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ABSTRACT: Plasmonic-metal/semiconductor hetero-structures 
show promise as absorbers/catalysts for visible-light-driven photo-
catalysis. Au nanorods (AuNRs) semi-coated with TiO2 are ex-
pected to be ideally structured systems for hydrogen evolution. 
Synthesizing such structures by wet-chemistry methods, however, 
has proved challenging. Here we report the bottom-up synthesis 
of AuNR-TiO2 nanodumbbells with spatially separated 
gold/TiO2 regions, whose structures are governed by the NRs’ 
diameter, and the higher curvature and lower density of CnTAB 
surfactant at the NRs’ tips than on their lateral surfaces, as well as 
the morphology’s dependence on concentration, and alkyl chain 
length of CnTAB. The nano-dumbbells show plasmon-enhanced 
hydrogen evolution under visible and near-infrared light. 

Photocatalysis has received significant attention for solar conver-
sion to electricity or fuels based on electron-hole pair production 
in semiconductors.1 However, this process is constrained mainly 
by low photocatalytic efficiency and limited visible and near-
infrared (NIR) photoabsorption. Efficient engineering of the pho-
tocatalyst surface and interface is crucial to overcome these limita-
tions.2-5 Recently, surface plasmon resonance (SPR) of Au,2,3,6-11 
Ag12-14 and Pd15,16 nanoparticles has been applied to efficiently 
enhance visible and NIR absorption and generate SPR hot elec-
trons.4,17,18  

Among these nanostructures, AuNRs with tunable SPR are of 
particular interest due to the fact of their wide range of light har-
vesting; panchromatic absorption toward the solar spectrum can 
significantly improve the solar energy conversion efficiency.11 
Moreover, AuNRs are usually interfaced with efficient electron 
acceptors (such as semiconductor TiO2,19 graphene,20 cocatalyst 
Pt9) to maximize the charge separation of hot electrons. Recently, 
we developed an autonomous, AuNR-TiO2 based photocatalytic 
device with oxidation and reduction co-catalysts using nanofabri-
cation techniques.3 We clearly demonstrated that the plasmonic 
metal-semiconductor interface, which is a Schottky junction, can 
effectively select out the hot electrons; so that all charge carriers 
involved in the oxidation and reduction steps arise from these hot 
electrons, which are generated by the excitation of surface plas-
mons in the nanostructured AuNRs. In order to realize recycling 
of the photo-reduction/–oxidation, extraction of the hot electrons 
requires both refilling of these electrons and an electron donor 
accessible region on the SPR metal surface.3,10,11,16,18,21-23 The 
spatial separation structure (rather than homogenous core-shell 

structure) can be provided by line-of-sight depositions using 
nanofabrication techniques that rely on advanced facilities and 
sophisticated operators. This nanofabrication method is usually 
not applicable for freestanding AuNRs synthesized by wet chemis-
try when there is no control of the orientation needed to create 
anisotropic AuNR-TiO2 structures. Additionally, all wet-
chemistry routes to such a well-defined spatial separation structure 
are challenging. 

Anisotropic growth of TiO2 onto AuNRs, instead of depositing 
AuNRs onto TiO2,24 could give better contact between Au and 
TiO2. Because bilayers of surface-capping agents such as cetyltri-
methylammonium bromide (C16TAB) are more densely packed 
on AuNR sides than at the tips, this phenomenon has been uti-
lized for the anisotropic overgrowth on C16TAB-capped AuNRs 
with metal heterostructures or silica.7,9,25 However, anisotropic 
overgrowth of semiconductors such as TiO2 on C16TAB-capped 
AuNRs in solution has been rarely reported.26 

In this study, we report a wet-chemistry method for the aniso-
tropic overgrowth of TiO2 on AuNRs by using CnTAB as a soft 
template and by controlling the degree of hydrolysis of TiCl3. The 
roles of concentration and alkyl chain length of CnTAB as well as 
the diameter of the AuNRs were carefully studied. The as-
prepared TiO2-tipped AuNRs have a dumbbell and spatial sepa-
ration structure, and TiO2 acts as a filter for hot electrons from 
AuNRs. This structure satisfies the electron refilling requirement 
and exhibits plasmon-enhanced hydrogen production from water 
reduction under visible and NIR light irradiation. 

 

Figure 1. (a) Schematic showing the origin of anisotropic TiO2 
coating. (b) SEM image of the as-prepared AuNR-TiO2 nanod-
umbbells. Synthetic condition: 32 nm AuNRs (in diameter), 13.9 
mM C16TAB. 
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Figure 1a illustrates the formation of the dumbbell nanoparti-
cles by our bottom-up wet-chemistry method. The CnTAB bilayer 
confines the AuNR with only the tips accessible to Ti species. By 
controlling the hydrolysis of TiCl3 via the pH or the reaction solu-
tion with NaHCO3,27,28 Ti3+ is catalytically oxidized on the Au 
tips to form TiO2. Figure 1b is a typical SEM image of as-
prepared AuNR-TiO2 nanodumbbells using C16TAB-capped 
AuNRs as seeds (Figure S1). The product consists of uniform 
nanodumbbell structures with the two tips of all the AuNRs coat-
ed with TiO2 caps and the sides exposed. During the coating pro-
cess, red shifts of SPR bands are observed in situ in the UV-Vis 
spectra (Figure S2). This phenomenon corresponds to a local re-
fractive index change due to the formation of the TiO2 caps on 
the AuNR, and agrees with previous reports of dielectric material 
coatings on Au nanoparticles.28-30 Due to the release of acid dur-
ing the TiCl3 hydrolysis, and the spatial coverage of the Au sur-
face by the TiO2 deposition, the reaction slows down after about 
30 min. In the synthesis, the spatial selectivity of the TiO2 deposi-
tion on the AuNRs is controlled by engineering their surface 
chemistry. Another type of nanoparticles, with a fully coated core-
shell structure, can be prepared using a similar TiCl3 hydrolysis 
process with the AuNRs pre-modified by an anionic surfactant, 
sodium dodecyl sulfate (SDS, Figure S3). 

The anisotropic overgrowth of TiO2 on AuNRs is further 
shown by TEM and HAADF-STEM-EDX analyses (Figure 2 and 
Figure S4). The micrograph reveals that the TiO2 caps are porous 
with basic building blocks smaller than 2 nm. The elemental 
mapping of the as-prepared product confirms that the two caps 
are made from TiO2. The signal distribution obtained by linear 
scanning in the longitude direction clearly indicates the existence 
of two symmetrical TiO2 caps. No Ti signal has been found by 
transverse scanning through the lateral side, further confirming 
specific tip-side selectivity of the deposition. Furthermore, the 
significant distribution difference and shape of the caps suggest 
that the anisotropic deposition of TiO2 is initiated from two tips of 
each AuNR and then extended towards the middle side surface of 
AuNRs. Note that the TiO2 caps are amorphous based on the 
TiO2 ultrafine domain size revealed in the HRTEM and XRD 
patterns (Figure S5). 

 

Figure 2. (a) TEM image, (b-e) HAADF-STEM image and ele-
mental maps and (f-h) Au and Ti elemental profiles of AuNR-
TiO2 nanodumbbells. 

Anisotropic overgrowth of TiO2 on the AuNR tips can be ex-
plained by the bilayer adsorption structure of C16TAB and the 
special structure of the AuNR tips. The bilayer can behave as a 
soft template that guides the preferential bonding of the Au sur-
face to solution species. Due to the curvature difference, the as-
sembly of C16TAB on both tips of AuNR is less compact than that 
on the side.25,31 The lower obstruction in these regions allows 
solution species to approach the AuNR tip surface (Figure 1a). 
This phenomenon has been previously used for the selective sur-
face functionalization of AuNR tips.32-34 By generalizing the 
side/tip selective functionalization for hydrolysis reactions, 
Wang’s group successfully prepared AuNRs with an anisotropic 
SiO2 or Ag2O coating.25,35 Similarly, here the TiO2 formation 
process (which is a hydrogen evolution reaction due to the oxida-
tion of the TiCl3 precursor27) can be selectively catalyzed by the 
accessible AuNR tips, resulting in the spatially selective coating of 
TiO2 on AuNRs. The anisotropic overgrowth can be due to both 
less dense assembly of C16TAB and herein less electrostatic repul-
sion between Ti species and the positively-charged C16TAB bi-
layer.34,36,37 In contrast, SDS or similar surfactants modified 
AuNRs have a more random molecular assembly on them, result-
ing in homogenous overgrowth of TiO2 on AuNRs.28,34  

In order to gain a deeper understanding of why C16TAB pro-
moted the anisotropic growth of TiO2, the relation between the 
growth and the concentration of C16TAB was studied. Figure 3 
and Figure S6 show the C16TAB concentration effect on TiO2 
growth using the same AuNRs of 32nm in diameter. In order to 
reach a >90% yield of AuNR-dumbbells, the C16TAB concentra-
tion must be appropriate, that is, in the range between its first 
critical micelle concentration (1st CMC, 0.89 mM38) and its 2nd 
CMC (20 mM38). When C16TAB concentration is lower than the 
1st CMC, most of the AuNRs are fully covered with a rough TiO2 
shell, due to the unstable and easily disrupted C16TAB bilayer.34 
When the C16TAB concentration is greater than the 2nd CMC, a 
large portion of the product has only one tip coated with TiO2, or 
is not coated at all, due to the ultra-dense bilayer of C16TAB. 
However, for concentrations of C16TAB between the 1st and 2nd 
CMC, the deposition of TiO2 is effectively limited to two tips with 
a high yield. A similar result was reported by Wang et al,25 i.e., an 
appropriate C16TAB concentration (~6 mM) leads to effective 
overgrowth of SiO2 onto AuNR tips. These results show that a 
well-assembled C16TAB bilayer is critical for the anisotropic over-
growth of TiO2 on AuNRs. 
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Figure 3. C16TAB concentration effect in TiO2 growth on 
AuNRs. The same AuNR diameter (32 nm), but different C16TAB 
concentrations: (a) no additional C16TAB, (b) 5.54 mM, and (c) 
83.1 mM. (d) The percentage histogram of coated AuNR tips. 
Note that the pink shadow indicates the C16TAB concentration 
between its 1st and 2nd CMC.  

 

Based on the assumption of the relationship between the selec-
tive coating and the C16TAB bilayer, curvatures of the AuNR tips 
should play a critical role. AuNRs with different diameters as the 
seeds were used in the presence of the same C16TAB concentra-
tion. The histogram in Figure 4a shows a correlation of AuNR 
diameters and the percentage of coated tips in the products. The 
trend shows that the thinner AuNRs, the harder it is to coat TiO2 
on the tips of the AuNRs (regardless of their lengths). A large per-
centage of the products formed using narrow AuNRs (diameter 
smaller than 20 nm) are either coated on a single tip or are com-
pletely without coating (Figure S7). Since the curvature has a re-
ciprocal relationship with the diameter, seemingly the C16TAB 
bilayer on thinner AuNRs should have a more open structure on 
the tips, which should allow the region to be coated more easily. 
On the other hand, the area on the tip of a thinner AuNR is also 
significantly reduced. The decreased tip area may dramatically 
reduce the ability of nucleating TiO2 caps. For example, consider-
ing the hemisphere area on the tips of AuNRs and assuming the 
same TiO2 coating length (10-20 nm, based on TEM analysis) 
from the tips along the NRs, the coated surface area will be re-
duced by 20-30% when the AuNR diameter is reduced from 32 to 
27 nm; this obviously changes the ability to form the TiO2 caps on 
AuNRs and their stability. As shown in Figure 4a, the onset diam-
eter of this change is about 20 nm. In addition, Au does not have 
strong chemical binding to amorphous TiO2. From our observa-
tions, the overall effect of reducing the AuNR diameter is domi-
nated by this stability aspect. 

Since C16TAB cannot lead to the coating of thin AuNRs (<27 
nm in diameter) to give a high yield of TiO2 overgrowth, other 
CnTABs with shorter alkyl chain were studied. Figure 4b and 
Figure S8 shows the result of coating TiO2 onto thin AuNRs (22 

nm in diameter) in the presence of single CnTAB (x=12, 14, 16; 
note that the same molar concentration optimized for C16TAB 
were used thoroughly). The yield of tip-selective coating on thin 
AuNRs is significantly improved when using C14TAB or C12TAB 
instead of C16TAB. Their shorter hydrocarbon chains give a 
weaker hydrophobic interaction between molecules, so that better 
permit a bilayer adsorption structure on the thin AuNR tip sur-
face. Especially on the tips of thin AuNRs, the C14TAB or 
C12TAB bilayer allows Ti(III) species access to the catalytic Au 
surface more easily in spite of the higher curvature, therefore 
makes a thicker TiO2 deposition possible and thus compensates 
the instability from the smaller area on the tips of thin AuNRs. 
Furthermore, AuNR diameter effect in the presence of C12TAB 
(13.9 mM; its 1st CMC is ~14 mM39) was studied (Figure S9). For 
15 nm AuNRs, C12TAB leads to higher possibility of tipped TiO2 
coating than C16TAB, which is converse for the case of 32 nm 
AuNRs. Indeed, our studies reveal that an optimum combination 
of CnTAB with specific carbon chain length and AuNR diameter 
is essential in order to obtain a high-yield anisotropic overgrowth 
of TiO2 onto AuNR tips. Previous investigations were conducted 
using C18TAB or C18TAC for the overgrowth of metal hetero-
structures or silica on AuNRs with limited diameters7,9,25; here we 
focus on varying the C number in CnTAB to control the capping 
agent functionality in heterogeneous overgrowth processes of 
TiO2 on AuNRs with various diameters. 

 

Figure 4. Percentage histogram of coated tips on AuNR-TiO2 
product synthesized under similar conditions, with (a) the same 
concentration of C16TAB (13.9 mM), but different AuNR diame-
ters, and (b) same AuNR diameter (22 nm), but different CnTABs 
(13.9 mM). 

 

It should be noted that mixing two CnTABs with different chain 
lengths (values of n) can change the growth behavior of TiO2 on 
AuNRs when compared to growth using a single CnTAB. Figure 
S10 shows the product prepared in a mixed C12TAB/C16TAB 
(1:1) solution. In this case, TiO2 is inclined to coat the sharp cor-
ners which connect the side and the endmost tips of AuNRs, ra-
ther than the whole tips as in the case of single CnTAB (Figure 
S7d, S9d). This is also attributed to the limitation from CnTAB 
bilayer structure. As a mixture of two CnTABs, the entropic force 
makes C16TAB with longer hydrocarbon chains (C16) go to the less 
curved surface and push the shorter C12TAB aside to corners. The 
higher percentage of shorter C12TAB on sharp corners significant-
ly reduces the hindrance for TiO2 deposition on that focused re-
gion and allows it to form small caps on the AuNR tips.  

The most exciting feature of the designed AuNR-TiO2 nanod-
umbbells is their ability to promote SPR-induced hot-electron 
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generation under visible and NIR light. While AuNR@TiO2 
core-shell nanoparticles and pure amorphous TiO2 show no activ-
ity for hydrogen evolution, AuNR-TiO2 nanodumbbells exhibit 
relatively high photoactivity, compared to physically mixed 
AuNRs and amorphous TiO2 (Figure 5a; AuNR#5 with 32-nm 
diameter were used). Note that the difference in the photocatalytic 
activity of these three samples does not result from the surface 
area or the mass of TiO2, since amorphous TiO2 itself does not 
absorb visible light and a significantly excess quantity of TiO2 was 
used in the mechanical mixture of AuNRs and TiO2. The activity 
of AuNR-TiO2 nanodumbbells is higher than that of spherical Au 
nanoparticles deposited on crystalline TiO2 under similar condi-
tion.40 Further increasing the crystallinity of the TiO2 and adding 
co-catalysts could enhance the visible light performance of our 
AuNR-TiO2 dumbbells.3 These control experiments clearly 
demonstrate the importance of AuNR-dumbbell structure with 
intimate physical contact and strong plasmonic coupling for en-
hanced charge separation in the plasmon-enhanced photocatalysis. 
The difference of the photocatalytic activities under visible light 
for the AuNR-TiO2 nanodumbbells and the AuNR@TiO2 core-
shell structure further suggests that the plasmon-enhanced photo-
catalysis mechanism is plasmonic hot electron transfer due to 
localized surface plasmon resonance of AuNRs (which is depend-
ent on the configuration/architecture of metal-semiconductor 
heterojunction), rather than plasmon-induced resonance energy 
transfer (based on the inactivity of the core-shell structure).41,42  

Hot electron generation was further demonstrated in the pho-
toreduction of methylene blue (MB), a model acceptor molecule 
(Figure 5b). After 60 min of irradiation, the AuNR-TiO2 dumb-
bells exhibited reduction of ~60% of the MB dye. In the control 
experiments, physically mixed AuNRs and TiO2 solution exhibit-
ed reduction of ~10% of the MB, while AuNR@TiO2 core-shell 
structure showed insignificant activity (<1%; moreover, part of the 
activity may come from photobleaching43). These experiments on 
the photoreduction of MB demonstrate the importance of close 
contact and the anisotropic assembly of the AuNR and TiO2 do-
mains for effective visible light photocatalysis.  

Previous studies indicate that the SPR-induced hot electrons 
can be filtered out from metal nanoparticles with the positive 
charges left behind.3,4,11,18,34 Note that neither TiO2 alone nor 
pure AuNRs can produce hydrogen under similar conditions. For 
the nanodumbbells, the oxidation pathway is on their side surface 
(Figure 5c), where the lateral side of AuNRs can be directly ex-
posed to electron donors so that oxidation reactions can take 
place. With AuNR partially exposed in the dumbbell structure, 
AuNRs generate a concentrated electromagnetic field that focuses 
energy flux around the semiconductor, and thus enhance hot-
electron generation and photocatalytic activity.3,9,18,44,45 As point-
ed out by Yates,46 metal-TiO2 contact induces band bending in 
TiO2 which can be used either for electron or hole transfer, de-
pending on whether that band bends upward or downward, 
which, in turn, depends on the relative ordering of the semicon-
ductor’s and metal’s Fermi levels. The Femi level of TiO2 is high-
er than that of Au, causing the bands of the TiO2 to bend upward 
at the interface between these two materials (at which a Schottky 
junction is formed). At the interface, electrons would flow “down” 
and holes “up” in the bent conduction band and valence band 
respectively, as shown in energy band diagrams.46 Holes generat-
ed in AuNRs under visible light are, therefore, unlikely to transfer 
to TiO2. In contrast, hot electrons generated in AuNRs under 
visible light that overcome the Schottky barrier are likely to flow 
from AuNRs to TiO2 and be available for photo-reduction with 

TiO2 acting as the electron transfer medium. The dumbbell struc-
ture ideally exploits such charge exchange opportunities, carrying 
out reduction processes on the TiO2 then restoring charge balance 
to the Au core through oxidation reactions that would occur on 
the bare portions of the AuNRs (Figure 5c). A fully coated AuNR 
is denied of the opportunity for establishing such a complete cir-
cuit that allows both electrons and holes to access their appropri-
ate reaction partners, thereby blocking the continuous flow of the 
hot charge carriers resulting from the excitation of the SPR (Fig-
ure 5d). We, therefore, ascribe the better SPR photocatalytic per-
formance of the dumbbells to their ability to present appropriate 
and separate regions at which the oxidation and reduction pro-
cesses can take place, as opposed to the core-shell nanoparticles 
without such separate regions. 

  

Figure 5. Comparison of (a) hydrogen evolution rate by various 
catalysts, and (b) normalized concentration of MB dye vs irradia-
tion time; both under visible illumination and in the presence of 
methanol and water. (c-d) Structure and mechanism of operation 
under visible light of (c) an individual AuNR-TiO2 dumbbell and 
(d) core-shell AuNR@TiO2. In (c), hot electrons generated from 
plasmonic AuNRs are filtered out by the Au-TiO2 Schottky barri-
er for photo-reduction and regenerated from the electron donor 
(methanol here). 

 

In summary, an easy, bottom-up, wet-chemistry technique for 
the synthesis of anisotropic TiO2 overgrowth on AuNRs has been 
developed using the selective spatial assembly of a CnTAB bilayer 
on AuNR surfaces and the hydrolysis of TiCl3. The concentration, 
alkyl chain length of CnTAB, and the diameter of AuNRs are 
important in order to control the selective overgrowth. The as-
prepared AuNR-TiO2 nanodumbbells exhibit plasmon-enhanced 
hydrogen evolution under visible-NIR light. The created AuNR-
TiO2 interface with the AuNR side exposed, as a Schottky junc-
tion, can filter out SPR hot electrons from the AuNRs. Engineer-
ing the structure, such as loading co-catalysts, may further im-
prove its activity for the plasmon-induced hydrogen evolution. 
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This work shows an alternative solution of anisotropic TiO2 over-
growth rather than nanofabrication techniques, and is expected to 
be a promising platform for the development of free-standing 
functional photocatalysts.  
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