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a  b  s  t  r  a  c  t

We  demonstrated  for the  first  time  that the  assembly  of  Cd1-xZnxSe  nanorods  (NRs)  with five  compositions
(x  = 0,  0.35, 0.54,  0.61,  1) may  absorb  the whole  visible  spectrum  in  a gradient  fashion  for  photoconversion
applications.  The  samples  were  prepared  by conducting  cation  exchange  reactions  on Ag2Se NRs  with
excess  Cd2+ and  Zn2+ ions.  By  modulating  the  molar  ratio  of  Cd2+ to Zn2+ employed,  the  composition  of
the  resulting  Cd1-xZnxSe  NRs  can be  delicately  controlled.  Because  of  the  tunability  of  band  edge  with
stoichiometry,  Cd1-xZnxSe NRs  of varying  compositions  absorbed  light  at different  wavelength  regions,
which  spanned  almost  the entire  visible  spectrum.  As  compared  to  the  individual  constituent  NRs,  the
NRs  assembly  exhibited  greatly  improved  photoactivity  in  photoelectrochemical  water  splitting  as  well
as  superior  photocatalytic  performance  toward  methylene  blue  degradation  under  white  light  illumina-
tion.  This  superiority  emanates  from  the  composition-gradient  configuration  that  significantly  improves
the  light  harvesting  efficiency  by absorbing  almost  the whole  visible  spectrum  of the  incident  white  light.
The full  visible  photon  harvesting  of  the  NRs  assembly  was  validated  by  the  photocurrent  action  spec-
trum  which  showed  spectral  accordance  with  the  absorption  spectrum.  The  recycling  test  manifests  that

the NRs  assembly  displayed  substantially  high  stability  during  its use as photocatalyst.  Furthermore,  the
result  of performance  evaluation  under  natural  sunlight  reveals  that  the  present  NRs  assembly  can  be
used  as  practical  rainbow  photocatalysts  which  may  effectively  harvest  energy  from  sunlight.  The  demon-
stration  from  this  work  may  facilitate  the  use  of sophisticated  assembly  of  semiconductor  nanocrystals
in  relevant  photoconversion  processes  where  the effectiveness  of  photon  harvesting  is  determinant.
. Introduction

Ternary chalcogenide nanocrystals such as Cd1-xZnxS [1–3],
d1-xZnxSe [4–6], and CdS1-xSex [7–9] have received consider-
ble attention because their composition-tunable band edge offers
ew opportunities to harvest light energy in the entire visible
egion of solar spectrum. Of particular importance is the devel-
pment of tandem solar cells in which an assembly of ternary
lloyed nanocrystals with different compositions is employed to
arvest photons in a gradient fashion [10]. Systematic combina-
ion of these nanocrystals constituting gradient alloyed structures
an provide synergy for capturing and converting a wide array of
hotons in the visible region, which conduces to effective carrier

tilization and therefore improves the photoconversion efficiency.
uch extendable light harvesting feature for ternary chalcogenide
anocrystals opens up a multitude of potential applications in a
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wide array of fields, which include photovoltaics [11–13], photo-
catalysis [14–17], and photoelectrochemical cells [18–20]. The
possibility of enhancing light harvesting is especially important
to photocatalytic solar fuel production. For photocatalysis opera-
tion, it is desirable that light absorption of photocatalysts could
span large region of solar spectrum to enable full photon harvest-
ing. However, even when photons are completely absorbed, photon
energy that exceeds semiconductor bandgap is dissipated as heat
due to the vibrational relaxation of excitons [21,22]. Because of the
heat loss, a substantial amount of solar energy has already been
consumed before it can be converted into other accessible energies.
This obstacle needs to be circumvented to promote the advance-
ment of photocatalysis technology for solar fuel production.

Cation exchange reaction has been demonstrated as a simple yet
efficient synthetic approach for preparation of ionic nanocrystals
[23,24]. One key aspect of this reaction is that the anionic frame-
work is maintained throughout the ion diffusion process, yielding

nanocrystals that preserve the morphology and crystallinity of
the starting materials. Since the pioneering work by Alivisatos
and co-workers [25], cation exchange reaction has been widely

dx.doi.org/10.1016/j.apcata.2014.02.023
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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mployed to prepare chalcogenide semiconductor nanocrystals,
specially those with structural and compositional diversities.
hrough carefully controlling the reaction conditions of cation
xchange, various types of semiconductor nanoheterostructures
ncluding alloy nanocrystals [26–28], doped nanocrystals [29,30],
ore–shell structures [31–35], and segmented structures [36–40]
an be readily obtained. These demonstrations address the feasi-
ility of cation exchange in fabrication of nanostructures that are
ifficult to be prepared with the general methods.

In this work, we demonstrated that the assembly of Cd1-xZnxSe
anorods (NRs) with five different compositions (x = 0, 0.35, 0.54,
.61, 1) may  absorb the whole visible spectrum for photoconversion
pplications, in which Zn-rich NRs harvested high-energy photons
hereas low-energy photons were mainly captured by Cd-rich NRs.

his is the first demonstration for rainbow photocatalysts which
bsorb solar energy in a gradient fashion by using Cd1-xZnxSe NRs
f varying compositions. The samples were prepared by conduct-
ng cation exchange reaction on Ag2Se NRs with excess Cd2+ and
n2+ ions in the presence of tributylphosphine at 65 ◦C. By modu-
ating the molar ratio of Cd2+ to Zn2+ employed, the composition
f the resulting Cd1-xZnxSe NRs can be delicately controlled. By
irtue of the structural preservation feature of cation exchange
eaction, the five Cd1-xZnxSe NR products possessed fairly similar
imensions, which is difficult to be achieved using other synthetic
pproaches. This feature is especially important to the interpreta-
ion of the resultant photocatalytic performance since the possible
ize variation effect could be excluded. Because of the tunability
f band edge with stoichiometry, Cd1-xZnxSe NRs of varying com-
ositions absorbed light at different wavelength regions, which
panned almost the entire visible spectrum. Unlike most studies
oncerning the photocatalytic performance of Cd1-xZnxSe which
xplored the effect of Cd2+ to Zn2+ ratio, the current study focuses
n studying the influence of composition assembly on the over-
ll photoconversion efficiency of the samples. As compared to the
ndividual constituent NRs, the NRs assembly exhibited higher pho-
ocurrents of water splitting as well as superior photocatalytic
erformance under white light illumination, attributable to the
roadband light absorption feature that enables full visible photon
arvesting. Besides, no appreciable decay of photocatalytic activ-

ty was found for the NRs assembly after repeatedly used and
ecycled in dye photodegradation for four times, manifesting its
ubstantially high stability during the course of photocatalysis. Fur-
hermore, the photocatalytic performance under natural sunlight
as also tested, and the result shows that the present NRs assembly

an be used as practical rainbow photocatalysts for efficient solar
uel production.

. Experimental

.1. Chemicals

All chemicals were of analytical grade and used without further
urification. Special attention should be paid when dealing with
he hazardous Cd source.

.2. Preparation of Se NRs

Se NRs were prepared using a chemical reduction method
eveloped by our group [41]. Briefly, SeO2 powder (1.0 mmol)
as dissolved in an aqueous solution of carboxymethyl cellulose

denoted as CMC, Mw  = 90000 Da, 9.0 mL,  4.0 wt%), followed by the

ddition of NaOH solution (1.0 mL,  1.0 M)  under vigorous stirring at
oom temperature. When the mixed solution became transparent,
aBH4 solution (1.0 mL,  1.0 M)  was added to carry out the reduc-

ion reaction. After stirring at 25 ◦C for 2 h, brown suspending solids
: General 476 (2014) 140–147 141

(Se NRs) were produced. The samples were collected, washed, and
dried at 60 ◦C in vacuum for later use.

2.3. Transformation of Se NRs into Ag2Se NRs

A given amount of Se NRs (0.5 mmol) were re-dispersed in
deionized water (10 mL)  to serve as the growth template for Ag2Se.
The growth of Ag2Se NRs was  performed by gradually injecting
AgNO3 solution (1.25 mmol, 5 mL)  into the Se NRs suspension under
vigorous stirring at 25 ◦C. The transformation finished in 2 h as the
color of the reaction solution became black. The product (Ag2Se
NRs) was collected, washed, and dried at 60 ◦C in vacuum for later
use.

2.4. Cation exchange reaction for Cd1-xZnxSe NRs growth

A given amount of Ag2Se NRs (0.05 mmol) were re-dispersed in
methanol (10 mL)  for use as the reactant in cation exchange reac-
tion. In a typical procedure, Cd(NO3)2 and Zn(NO3)2 with a desired
molar ratio (total amount = 1.0 mmol) were dissolved in methanol
solution (40 mL)  containing poly(N-vinylpyrrolidone) (denoted as
PVP, Mw = 10,000 Da, 0.5 g). The premixed solution of Cd2+ and Zn2+

was then added to the Ag2Se NRs suspension, after which 0.2 mL  of
tributylphosphine (denoted as TBP) was injected at 65 ◦C to proceed
with cation exchange reaction. The cation exchange completed in
2 h as the color of reaction solution turned to brownish-yellow.
The product (Cd1-xZnxSe NRs) was  collected, washed, and dried at
60 ◦C in vacuum for later characterizations. In this work, various
molar ratios of Cd2+ to Zn2+ (1:0, 1:1, 1:2, 1:4, 0:1) added in cation
exchange reaction were employed to prepare Cd1-xZnxSe NRs of
varying compositions. From energy dispersive X-ray spectrometry
(EDS) analysis, the composition of the NRs product was determined
to be pure CdSe, Cd0.65Zn0.35Se, Cd0.46Zn0.54Se, Cd0.39Zn0.61Se, and
pure ZnSe for the employment of Cd2+/Zn2+ ratio of 1:0, 1:1, 1:2,
1:4, and 0:1, respectively.

2.5. Photoelectrochemical measurement

The photoelectrochemical measurement was conducted in a
three-electrode cell which consisted of Pt counter electrode,
Ag/AgCl reference electrode and 0.1 M Na2S electrolyte. Na2S was
employed as a hole scavenger to prevent the photocorrosion of the
samples, which may  ensure efficient hydrogen production at the
cathode. The photoanode was  prepared by dripping sample sus-
pension (20 �L, 1.0 mg/mL) on the fluorine-doped tin oxide (FTO)
substrate (1.0 cm × 1.0 cm). After completely dried, the substrate
was inserted in the three-electrode cell for measurement. The pho-
toelectrochemical data were collected in an electrochemical station
under white light illumination (500 W xenon lamp, with a light
intensity of 100 mW/cm2). The photocurrent action spectra were
measured under illumination of monochromatic light from the
xenon lamp coupled with a monochromator.

2.6. Photocatalytic performance measurement

The photocatalytic performance of the samples was evaluated
by monitoring the photodegradation of methylene blue (denoted
as MB)  under white light illumination (500 W xenon lamp, with a
light intensity of 100 mM/cm2). Note that white light irradiation,
which matches well natural sunlight in spectral distribution, was
applied in order to demonstrate the applicability of the samples in
solar fuel production. A quartz tube with a capacity of 30 mL  was

used as the photoreactor vessel. Six kinds of photocatalysts includ-
ing pure CdSe NRs, pure ZnSe NRs, the three individual Cd1-xZnxSe
NRs, and the NRs assembly were compared in the photodegradation
of MB.  The NRs assembly was prepared by mixing equal weights
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f pure CdSe, pure ZnSe, and the three Cd1-xZnxSe NRs. A typical
xperiment involved adding 5.0 mg  of photocatalyst to 20 mL  of MB
queous solution (1.0 × 10−5 M)  in the photoreactor vessel. Prior
o irradiation, the suspension was aerated and stirred in the dark
or 30 min  to reach the adsorption equilibrium of MB  with pho-
ocatalyst. At certain time intervals of irradiation, 1 mL  aliquots of
eaction solution were withdrawn and centrifuged to remove the
hotocatalyst particles. The UV–visible absorption spectra of the fil-
rates were then acquired to measure the concentration variation of

B by recording the corresponding absorbance of the characteris-
ic peak at 665 nm.  Furthermore, degradation of MB  (1.0 × 10−5 M)
nder natural sunlight by using the NRs assembly as photocatalyst
as also examined.

.7. Characterizations

The morphology and dimensions of the products were observed
ith a field-emission scanning electron microscope (FESEM, JEOL,

SM-6500F). The crystallographic structure of the samples was
nvestigated with X-ray diffraction (XRD, MAC  Science, MXP18)
nd high-resolution transmission electron microscopy (HRTEM,
EOL, JEM-3000). The elemental analysis of NRs was  conducted

ith EDS, the accessory of SEM (JSM-6500F) and TEM (JEM-3000).
he composition of Cd1-xZnxSe NRs was determined by examin-
ng three batches of samples, from which an average value was
alculated and represented. UV–visible absorption spectra were
btained using a Hitachi U-3900H spectrophotometer at room tem-
erature. The Brunauer–Emmett–Teller (BET) specific surface areas
f the samples were estimated from the N2 adsorption–desorption
nalysis.

. Results and discussion

Single-crystalline Se NRs with trigonal crystallographic struc-
ure were first prepared using the CMC-stabilized chemical
eduction method [41]. By reacting with AgNO3 at room tempera-
ure, trigonal Se can be completely transformed into orthorhombic
g2Se due to the topotactic lattice matching [23]. As shown in Fig. 1,

he thus-obtained Ag2Se NRs inherited the dimensions of the initial
e, which had a typical diameter of around 100 nm and length up
o 1 �m.  Further replacement of Ag+ of Ag2Se NRs with Cd2+ can be
chieved by conducting cation exchange reaction in the presence

f TBP at an elevated temperature of 65 ◦C. Note that the conver-
ion from Ag2Se to CdSe via cation exchange is thermodynamically
nfavorable unless a complexation ligand is introduced at the ele-
ated reaction temperature [24]. Specifically, the complexation of

Fig. 2. SEM images of (a) pure CdSe, (b) Cd0.65Zn0.35Se, (c) Cd0.46Zn0.54Se, (d) Cd0.39
Fig. 1. SEM images of (a) Se NRs and (b) Ag2Se NRs. The corresponding XRD pat-
terns were shown in (c). The patterns of reference trigonal Se (JCPDS 06-0362) and
orthorhombic Ag2Se (JCPDS 24-1041) were also included for comparison.

TBP with Ag+ of Ag2Se may  facilitate the replacement of Ag+ by Cd2+

at the anionic framework of NRs, which is conducive to the success-
ful transformation of Ag2Se into CdSe. The same situation stands for
the conversion to ZnSe since ZnSe is more prone to solvation when
accompanying Ag2Se [24]. Besides, the transformation from Ag2Se
into ZnSe took more time to finish, presumably resulting from the
relatively lower reactivity of Zn2+ in the cation exchange reaction.
As displayed in Fig. 2, the resulting CdSe and ZnSe also preserved
NR morphology that adopted the reactant Ag2Se. Also presented in
Fig. 2 are the SEM images of the samples obtained by adding both

Cd2+ and Zn2+ in the cation exchange reaction. Interestingly, as Cd2+

and Zn2+ were co-fed in the transformation of Ag2Se, NRs with high
structural uniformity were still grown. SEM-EDS analysis shows
that the composition of the composite NRs prepared with Cd2+/Zn2+

Zn0.61Se, and (e) pure ZnSe NRs derived from Ag2Se NRs via cation exchange.
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atio of 1:1, 1:2, and 1:4 was Cd0.65Zn0.35Se, Cd0.46Zn0.54Se, and
d0.39Zn0.61Se, respectively. This outcome indicates that concur-
ent exchange for Cd2+ and Zn2+ may  have occurred at the anionic
ramework of Ag2Se to lead to the formation of ternary Cd1-xZnxSe.
he average size and size distribution of the NR samples were deter-
ined by counting over 25 NRs from the SEM images. The diameter

nd length were 105 ± 8 nm and 1092 ± 88 nm, 108 ± 12 nm and
095 ± 70 nm,  105 ± 7 nm and 1094 ± 81 nm,  109 ± 11 nm and
098 ± 59 nm and 106 ± 9 nm and 1095 ± 77 nm for pure CdSe,
d0.65Zn0.35Se, Cd0.46Zn0.54Se, Cd0.39Zn0.61Se and pure ZnSe NRs,
espectively.

To identify the chemical composition and crystallographic
tructure for the samples derived from Ag2Se, XRD measurement
as performed. As Fig. 3 shows, the patterns characterized the

hree types of NRs as wurtzite II–VI semiconductor compounds.
or pure CdSe NRs, they were grown as wurtzite structure because
f the topotactic relationship with orthorhombic Ag2Se. The a-
nd c-axis of wurtzite CdSe have lattice constants quite similar to
he c- and a-axis of orthorhombic Ag2Se, with which the trans-
ormation from Ag2Se to CdSe may  proceed without substantial
earrangement of the Se2− sublattice [23]. As a consequence of this
opotactic superimposition, wurtzite CdSe which preserved the NR

orphology and single crystallinity of the reactant Ag2Se formed.
uch topotactic feature was however less involved in the growth
f pure ZnSe NRs since wurtzite ZnSe did not show topotactic rela-

ionship with orthorhombic Ag2Se. It has been pointed out that the
egree of volume change in cation exchange reaction is another

mportant factor directing the morphology and crystallinity of
he products [42,43]. The fractional volume change during the

ig. 4. HRTEM images of (a) pure CdSe, (b) pure ZnSe, and (c) Cd0.65Zn0.35Se NRs. Insets sh
Rs.
Fig. 3. XRD patterns for pure CdSe, pure ZnSe, and the three individual Cd1-xZnxSe
NRs. The patterns of reference wurtzite CdSe (JCPDS 08-0459) and wurtzite ZnSe
(JCPDS 89-2940) were also included for comparison.

transformation from one structure into another can be computed
by calculating the volume difference in their unit cells [43], which

was estimated to be 0.084 for the conversion of orthorhombic Ag2Se
to wurtzite ZnSe. This extremely small volume change may  greatly
ease the stress accumulation during the transformation, which
avoids the structural deformation associated with stress release

ow the corresponding SAED patterns. (d) TEM-EDS analysis taken on Cd0.65Zn0.35Se
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Fig. 5. (˛h�)2 vs. h� plots for pure CdSe, pure ZnSe and the three individual
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Scheme 1. Calculated band structure of pure CdSe, Cd0.65Zn0.35Se, Cd0.46Zn0.54Se,
Cd0.39Zn0.61Se, and pure ZnSe NRs. CB and VB represented the conduction and
d1-xZnxSe NRs. The band edge position was determined and highlighted with a
ashed arrow.

o procure morphological and crystallinity preservation for ZnSe.
s to the composite NRs, the pattern, which shifted toward higher
� region with increasing Zn content, was located between those of
urtzite CdSe and wurtzite ZnSe. The dependence of the diffraction
eak positions for composite NRs on the corresponding composi-
ion was in accordance with Vegard’s law [44], further verifying
heir ternary alloyed structure of Cd1-xZnxSe. It should be noted
hat no diffraction peaks attributable to Ag2Se or other impurities
ould be found in the composite NRs, demonstrating the advantage
f the current cation exchange process in preparation of multinary
lloyed nanocrystals. Furthermore, the Zn/Cd ratio in the composite
Rs was found to be lower than the molar ratio of the precursors
dded. This may  be due to the relatively lower reactivity of the
n2+ in the cation exchange reaction with respect to the Cd2+, as
videnced by the longer time required for the transformation into
nSe to complete.

Fig. 4 further shows the detailed crystallographic structure for
he three types of NRs derived from Ag2Se. The dot patterns of the
nserted selected area electron diffraction (SAED) images mani-
est the single-crystallinity for these NRs products. An interlayer
pacing of 0.22, 0.20, and 0.21 nm was observed for pure CdSe,
ure ZnSe, and Cd0.65Zn0.35Se NRs, respectively, in agreement with
he d spacing of their (1 1 0) lattice planes as determined from
he corresponding XRD analysis. Besides, the axis of the NRs was
ound to be parallel to the [1 1 0] direction, implying that these
Rs were all grown along the [1 1 0] direction. It is worthy of note

hat no significant diffraction contrast, which would suggest the
xistence of composition inhomogeneity, was found in each indi-
idual Cd1-xZnxSe NR. In Fig. 4(d), the TEM-EDS analysis taken on
d0.65Zn0.35Se NRs shows considerably uniform elemental compo-
ition along both the radial and axial directions, which reflects a
omogeneous distribution of Cd and Zn within the solid matrix of
he present Cd1-xZnxSe NRs. This compositional integrity is impor-
ant to the realization of rainbow photocatalysts because full light
arvesting of visible spectrum relies on the synergy of NRs with
radient compositions which are explicit.

As documented in many literature reports [4–6], careful con-
rol of the Zn/Cd ratio renders Cd1-xZnxSe effective modulation of
bsorption band edge, which is imperative for the achievement of
ull visible photon harvesting. Fig. 5 displays the absorption spec-
ra for the three types of NRs derived from Ag2Se. The band edge
f the samples was determined by performing linear extrapola-
ion of the (˛h�)2 vs. h� plot from the absorption shoulder. For

ure CdSe and pure ZnSe NRs, the absorption edge was  recorded
t 1.75 and 2.58 eV, respectively, conforming to their bulk values.
s to the ternary Cd1-xZnxSe NRs, the band edge value changed
valence band position repsectively. Inset dashed lines showed the energy levels
of water reduction and oxidation.

from 1.88, to 2.05, and then to 2.22 eV as the Zn content varied
from 0.35, to 0.54, and then to 0.61. This blue-shift of band edge
with increasing Zn content was attributed to the alloying of lower
bandgap material of CdSe with higher bandgap material of ZnSe,
quantitatively consistent with the prediction from the optical bow-
ing function established for bulk Cd1-xZnxSe [6,45]. In addition to
the shift of bandgap energy, the band structure of Cd1-xZnxSe NRs
also revealed a graded variation with the increase of Zn content.
The conduction band potential (ECB) of Cd1-xZnxSe can be calculated
by the empirical equation: ECB = X − Ee − 0.5Eg [14,46]. X is the
geometric mean of electronegativity of the constituent elements,
which was estimated to be 5.14, 5.18, 5.20, 5.21 and 5.26 for pure
CdSe, Cd0.65Zn0.35Se, Cd0.46Zn0.54Se, Cd0.39Zn0.61Se and pure ZnSe
NRs, respectively. Ee is the energy of free electrons on the hydro-
gen scale (4.5 eV) and Eg represents the bandgap of the sample.
The calculated conduction band potentials of pure CdSe and pure
ZnSe were respectively -0.23 and −0.53 V vs. NHE, quite approxi-
mate to the values reported in the literature [35,47]. According to
the calculation results, the schematic band structure of the sam-
ples was determined and depicted in Scheme 1. It can be found
that as the bandgap of Cd1-xZnxSe NRs expanded with increasing
Zn content, the energy level of conduction band and valence band
respectively shifted toward higher and lower potentials. Notably,
the conduction and valence band potentials straddled the reduc-
tion and oxidation potentials of water, suggesting that the present
Cd1-xZnxSe NRs may  efficiently catalyze water splitting under light
illumination.

The spectral transition for Cd1-xZnxSe NRs with increasing Zn
content further inspires us to explore the realization of rainbow
photocatalysts by assembling these NRs with different compo-
sitions. As sunlight enters the NRs assembly, Zn-rich NRs may
absorb the portion of the light with shorter wavelength, while the
light with longer wavelength is mainly absorbed by Cd-rich NRs.
By creating such a composition-gradient configuration from the
assembly of Cd1-xZnxSe NRs, it is possible to attain effective capture
of solar spectrum and therefore improve the overall photocon-
version efficiency. In order to elucidate the above proposition, we
employed the NRs assembly as the photoanode for photoelectro-
chemical water splitting. Note that the NRs assembly was prepared
by mixing equal weights of pure CdSe, pure ZnSe, and the three
Cd1-xZnxSe NRs, giving rise to a composition-gradient configura-
tion that may  enable full visible photon harvesting. Fig. 6a shows a
set of linear sweep voltammograms of the three types of NRs and
the NRs assembly recorded in 0.1 M Na2S electrolyte under white
light illumination. The anodic dark current emerging beyond 0.1 V
vs. Ag/AgCl could be attributed to the oxidation of PVP molecules
adsorbed on the NR surface [48]. Upon light irradiation, all the NR

electrodes displayed pronounced photoresponse at the potential
range from −0.4 to 0.3 V vs. Ag/AgCl, indicating notable pho-
toactivity for the present NRs within a photoelectrochemical cell.
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Fig. 6. (a) Linear sweep voltammograms of different NRs electrodes recorded in the dark and under white light illumination. (b) Chronoamperometric I–t curves collected at
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 V vs. Ag/AgCl under white light illumination. (c) Photocurrent action spectrum of
he  corresponding absorption spectrum was included for comparison.

ig. 6b depicts the corresponding chronoamperometic I–t curves
ecorded at 0 V vs. Ag/AgCl under chopped light illumination. All the
lectrodes were prompt in generating photocurrents with a repro-
ucible response to the on/off cycles of light illumination, suggest-

ng the effective carrier transfer and successful electron collection
or the samples during the water splitting process. Significantly, the
Rs assembly exhibited considerably higher photocurrents than

ts individual constituent NRs. This outcome confirms the positive
ole of composition-gradient configuration for the NRs assembly
n enhancing the overall photon harvesting and thus boosting the
esultant carrier collection. To further validate the above argument,
e measured the photocurrent values at different illumination
avelengths and compared the results with the absorption spec-

rum. As shown in Fig. 6c, the photocurrent action spectrum of the
Rs assembly was well-matched with the corresponding absorp-

ion spectrum which showed light absorption spanning from 400
o 800 nm.  This result signifies that the broadband light absorption
eature of the NRs assembly, as a result of the composition-gradient
onfiguration, was responsible for the remarkable photoactivity
emonstrated in the photoelectrochemical cell.

To assess the potential as rainbow photocatalysts for the NRs
ssembly, we performed a series of photocatalysis experiments
y using MB  as the test pollutant. MB  is a cationic dye that can
e decomposed by accepting photoexcited electrons following the

rradiation on semiconductor photocatalysts [49,50]. The decom-

osition of MB  under light illumination can thus be utilized to
valuate the photoconversion efficiency of the sample. Six kinds of
hotocatalysts including pure CdSe NRs, pure ZnSe NRs, the three

ndividual Cd1-xZnxSe NRs, and the NRs assembly were used for MB
ssembly collected at 0 V vs. Ag/AgCl in the wavelength range from 400 to 800 nm.

photodegradation under the same experimental conditions. Fig. 7a
compares the MB  photodegradation results of different samples,
from which several points can be observed. First, experiment in the
absence of photocatalyst showed a slight degradation of MB,  indi-
cating a minor self-photolysis of MB  molecules under white light
illumination. Second, the photocatalytic efficiency for pure CdSe,
pure ZnSe, and the three Cd1-xZnxSe NRs was roughly comparable
and merely adequate, with less than 50% of MB  being degraded
after 180 min  of irradiation. Because of the relatively narrow light
absorption range, fairly mediocre capture of incident white light
was expected for pure CdSe, pure ZnSe and the three Cd1-xZnxSe
NRs, which impedes the light harvesting efficiency to cause barely
satisfactory photocatalytic performance. It should be mentioned
that even though pure CdSe can absorb photons with energy
exceeding the bandgap, most of the high-energy photons were con-
verted into heat due to the excitonic relaxation, which results in an
essentially depressed photoconversion efficiency and thus the ordi-
nary photocatalytic performance as observed. Third, as compared
to the individual constituent NRs, the NRs assembly exhibited supe-
rior photocatalytic performance under white light illumination.
This superiority emanates from the composition-gradient configu-
ration that significantly improves the light harvesting efficiency by
absorbing almost the whole visible spectrum of the incident white
light. As a consequence of the full visible photon harvesting, the NRs
assembly converted a wide array of photons to exhibit remarkable

photocatalytic performance. It is important to state that all the NRs
samples showed nearly identical MB adsorption capability since
they had comparable surface area of about 13.4 m2g−1. This result
signifies that the superior photocatalytic performance of the NRs
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Fig. 7. (a) C/Co vs. irradiation time plots for MB photodegradation without any catalyst and in the presence of six relevant samples. (b) Absorption spectra of MB solutions
a  of pu
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fter  exposure of 3 h of daytime sunlight without any catalyst and in the presence
olution color. (c) Recycling test on the NRs assembly for MB  photodegradation.

ssembly is mainly related to the composition-gradient configura-
ion rather than the structural effect associated with surface area or
ye adsorption. It is also important to note that the direct compari-
on of photocatalytic activity of the NRs assembly with the samples
eported in literature is difficult because the experimental setups
e.g. the photoreactor configuration and the irradiation intensity)
re essentially different. As a final note, it might be argued that MB
ensitization could contribute to the photocatalysis of the samples.
ecause the lowest-unoccupied molecular orbital (LUMO) poten-
ial of MB  (+0.05 V vs. NHE) [51] is lower than the conduction band
otentials of the present Cd1-xZnxSe NRs (Scheme 1), the electron
ransfer from the photoexcited MB  to the NRs was considered rel-
tively insignificant. The contribution from MB sensitization can
hus be excluded as interpreting the photocatalysis results of Fig. 7a.

To further explore the applicability of the NRs assembly in the
ontext of practical solar fuel production, its photocatalytic perfor-
ance under natural sunlight was evaluated. In this demonstration,

hree representative samples, pure CdSe, pure ZnSe NRs, and the
Rs assembly, were tested and compared. As illustrated in Fig. 7b,
fter exposure to 3 h of daytime sunlight, nearly 80% of MB  was
egraded by using NRs assembly, accompanied with an obvious
ecoloration of the resultant solution. In contrast, pure CdSe and
ure ZnSe NRs only degraded 45 and 30% of MB  respectively under
he same experimental conditions. This activity difference, which
s in agreement with the result of Fig. 7a, was due to the difference
n light harvesting efficiency between the NRs assembly and the
ndividual constituent NRs. Most importantly, this outcome shows
hat the assembly of Cd1-xZnxSe NRs with different compositions
an be used as practical rainbow photocatalysts for efficient solar

uel production. Furthermore, the recycling test was  performed to
valuate the reusability and stability of the NRs assembly. As shown
n Fig. 7c, no appreciable decay of photocatalytic activity was  found
or the NRs assembly after it was repeatedly used and recycled in
re CdSe NRs, pure ZnSe NRs, or the NRs assembly. Inset shows the corresponding

MB  photodegradation for four times. Besides, SEM examination and
EDS analysis showed preserved morphology and composition for
the NRs assembly after the recycling test. These results manifest
that the present NRs assembly exhibited substantially high stabil-
ity during their use as photocatalyst. The high stability of the NRs
assembly possibly derived from the remaining carbonyl groups of
PVP molecules at the NR surfaces, which might mediate the hole
transfer to suppress the photocorrosion process [52–54].

4. Conclusions

In conclusion, Cd1-xZnxSe NRs of varying compositions (x = 0,
0.35, 0.54, 0.61, 1) have been prepared and assembled to demon-
strate the realization of rainbow photocatalysts. As compared to
the individual constituent NRs, the NRs assembly exhibited higher
photocurrents of water splitting as well as superior photocatalytic
performance under white light illumination, attributable to the
broadband light absorption feature that enables full visible pho-
ton harvesting. The current study has successfully carried out the
novel concept of rainbow photocatalysts that hold great promise
for efficient solar fuel production. Further optimizations of the
configuration of the NRs assembly, for example, by constructing a
sequentially-layered architecture [10,55] which possesses orderly
compositional gradient, may  allow maximum photon harvesting to
boost the overall photoconversion efficiency.
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