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ZnO NRs and NTs Synthesis

ZnO seeds were cast on an FTO surface using an alcoholic solution of bidentate-0.002
M zinc acetate and heating for 0.5 h at 350 °C. Aqueous chemical growth (ACG) '° was used
to synthesize the arrays of ZnO NTs or NRs on ZnO-seeded FTO using a growth solution of
zinc nitrate hexahydrate (Zn(NOs),6H,O, 3.57 g, 006 M; JT Baker) and
hexamethylenetetramine (HMT; (CH,)¢N4, 1.68 g, 0.06 M; ACROS Chemicals) in 200 mL
deionized water (DIW) in a 250 mL glass beaker. The substrate with the ZnO seed was
horizontally suspended in this growth solution. After the beaker had been covered with Al-
foil, was kept in a furnace at 88-92 °C for 48 h at ambient pressure without addition of any
catalyst. Thereafter, the grown material was cooled slowly for O h, 12 h, 24 h and 36 h and
then annealed at 450 °C for 30 min. The uncooled ZnO samples grew as rods and the array
films in the mother solution were slowly cooled for different times to promote the hexagonal
etching of NRs, facilitating their gradual conversion into NTs (Fig. 1). Since NH; gas that
was liberated during the cleavage of HMT was collected over the solution, it began to
dissolve upon cooling to produce NH,OH. The concentration of NH4OH rose with the both
an increase in time and a decline in temperature, resulting in the gradual transformation of the
nanostructure from rods to tubes. Because under thermodynamic equilibrium conditions, the

facets (0002) of high surface energy grow with small area, while the lower energy facets

(0110, 21 10) are larger (X.Y. Kong and Z. L.Wang, IEEE 2004, 894). High surface energy

leads unstability to the nanorods, which gradually tends to etch nanorod with NH; by slow
cooling and in aqueous medium it gives NH;" and OH" ions. XAS study reveals that the top
of the ZnO NRs are oxygen rich and when this oxygen rich-end attacked by NH,', it causes
etching. Following is the plausible chemical pathway to etch the nanorod surface that may

lead to form ZnO nanotube.
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NH;"+ O—Zn — NH; + H,O + Zn

Etching begins from the centre of basal surface of ZnO, which is the highest surface
energy point. Hence, centre of basal surface is more vulnerable to be attacked by etching

species.

A comparative study of uncooled (ZnO NRs) and 24 h- cooled (ZnO NTs) samples of tabular
ZnO was carried out. The ZnO NTs/NRs arrays films were washed with DIW, air-dried and

annealed at 450 °C for 0.5 h.
CdSe-QDs Production

CdSe QDs were synthesized using the method described by Qu and Peng et al. '” with some
modifications. As-synthesized oleic acid escorted-hydrophobic-CdSe QDs (UV-visible
spectrum of oleic acid escorted-CdSe QDs, synthesized at different time intervals were
shown in Fig. S1) were not found suitable to be attached to ZnO nanostructures. Hence,
these CdSe QDs adopted hydrophilic character upon the exchange of ligands (oleic acid with
3-mercaptopropionic acid (MPA)). Finally, the aggregates of MPA-escorted CdSe QDs were
deposited on the surface of the ZnO NTs/NRs arrays by sequential layer-by-layer deposition
(ZnO casted-FTO substrate dipped into different concentration i.e.7, 14, 28, 56, 63 nM of
MPA-escorted CdSe QDs solution in methanol, followed by drying in N, and the process
repeated 30 times) and the as-obtained ZnO NRs or NTs@CdSe(QDs) samples were
annealed at 350 °C for 0.5 h. Diffuse reflectance UV-visible absorption spectrum was
recorded for solid films of ZnO NRs or NTs@CdSe(QDs) arrays casted on FTO substrate
that confirmed the aforementioned deposition, (Figs. S21 a and S2f b). Representative peaks
of ZnO nanocrystals were found around 370 nm; those of CdSe QDs belongs to the ZnO
NRs@CdSe(QDs) and ZnO NTs@CdSe(QDs) were found at 551 nm and 557 nm,

respectively. The 3 nm size of the CdSe particles is calculated from the first excitonic
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absorption peak of the UV-Vis spectrum'® (Fig. S17), agreed closely with the high-resolution
transmission electron microscopic (HRTEM, JEM-2100F microscope) results (Fig. 2d). In
Figs. 2a and 2b, the typical fringes associated with 0.26 nm lattice spacing are attributed to
the (002) reflection plane of the ZnO NT and loading of the CdSe nano aggregates on the
hexagonal edge of ZnO (Fig. 2b). MPA act as linker unit between CdSe QDs and ZnO
NRs/NTs species (CdSe(QDs)-HS-(CH2),COOH-0OZn) (Ratanatawanate et al., ASC Nano 2,
2008, 1682 and Sun et al., Langmuir 13, 1997, 5168). Here, MPA-anchored to the ZnO
nanotube surface (oxygen is typically thought of as a donor atom in ZnO nanotube) through
it’s the carboxyl groups via the C=0 bond of MPA contains empty 7* orbitals and should
therefore be a good 7 acceptor and leaves thiol groups to bind with Cd*" via S (Meulenberg et
al., J. Am. Chem. Soc., 131, 2009, 6888). Therefore, the nature of bond mention between
CdSe- MPA - ZnO is purely chemical.The SAED pattern in Fig. 2c is characteristic of the
elongated-hexagonal phase of single crystalline ZnO (JCPDS file no. 077-2205). Figure 2d
displays the dispersion of a 3 nm-single CdSe QDs on a ZnO NT and the associated lattice
fringes of size 0.162 nm correspond to the 101 plane of CdSe QDs (JPCDS: 077-2307).
Figures 2e and 2f present low-magnification field emission scanning electron microscopic
(FESEM, JEOL JSM-6700F) images of arrays of pristine ZnO NTs grown in the regular
hexagonal fashion. The mean diameter of the ZnO NTs in the array is in the range 250-350
nm; their wall thickness is 40-50 nm; their top area is 0.026 xm” and their average surface
density is ca. 5 rods per um®. Figure 2f shows a cross-sectional view of the ZnO NTs, which
reveals that the vertically well aligned ZnO NTs have a length of around 5 um®.

The crystallinity and crystalline structure of the CdSe(QDs)-decorated ZnO NTs were
investigated using X-ray diffraction (XRD, X’Pert PRO advanced automatic diffractometer
with Cu K, radiation, operated at 45 kV and 40 mA and A = 1.5406 A). Figures S37c, S31d,

S4te and St4 (black, red and green) present the XRD patterns of pristine ZnO NTs (24 h
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cooled), ZnO NTs@CdSe(QDs) and annealed ZnO NTs@CdSe(QDs). They demonstrate that
highly oriented single crystalline ZnO NTs grew along the 002 plane on FTO, consistent with
JCPDS file no. 077-2205 (Figs. S3tb). The low surface energy of the 100 and 101 planes
than of the preferred plane 002 favored the alignment of ZnO NTs along the c-axis,
promoting the growth of ZnO layers along the c-axis.'” Characteristic CdSe peaks are not
clearly visualized in Figs. S31 d and S37 e because very few QDs were loaded on the ZnO
surface but upon careful examination of the enlarged XRD profile of annealed samples, a
prominent peak of CdSe at approximately 20 = 42 ° are observed (Fig. St4). The crystal
structures of the CdSe quantum dots are sensitive to synthesis temperature. Zinc-blende XRD
patterns of the CdSe nanocrystals were obtained at a synthesis temperature of <230 °C but
wurtzite nanocrystals of CdSe were formed at higher temperatures (above 270 °C). Herein,
CdSe QDs were synthesized at 280 °C, so, as expected, QDs grew in the wurtzite phase. The
strong and distinguished peak (110) of CdSe QDs (26 = 41.99°, JCPDS file no. 077-2307)
(green line in Figs. ST4 and S3 ta) is associated with the annealed samples was identified by
comparison with that of the non-annealed ZnO NTs@CdSe(QDs) samples (Fig. St4 red
lined), which yielded a very weak peak, owing to the encapsulation of CdSe by amorphous
MPA, which is autoignited upon annealing at 350 °C. Morphological changes of annealing
are visualized in Fig.St5. Photoluminescence emission spectrum of 3.06 nm oleic acid
escorted- CdSe QDs solutions with yellow light emission, excited by a 354 nm light source
and micrographic TEM image of oleic acid escorted- CdSe QDs has been showcased in inset
are shown in Fig. St6.

Figure S17 shows that uncooled ZnO was present as regular hexagonal rods with edge
lengths of 100-150 nm, a cross sectional area of 2.6 um” with an average rod density of ca.
3.5 rods per pm?, a diameter of 200 — 300 nm, and lengths of almost the height of the sample

that was cooled for ~24 h (~ 4 um).
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Particle Size and Molecular weight measurement for CdSe QDs

CdSe quantum dots particle size determined (Yu et al., Chem. Mater. 15, 2003, 2857) using

following equation;
D =(1.6122x10")A" = (2.6575x107°)A’ +(1.6242x107)A* = (0.4277)A+41.57 (1)

In above equation, D (nm) denotes the size of a nanostructured sample, and 4 (nm) is the
wavelength of the first excitonic absorption peak (551 nm and 557 nm) of the samples. As a
first approximation, the molecular weight of the CdSe nanocrystal can be directly calculated

from the hard-core diameter ¢ and the density of the bulk CdSe semiconductor (6 = 5.816

3
gcm ). High-resolution TEM images indicate (Fig.2d) that nanocrystals have the same

particle size (c = 3.06 and 3.11 nm) as calculated by the help of Eq. 1 and UV visible
spectrum , used to measure the molecular weight of the same structures of CdSe nanodots and
bulk material. (K. J. Bowen-Katari, V. L. Colvin and A. P. Alivisatos, J. Phys. Chem. 98,
1994, 4109 and J. J. Shiang, V. Kadavanich. R. K. Grubbs and A. P. Alivisatos, J. Phys.
Chem. 99, 1995, 17417) Molecular weight (524,000 and 551,440 g/mol) of CdSe

nanocrystals was calculated using Eq. 2,
M, -gﬂﬁsﬁ even en £Z)

Where, N is the Avogadro number. Following equation 3 used to yield the mass (mg) of the

solid CdSe QDs that is required to prepare a given volume (mL) of the required concentration

(mM).

Mass{mg) = concentration{mdf) x velems{mL) x meolecul ar wﬂgmf‘ﬁj e vin i £3)
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Controlled deposition of QDs (30 dip of ZnO NTs casted on FTO in methanolic MPA-QDs
solution) of concentration around 7 mM, 14 mM, 28 mM and 56 mM on a 1D-ZnO surface
was performed. The photo-electrochemical responses were tested and the results obtained
were applies to estimate the optimum loading of CdSe QDs that was required to maximize

the transfer of electrons from CdSe to ZnO in a photoanode of ZnO NTs@CdSe(QDs) arrays.
Measurement of the effectiveness of splitting of water

A pyrex glass three-electrode PEC cell comprises OR a saturated calomel electrode (SCE) as
a reference electrode, a Pt flag as a cathode and ZnO NTs@CdSe(QDs) arrays as a working
electrode (photoanode). These components were assembled in a double walled reactor and a
round quartz window with a diameter of 5 cm. The photovoltaic water splitting performance
of the cell was measured under illumination of a 300W Xe light source (>420 nm, Xe lamp-
HX1, Model PE300UV, Perkin Elmer) with an intensity of 100 mW/cm® (AM 1.5G),
regulated using a power-energy meter (Gentec (g) Solo2 Model-UP12E105-HS5) at a constant
temperature of 25 °C in an aqueous hole scavenger—electrolyte solution of 0.35 M Na,S and
0.25 M K,SOs (pH = 13.3). The working electrode with a surface area (001) of ~lem?® was
connected to the circuit via a copper wire using silver paste, and the area beyond the arrays
was covered using epoxy resin and teflon tape. The photocurrent density-voltage (J-V)
characteristic of the samples was monitored using an electrochemical analyzer (Autolab
potentiostat model PGSTAT30) that was equipped with GPES (general purpose
electrochemical study) manager software. Photographs of the annealed ZnO
NTs@CdSe(QDs), ZnO NTs@CdSe(QDs) and pristine ZnO NTs electrode samples were
taken (a) in ordinary light and (b) in UV light, are shown in Fig. St11. Representative
spectral distribution of Xe light source with the filter PE300BF in visible light region (390-

770 nm), is shown in Fig.12.
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Fig. S1 UV-visible spectra of as-synthesized CdSe(QDs) with TOPO ligands in original
solution at different time intervals.
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Fig. S2 UV-visible spectra of (a) pristine ZnO nanorods and nanotube samples and (b) ZnO
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Fig. S3 XRD patterns of (a) reference bulk ZnO (JCPDS:077-2205) and(b) reference CdSe
(JCPDS:077-0021) (c) as synthesized ZnO NTs, (d) ZnO NTs@CdSe(QDs) and (e) annealed
ZnO NTs@CdSe(QDs). Cross signs assigned to the substrate FTO peaks.
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Fig. S5 HRTEM nanographs of ZnO NTs@CdSe(QDs) samples (a) before annealing and (b)
after annealing conditions.

Fig. S6 Photoluminescence emission spectrum of 3.06 nm TOPO escorted- CdSe QDs
solutions excited by a 354 nm light source and micrographic TEM image of TOPO escorted-
CdSe QDs has been showcased in inset.
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Fig. S7 FE-SEM images of (a) top view of ZnO NRs (b) regular hexagonal shaped ZnO
uncooled-nanorod samples.
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Fig. S8 XANES (O K- edge) spectra of bulk ZnO (black-line), ZnO NRs (red dotted line) and
ZnO NTs (green dotted line), indicating a red shift caused by the change in lattice parameters
to maintain a constant Zn-O bond length.
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Fig. S9 Linear sweep voltammogram for various loadings of CdSe QDs on arrays of ZnO

NTs in aqueous 0.35

M Na,S and 0.25 M K,SOs electrolyte (pH =13.3) under illumination

of power density100 mW/cm*( AM1.5G).

()}

N w sy L
Jd

[y

Photocurrent Density (mAcm?)
o

B

i —

1 l

L
oaded amount of CdSe QDs (mM?3

Fig. S10 Cyclic voltammertic plots as a function of photocurrent density Vs applied potential

(with respect to S
NTs@CdSe(QDs) in

CE) for ZnO NTs, ZnO NTs@CdSe(QDs) and annealed ZnO
aqueous 0.35 M Na,S and 0.25 M K;,SOs electrolyte (pH =13.3) under

illumination of 100 mW/cm*( AM1.5G) power density and ~1cm” exposure area of working

electrode.

——ZnONTs
—— ZnONTs@CdSeQDs
—— Anneal ZnONTs@CdSeQDs

W HH\’HH \”HHHH” \H

““ ”H
| H\H
Il

NE 6.
($)
< 5-
£
2 4
2 3
S
- 2-
QC, ]
= 1-
- i
o 0-
°
N -
o

40 05 00 05 1.0
Applied Potential(V vs SCE)



Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2011

Fig. S11 Snap shot of annealed ZnO NTs@CdSe(QDs), ZnO NTs@CdSe(QDs) and ZnO
NTs (a) taken in ordinary light and (b) taken in UV light, respectively.
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Fig. S12. Representative spectral distribution of Xe light source with the filter PE300BF in
visible light region (390-770 nm). Where F denotes UV output, UV represented the ultra
violet filtered output and F-HOT- MIRROR exhibited UV filter output reflected through hot

mirror.

. | — uv F - HOT MIRROR
100 I.
|4 ull
3 "I nI HI:
} ] 'l lll |H i
- 80 H |.I|r‘r l‘l
=S | 1! l"' |
w i I]I
e f
2 i 1
[s] /IR 4 #
] E'
s - R AT
< BRI RCOR WP { voov oy IJ’
| L I MR (]
w 7 ) LI W v‘l?
x / 47 LA H
:- (%] II 1
| Ll
20 { P ";:E-'-:"
! ! ’
!”. I L
4] 'Iu... l_.q"‘j‘ [ PPN FPTUTTTIIY TRTPUTOR P i N YPPPTTTTT

200 300 400 500 600 700 800 900 1000 1100
WAVELENGTH [NM)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


