. The obtained sample was then
washed to remove excess reactants and dried for measurement.
2.4.3 Surface modification of ZnO nanorods with butanethiol
The process to encapsulate ZnO nanorods with butanethiol was
carried out as reported.?' Before use, the prepared ZnO nanorods
were dried at 200 °C for about 24h, and then 0.60g of the dried
ZnO nanorods were added into 200 mL of 95% ethanol solution.
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After ultrasonic dispersing, the suspended solution was stirred at
65 °C for 1 h. 300 mg (about 0.33 mM) of butanethiol was added
into the solution, sonicated for 5 min, and then stirred for another
1 h at 65 °C. The product was centrifuged, washed extensively
with 100% ethanol, and dried in a vacuum oven.

2.5 Electrochemiluminescence Measurement

For ZnO samples modified with different organic molecules, 2.0
pL of 1 mg mL™ well-dispersed sample suspension was dropped
onto the surface of ITO, dried in air and then used as the working
electrode (WE).

All electrochemical measurements were conducted on a CHI
760B electrochemical workstation (Shanghai Chenhua Co.,
China) and performed in a quartz cell. Ag/AgCl electrode and
platinum wire (0.5 mm in diameter) were employed as the
reference (RE) and the counter electrodes (CE) respectively. All
potentials in this work were given versus the Ag/AgCl electrode.
Cyclic voltammetry (CV) and ECL studies were performed with
a RFL-1 ultraweak chemiluminescence/bioluminescence analyzer
system (Xian Remax Analysis Instrument Co. Ltd., Xi’an, China)
and the PMT was biased at 800V.

3. Results and Discussion
3.1 Morphology and Structure Characterization

FE-SEM image of prepared ZnO nanorods was shown in Fig la.
It was shown that the prepared ZnO nanorods were about 1.35
pm in length and 0.28 pm in diameter, the surface of ZnO
nanorods were smooth. However, the surface of ZnO nanorods
roughened as ZnO nanorods were modified with ethylenediamine
and sodium citrate (Fig 1b,c) and certain level agglomeration
appeared for ZnO nanorods functionalized with butanethiol (Fig

Fig 1 FE-SEM of (a) ZnO nanorods, (b) ethylenediamine-ZnO nanorods,
(c) citrate-ZnO nanorods, (d) butanethiol-ZnO nanorods

The chemical composition of obtained products was
characterized by EDS (Fig 2). Fig 2a confirms the existence of
ZnO. For ZnO nanorods modified with ethylenediamine, the N
element in ethylenediamine molecules was not found in EDS
image (Fig 2b) because N element is one of light elements that
can’t be detected by common EDS instrument. For ZnO nanorods
modified with citrate, the elements that can be detected only
contained O and Zn (Fig 2¢). For ZnO nanorods functionalized

10 with butanethiol, the emergence of S element in EDS image (Fig
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2d) indicated that butanethiol molecules were chemically bonded
onto the surface of ZnO nanorods.
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Fig 2 EDS of (a) ZnO nanorods, (b) ethylenediamine-ZnO nanorods, (c)
5 citrate-ZnO nanorods, (d) butanethiol-ZnO nanorods

The XRD patterns of as-prepared ZnO samples were shown in
Fig 3. It demonstrated that the prepared sample is crystalline, and
all the diffraction peaks in the pattern can be indexed as
hexagonal wurtzite-structure ZnO (JCPDS NO. 36-1451).%
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Fig 3 XRD patterns of ZnO nanorods
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3.2 FT-IR Measurement of Functionalized ZnO nanorods

FTIR has previously been used to probe the interactions between
small molecules and mineral surfaces.’® The adsorption of
various carboxylic acids on slurries of different alumina-silicates
has been studied, and the observed IR spectra were correlated
with theoretically calculated spectra for different bonding
arrangements of the functional groups.” For this work, the nature
of the surface functionalization of ZnO nanorods were
investigated by FT-IR spectroscopy and interpreted on the basis
of previously reported studies on the anchoring of organic ligands
onto the surface of oxides.”***

The typical IR spectrum of ZnO nanorods is shown in the 2000-
400 cm™ region (Fig 4a). The observed peaks at 564 and 406 cm™
were the characteristic stretching of Zn-O bonds in zinc oxide."®
The IR spectrum of ethylenediamine and -ethylenediamine
adsorption on ZnO nanorods was shown in Fig 4b. The peak at
1595 cm™ originated from the scissoring of NH, group, while the
peaks present at 1524, 1476 and 1378 cm™' can be attributed to
30 the scissoring vibration, out-of-plane deformation vibration, and

o

2

S

2

S

wagging vibration of the methylene groups, respectively. The

dramatic change in the IR spectra of ethylenediamine adsorbed

on ZnO nanorods compared to pure ethylenediamine may be

resulted from the lone pair of electrons on both amine groups of
35 ethylenediamine complex with the (100) plane of ZnO.
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Fig 4 FT-IR spectra of (a) ZnO nanorods, (b) ethylenediamine (up) and
ethylenediamine-ZnO nanorods (down), (c) sodium citrate (up) and
citrate-ZnO nanorods (down), (d) butanethiol (up) and butanethiol-ZnO

40 nanorods (down)

The spectrum of sodium citrate and citrate adsorbed on ZnO
nanorods was shown in Fig. 4c. Two characteristic bands
centered at 1585 cm™ and 1393 cm™ can be attributed to the
antisymmetric and symmetric stretching vibrations of carboxylate
45 groups complexed with surface Zn centers dominated in the
spectra of the nanocrystals®* », respectively. The wavenumber
value of COO ™ antisymmetric stretch of citrate adsorbed on ZnO
nanorods is considerably higher than that in the corresponding
pure citrate salt, the variation may result from the formation of
so complex between carboxylic acid and zinc atoms. The mode of
binding of carboxylate adsorbates onto the ZnO surface might be
interpreted as being unidentate. The peak at 1250 cm’ is
attributed to a combination of methylene (CH,) wagging and
twisting vibrations. The large shift in wavenumber (ca. 20 cm™)
ss may also result from the surface bind interaction between citrate
and ZnO and the formation of carboxylate complexed structures.
The IR spectrum of butanethiol and butanethiol adsorption on
ZnO nanorods was shown in Fig. 4d. The medium strong peak at
1464 cm’' corresponded to the scissoring vibration of methylene
60 groups in the butanethiol. The weak peaks appeared at 788 cm’
and 744 cm™' came from the C-S scissoring vibration. The surface
functionalization of ZnO nanorods may result from the formation
of zinc-thiol complexes during the thiol grafting reaction as
butanethiol molecules reacted at the hydroxylated sites of zinc
6 oxide lattice (ZnO-OH).*"" ?° The IR spectra variation of ZnO
nanorods modified with butanethiol compared to pure butanethiol
may be resulted from the formation of zinc-thiol complexes on
the (100) plane of ZnO nanorods.

3.3 PL spectra of functionalized ZnO nanorods

70 It has been reported that PL spectra of ZnO nanostructures
originated from the defect emissions that exhibited a strong

This journal is © The Royal Society of Chemistry [year]
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dependence on the fabrication conditions, annealing atmosphere
and temperature, and excitation wavelength.***? In this work, the
optical properties of excitonic recombinations in ZnO nanorods
functionalized with organic molecules were investigated by PL
measurements at room temperature, the maximum PL wavelength
of ZnO nanorods, ethylenediamine-ZnO nanorods, citrate-ZnO
nanorods, and butanethiol-ZnO nanorods were 505, 493, 491 and
487nm, respectively.

In order to obtain useful information, the PL spectra of ZnO
nanorods functionalized with organic molecules were analyzed,
as shown in Fig. 4. For ZnO nanorods, the PL emission spectrum
can be decomposed into three Gaussian components centred in
395nm, 503nm, and 592 nm by fitting with the Gaussian function
(Fig.5a). However, the PL emission spectrum of ZnO nanorods
modified with ethylenediamine can be decomposed into three
Gaussian components centred in 395nm, 492nm, and 592 nm by
fitting with the Gaussian function (Fig.5b). The PL emission
spectrum of ZnO nanowires modified with citrate can be
decomposed into three Gaussian components centred in 395nm,
493nm, and 570 nm by fitting with the Gaussian function
(Fig.5¢). The PL emission spectrum of ZnO nanowires modified
with 1-butanethiol also can be decomposed into three Gaussian
components centred in 395nm, 493nm and 600 nm (Fig.5d).
Three emitting bands, which include a weak ultraviolet emission,
a strong green light emission and a broad yellow-orange light
emission, can be observed. The UV emission corresponds to the
near band edge (NBE) emission of the wide band-gap of ZnO
originated from the direct recombination of free excitons in the
nanostructures. The green emissions are likely due to donor
acceptor transitions involving defect complexes,’' the blue shift
of green light emission from ZnO nanorods modified with
organic molecules may contribute to the formation of complexes
between the Zn atoms on the surface of ZnO nanorods and the —
NH, in ethylenediamine, the —COO™ in citrate and —SH in
butanethiol. The broad yellow-orange emission band in the
visible region is commonly referred to deep-level or trap-state
emission resulted from the recombination of a photogenerated
hole with a charge state of the specific defect, such as oxygen
vacancies, or resulted from the surface deep traps. The
decomposed maximum emission wavelength of ZnO nanorods
modified with ethylenediamine is roughly the same as that from
ZnO nanorods, while the decomposed maximum emission
wavelength of ZnO nanorods modified with citrate is blue-shifted
and the maximum emission band of ZnO nanorods modified with
butanethiol is red-shifted compared to that from ZnO nanorods.
The result indicated that the type of functional molecules may
influence the position of maximum emission peaks of yellow-
orange emission bands, which means that the deep-level or trap-
state of ZnO surface will be influenced by the types of bonded
organic molecules. Because PL mainly occurs through excitation
and emission within the nanocrystal core® and PL peaks can be
assigned to surface state and phonon-assisted recombination,’*
surface modification of ZnO nanorods with organic molecules
reduced the density of oxygen vacancies near the surfaces, while
the low concentration of defects will suppress the deep-level
emission.”> Because the electron and hole wave functions can
interact strongly with the nanocrystal surface, surface
modification may be able to change the surface state of ZnO

nanorods and then influence the radiative recombination between

o deep levels formed by oxygen vacancies and free holes.*
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Fig 5 PL spectra of (a) ZnO nanorods, (b) ethylenediamine-ZnO
nanorods, (c) citrate-ZnO nanorods, (d) butanethiol-ZnO nanorods

3.4 ECL emission of functionalized ZnO nanorods

ECL emission measurements of ZnO modified with different
organic molecules were carried out with CV in the solution
containing 0.1M KOH, 0.1M K,S,04 and 0.1M KClI as reported.
In ECL measurement, ZnO nanostructures were the only
electroactive and luminescence species present on the surface of
WE. Therefore, the ECL emission was generated from the
reaction of ZnO with the co-reactant of S,0¢% in the solution.
Functional ZnO nanorods coated ITO was used as WE directly.
The potential scan region of 0 to —2.0 V was selected to display
the ECL characteristics of as-prepared samples. It was shown that
when consecutive scans from 0 to —2.0 V at a scan rate of 100
mV s were performed in 1600s, ZnO nanorods coated ITO and
functional ZnO nanorods coated ITO present stable ECL signals

(Fig 6).
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8o Fig 6 ECL emission of (a) ZnO nanorods, (b) ethylenediamine-ZnO

nanorods, (c) citrate-ZnO nanorods, (d) butanethiol-ZnO nanorods

The results indicated that the ECL intensity decreased gradually
from ZnO nanorods to ethylenediamine-ZnO nanorods, citrate-
ZnO nanorods and butanethiol- ZnO nanorods, which means that

4 | Journal Name, [year], [vol], 00—00
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surface modification by organic molecules changed the surface
state of ZnO nanorods and then influence the recombination
efficiency of conduction band electron and valence band hole.
The difference of ECL intensity generated from ethylenediamine-
ZnO nanorods, citrate-ZnO nanorods and butanethiol-ZnO
nanorods also indicated that the type of functional organic
molecule may be able to influence the surface state and surface
band gaps of functionalized ZnO nanorods.

3.5 ECL spectra of functionalized ZnO nanorods

For ECL spectra measurement, pulsed potential was continuously
applied to the working electrodes from 0 to —2.0 V within 1s
pulse width. The real-time ECL spectra were shown in Fig 7. The
results indicated that the maximum ECL emission wavelengths
were 634 nm for ZnO nanorods, 617 nm for ethylenediamine-
ZnO nanorods, 604 nm for citric-ZnO nanorods and 582 for
butanethiol-ZnO nanorod.
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Fig 7 ECL spectra of (a) ZnO nanorods, (b) ethylenediamine-ZnO
nanorods, (c) citrate-ZnO nanorods, (d) butanethiol-ZnO nanorods

In ECL spectra measurement, electron transfer reactions occurred
between positively coreactants and negatively charged ZnO
surface, resulted in the recombination of electron and hole on the
ZnO contact surface and then leaded to the production of visible
light. So ECL emission was characteristic of surface energy
levels. The results indicated that the maximum ECL emission
wavelength of ZnO sample decreased as surface modification was
carried out, and the maximum ECL emission wavelength will
also be influenced by the type of functional molecules. Because
the point defect on the contact surface provides the active site of
electrochemical luminescence and influences the position of deep
energy level in Brillouin zone of ZnO, complexed structures
formed on surface of ZnO nanorods as surface modification were
carried out and leaded to the surface passivation of ZnO
nanorods, which will influence the surface band gap of ZnO
nanorods and then result in the change of ECL emission spectra.*®
For ZnO nanorods, the uppermost energy of the valence bands
mainly consisted of O-based 2p orbits with a small mixing of Zn-
based 3d orbits, where the bottom of the conduction bands is
primarily assembled from the Zn-based 4s orbits with small
contributions from O based 2p orbits and O based 2s orbital.”’
When Zn atoms on the surface of ZnO are bonded with -NH,, the
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top of the valence bands is dominated by the N 2p, O 2p, and Zn
3d states, whereas the bottom of the conduction bands comes
from the Zn 4s states.* The N 2p states hybridize with the Zn 3d
states and then influence the level of the bottom of the conduction
bands. For -COO™ adsorbed ZnO nanorods, the energy of the
edge of the valence band decreases when a monolayer is
formed.® For ZnO nanorods modified with 1-butanethiol
molecules, S atoms in 1-butanethiol molecules are cooperated
with Zn atoms that presented on the surface of ZnO nanorods, the
top of the valence bands is dominated by the mixture of the S 2p
states and O 2p states, whereas the bottom of the conduction
bands derive mainly from the Zn 4s states. The valence band
maximum states come mainly from the S 2p and O 2p, whereas
the conduction band minimum states are based on the S 2p and
Zn 4s states.” The variation of ECL spectra reflected the
difference of surface state of functional ZnO nanorods, which
resulted from the interaction between the surface atoms of ZnO
and the functional groups in the adsorbed organic molecules to
the influence of the bottom of the conduction bands and the top of
valence bands.

Conclusion

In this work, three organic molecules were used to study the
effect of functional molecule type to surface state of modifying
ZnO nanorods. The results indicated that the maximum
electrochemiluminescence emission wavelength decreased as
ZnO nanorods were modified with ethylenediamine, sodium
citrate and butanethiol. The variation of surface band gaps may
originate from the difference of complexed structures and induces
the difference of charge redistribution in the surface of ZnO
nanorods anchored with different organic ligands. It contributes
to an understanding of organic - inorganic interfaces and surface
properties and may be useful for the design of novel multiplexing
sensors or photovoltaic-hybrid materials and the corrosion
prevention of ZnO nanostructures.
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