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Using sunlight to produce hydrogen gas via photocatalytic water splitting is highly desirable for green
energy harvesting and sustainability. In this work, Mn®* doped 1-dimensional (1D) CdS nanorods (NRs)
with Pt tips (ie., 1D Mn:CdS-Pt NRs) were synthesized for photocatalytic water splitting to generate
hydrogen gas. The incorporation of Mn?* dopants inside the 1D CdS NRs with a significantly longer
lifetime (~ms) than that of host excitons (~ns) facilitates charge separation; the electron transfer to
metal Pt tips leads to enhanced photocatalytic activity in water splitting redox reactions. The as-
synthesized Mn?* doped CdS NR-based photocatalyst generated an order of magnitude greater yield of
hydrogen gas compared to the undoped CdS NR-based photocatalyst. The enhanced charge transport
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Introduction

Photocatalytic hydrogen generation by water splitting has
drawn a tremendous amount of research interest due to its
green nature and promising solution for the world energy
crisis." Quantum confined semiconductor nanocrystals (NCs)
have excellent optical and electrical properties including a large
absorption extinction coefficient in the visible range, size- and
shape-tunable bandgap, and great photostability. The photo-
generated charge carriers (i.e., excited electrons and holes) from
NCs can be used for photocatalytic redox reactions, such as
photocatalytic water splitting for hydrogen generation. To date,
there are multiple semiconductors including metal chalcogen-
ides such as CdS,** CdSe,*® and PbS,” and metal oxides such as
ZnO® and TiO,° that have been developed to split water and
generate hydrogen gas. Among these materials, CdS NCs have
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presents a new opportunity to increase the overall photocatalytic performance.

been heavily utilized due to their ~2.4 eV bandgap, which is
narrow enough to absorb visible light while still having
a conduction band that is sufficiently negative to reduce water
to produce hydrogen gas.>'®'* However, the photocatalytic
yields of CdS NCs are limited primarily due to insufficient
charge separation as a result of fast exciton recombination (on
the order of ns to tens of ns) compared to slower surface cata-
Iytic reactions (ms to s)."*** The insufficient charge separation
leads to limited charge carriers (electrons and holes) accessible
to photocatalytic redox reactions.

Increased photocatalytic yields of water splitting for H, gas
generation have been reported from 0-dimensional (0D) CdS QDs
of 17 (umol h™" g ")* to 1D CdS nanorods (NRs) of 60 (umol h™*
g "),* while 2D CdS nanoplatelets have been reported to have
30.3 (umol h™' g™ "),*” tetrapods ~2640 (umol h™' g~ *),** cubes
1600 (umol h™* g™ "),* and pyramids 4600 (umol h™* g~ *).*® These
increases in reaction yields are due to the slight polarizations
when exciting electrons across the unconfined axis or axes,
leading to a reduced charge recombination rate.”® Therefore,
advanced shaped CdS NCs with enhanced charge separations can
increase the efficiency of photocatalytic redox reactions including
water splitting."»'”*' Another approach to increasing the charge
separation in CdS NCs is by adding a metal co-catalyst, such as
Pt,'>1721723 Ay, > Ni,%*%*” and Ag,*® with efficient electron transfer
from CdS to the metal co-catalyst. The metal co-catalyst acts as
a sink for the excited electrons to move into which can increase
the charge separation due to a fast rate of electron transfer
(~ps)*® from the conduction band of CdS to the metal.

Pt nanoparticles (NPs) are widely used as co-catalysts in CdS-
based photocatalytic water splitting>'”*>**?° since Pt can both

This journal is © The Royal Society of Chemistry 2023
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readily accept electrons into its Fermi energy level and is highly
hydrophilic. This innate hydrophilicity increases the possibili-
ties of hydrogen adsorption on the active sites of the Pt co-
catalyst, which can increase the likelihood of an excited elec-
tron being involved in photocatalytic water splitting for
hydrogen gas generation. Coupled with a light harvesting CdS
NC photocatalytic system, Pt co-catalysts have shown signifi-
cantly higher hydrogen yields among the available co-cata-
lysts.'>17:21:2329:30 For example, the photocatalytic water splitting
yield of Pt modified CdS NCs has been reported to be 56 000
(umol h™" g71),* while other CdS-based metal co-catalysts have
reported 400.6 (umol h™* g™*) for Au,>*° 25484 (umol h™* g™?)
for Ni,?® and 32 (umol h™' g™ ") for Ag.>®

However, changing the dimensionality of the CdS photo-
catalyst and adding a Pt co-catalyst cannot completely overcome
the issue of inherent short lifetimes of excitons (~ns) even
though a portion of charge carriers can transport to the Pt
particles before exciton recombination. Doping transition metal
ions inside the host semiconductor lattice can provide an
additional exciton relaxation pathway by host-to-dopant energy
transfer; this is an attractive strategy for increasing catalytic
performance as the dopants can alter the dynamics of charge
separation and recombination.?”*'** Manganese (Mn>") ions
are a particularly useful dopant as their orange emission around
600 nm has a long emission lifetime (~ms) from the spin
forbidden d-d transition ("T; to °A,).***%” The ms lifetime of
the excited state of Mn>" dopants is much longer (4-6 orders of
magnitude higher) than that of the fast decay of excitons of
semiconductor NCs (on the order of ns or tens of ns). Therefore,
the long lifetime Mn>" dopants can provide a much longer time
frame for charge transport®® or energy transfer,* which is on
a similar order of magnitude to surface photocatalytic reactions
(ms-s).**** Previous studies have demonstrated that doping
Mn>" into 0D CdS QDs increases the photocatalysis yield of
hydrogen gas from 17 (umol h™" g~ ")** in the undoped system to
300 (umol h™* g~ 1).*® Therefore, greater charge separation can
occur by host-to-dopant energy transfer which can increase the
photocatalytic yield.

In this report, we designed a new photocatalyst by doping
Mn®" ions into 1D CdS NRs with Pt-tips (i.e., 1D Mn:CdS-Pt NRs)
for photocatalytic H, generation from water splitting (Fig. 1).
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Fig. 1 Schematic illustration of the excitonic and energy transfer
processes in Mn?* doped CdS NRs with Pt-tips for H, generation. (1)
Photoexciting an electron from the valence band (VB) to the
conduction band (CB), (2) energy transfer (ET) from the host CdS NR to
Mn?* dopants, and (3) electron transfer from dopants (with ~ms life-
time) to active sites of Pt NP tips for H, generation from water splitting.
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Following photoexcitation of host CdS NRs to generate excited
electrons and holes (step 1 in Fig. 1), two-step charge carrier
transport occurs including host-to-dopant energy transfer (step
2 in Fig. 1) and electron transfer from Mn>" dopants to Pt NPs
(step 3 in Fig. 1). The added charge transport pathways medi-
ated by the long lifetime dopants could prevent the fast exciton
recombination, leading to enhanced photocatalytic water
splitting. Aided by the 4.1 ms Mn>" dopant emission lifetime,
compared to the 7.9 ns lifetime of the host 1D CdS NRs, the
Mn”" doped 1D CdS NRs can efficiently boost the charge sepa-
ration and the following electron transportation for photo-
catalytic water splitting under blue light irradiation. Compared
with their undoped counterpart (i.e., 1D CdS-Pt NRs), the water
splitting efficiency of Mn:CdS-Pt NRs increased from 64 000 to
287 000 umol h™" g~ " of hydrogen gas; the yield is increased by
448% (~4.5-fold enhancement). The long lifetime of the
dopants can increase charge separation and supply a bridging
pathway for efficient photocatalysis on metal co-catalysts, which
provide a new opportunity for photocatalytic redox reactions.

Experimental section

Chemicals

Cadmium oxide (CdO, =99.0%, Sigma Aldrich), sulfur
(99.998%, Sigma Aldrich), 1-tetradecylphosphonic acid (TDPA,
98%, Sigma Aldrich), trioctylphosphine oxide (TOPO, 99%, Alfa-
Aesar), trioctylphosphine (TOP, 90%, Sigma Aldrich), chloro-
form (99.8%, Fisher Scientific), Mn(u) acetate anhydrous
(99.99%, Alfa-Aesar), oleylamine (OAm, 70%, Sigma Aldrich),
oleic acid (OA, 90%, Sigma Aldrich), 1, 2-dichlorobenzene
(=99%, Sigma Aldrich), diphenyl ether (=99%, Sigma Aldrich),
1, 2-hexanedecanediol (90%, Sigma Aldrich), 3-mercaptopro-
pionic acid (MPA, 99%, Alfa Aesar), tetramethylammonium
hydroxide (TMaOH, 98%, Alfa Aesar), platinum(u) acetylaceto-
nate (=99.98%, Sigma Aldrich), methanol (=99%, VWR),
toluene (=99.5%, EMD Chemicals), ethanol (=99%, anhydrous,
Pharmco), acetone (=99.5%, Sigma Aldrich), ethyl acetate
(=99%, ACROS), hexane (99%, EMD), isopropyl alcohol (IPA
=99.5% Sigma Aldrich), and potassium hydroxide (=85%,
Sigma Aldrich). All chemicals were used as purchased without
further purification.

Synthesis of 1D CdS NRs

1D CdS NRs were synthesized based on a slightly modified
method from the literature.”* Cadmium and sulfur precursor
solutions were first prepared separately. The cadmium
precursor solution was prepared by mixing 115 mg (0.9 mmol)
CdoO, 415 mg (1.5 mmol) TDPA, and 3.5 g TOPO in a 50 mL flask
and degassing for 1.5 h at 80 °C. The flask was then heated to
340 °C under an Ar flow to form a Cd-TDPA complex indicated
by a change in the solution color from dark red to optically clear
and then cooled to 300 °C. The sulfur precursor solution (S-TOP
solution) was prepared by dissolving 110 mg (3.4 mmol) of
sulfur powder in 10 mL of degassed TOP.

For a typical synthesis of 1D CdS NRs, 3 mL of the room
temperature S-TOP precursor solution was injected into the hot
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Cd-TDPA solution at 300 °C, and the temperature of the reaction
mixture dropped after addition, and then ramped back to 300 °
C in ~10 min. The remaining S-TOP (~7 mL) solution was
injected, 1 mL at a time, every 5 minutes over a 35 minute
period, and the reaction then proceeded for an additional 30
minutes. At the end of the reaction, the solution was removed
from the heating mantle and allowed to cool to approximately
60 °C and then 2-3 mL of chloroform was added to prevent
solidification of the crude solution. The CdS NRs were sepa-
rated from the crude solution by precipitating the particles with
ethanol and centrifuging, and then dispersed in hexane for
optical measurements. The precipitate was further purified
once by resuspending the NRs in toluene and then reprecipi-
tating with ethanol and centrifuging.

Synthesis of 1D Mn:CdS NRs

The Mn>" dopant precursor (Mn(S,CNEt,)) was synthesized by
adding 96 mg (0.56 mmol) of NaS,CNEt, to a flask and vac-
uumed to remove air and moisture and then refilled with Ar gas.
Inside a glovebox, typically, 63 mg (0.36 mmol) of Mn(u) acetate
anhydrous and 1 mL of TOP were added to the NaS,CNEt, flask.
Then the solution was placed under vacuum and heated to 110 ©
C for further use.

The synthesis of Mn:CdS NRs followed a similar procedure
used for CdS NRs except dropwise addition of the 1 mL
Mn(S,CNEt,) precursor into Cd-TDPA solution at 300 °C, before
S-TOP injection, and allowed to settle for ~10 minutes. In
addition, 9 mL S-TOP was used (instead of 10 mL S-TOP used in
the synthesis of CdS NRs to keep the total volume of the TOP in
the reaction solution the same as the undoped CdS NRs) with
2.7 mL of S-TOP injected in the first step followed by injecting
0.9 mL every 5 minutes, and the reaction then was allowed to
proceed for an additional 30 minutes. The same purification
method was used as for the undoped CdS NRs.

Synthesis of Pt NP tipped 1D Mn:CdS-Pt NRs

Pt NP tipped 1D NRs were synthesized based on a slightly
modified method from the literature.** First, OA (0.2 mL), OAm
(0.2 mL), and 43.0 mg of 1,2-hexadecanediol (0.17 mmol) were
heated in diphenyl ether (9 mL) in a 25 mL three-neck flask at
80 °C under vacuum for 30 min to remove the trace amount of
water and air. The optical density (OD) of the CdS-based NR
stock solution was measured by diluting the stock solution of
NRs (100 pL into 1 mL i.e., 100x dilution) and the OD of the NR
stock solution can be calculated from the absorbance of the
diluted solution multiplied by 100. 65.5 mg (0.17 mmol) Pt(II)
acetylacetonate was added to the suspension of the synthesized
CdS or Mn:CdS NRs (stock solution OD = 20) in 3 mL of 1, 2-
dichlorobenzene and sonicated at 65 °C for 10 min to promote
the dissolution of the Pt precursor. The reaction mixture was
purged with Ar and heated to 200 °C before injecting the 3 mL
suspension of the Pt precursor and NRs. Typically, after 10
minutes the reaction mixture was removed from heat and
quenched in a water bath. The product was washed by precip-
itation in ethanol followed by centrifugation. The precipitate
was further purified twice by resuspending the NRs in hexane
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and then reprecipitating with ethanol and centrifuging before
ligand exchange.

Ligand exchange

To make water soluble NRs, MPA ligand exchange was per-
formed. An excess amount of MPA (1 mL) was dissolved in 5 mL
methanol and the pH of the solution was adjusted to above 12
with TMaOH. The as-synthesized NRs (typically 0.23 mmol)
were dispersed in 5 mL hexane and added to the above 6 mL
MPA ligand solution in methanol. The solution was stirred
overnight in aluminum foil wrapped containers. The MPA
capped NRs were precipitated with ethyl acetate and isolated by
centrifugation. The precipitate was further purified once by
resuspending the NRs in methanol and then reprecipitating
with ethyl acetate and centrifuging.

Sample characterization

Powder X-ray diffraction (XRD) patterns were taken on a Bruker
D2 Phaser with a LYKXEYE 1D silicon strip detector using Cu K,
radiation (A = 1.5406 A). Transmission electron microscopy
(TEM) images and high-resolution (HR) TEM images were ob-
tained on a JEM 2100F TEM (operated at an accelerating voltage
of 200 kV). UV-visible (UV-vis) absorption measurements were
collected on an Agilent Cary 60 spectrophotometer. Photo-
luminescence (PL) measurements were performed with
a Horiba FluoroMax Plus spectrofluorometer. Time-resolved
emission measurements were conducted using an Edinburgh
FLS-980 spectrometer with a photomultiplier tube (PMT, R928
Hamamatsu) detector. For CdS NR bandgap PL lifetime
measurements, pulsed excitation light was generated by using
an Edinburgh EPL-365 pulsed laser diode at a repetition rate of
0.2 MHz. For Mn>" emission lifetime measurements, pulsed
excitation light was generated by using an pF2 60 W xenon
flashlamp operating at a repetition rate of 20 Hz. Elemental
composition analysis was performed on a PerkinElmer Avio 220
Max inductively coupled plasma-optical emission Spectrometer
(ICP-OES). X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Thermo Scientific KAlpha+ instrument
operating under Al K, radiation (1486.6 eV). All XPS spectra
were calibrated by using the carbon 1s peak at 284.8 eV. Room-
temperature X-band EPR spectra were recorded on a Bruker
ELEXSYSII E500 spectrometer at a microwave frequency of 9.8
GHz. For cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and photocurrent measurements, a Gamry
Interface 1010E electrochemical workstation was used, and the
measurements were performed with a single three-electrode
setup with the sample electrode as the working electrode,
a platinum wire as the counter electrode, and Ag/AgCl (0.1 M
NaClOy, Eag/agc1 = +0.194 V vs. NHE) as the reference electrode.
EIS was performed in 0.1 M NaClO, at 1.0 V vs. NHE with an
amplitude of 25 mV (frequency: 100 mHz-100 kHz). The elec-
trochemical electrolyte was degassed for 30 min by flushing
with high purity argon prior to CV and EIS measurement.
Photocurrent tests were performed in 0.1 M NaClO, at 0.3 V vs.
NHE with a 405 nm LED.

This journal is © The Royal Society of Chemistry 2023
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Photocatalytic water splitting for generating hydrogen gas

250 uL (0.009 mg) MPA-ligand exchanged NRs in distilled water
(stock solution OD = 26) were added to a 15 mL glass centrifuge
tube with a stir bar and 2.25 mL distilled water. To each reaction
tube, 500 puL of 0.1 M KOH was added to adjust the pH to = 12
and 2.5 mL of isopropyl alcohol was added as a sacrificial hole
scavenger. The sample solutions were then vacuumed and
refilled with Ar gas. The photochemical reactions were per-
formed in a photochemical reactor equipped with 405 nm LEDs
(Amax = 405 & 15 nm) under stirring at 1000 rpm. The volume of
the generated H, gas was collected in a burette and recorded
every 15 or 30 minutes.

Results
1D Mn:CdS-Pt NRs

In this study, we synthesized Mn>* doped 1D CdS NRs with Pt NP
tips (i.e., Mn:CdS-Pt NRs) to study the role of dopants and the
metal co-catalyst on the photocatalytic performance. Firstly, 1D
Mn:CdS NRs were synthesized via a hot-injection method by
injecting the S-precursor into the Cd and Mn-precursor in
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) solution
at 300 °C. Undoped CdS NRs were also synthesized for compar-
ison with the same procedure without adding the Mn-precursor
in the reaction. The as-obtained Mn:CdS NRs were then tipped
with Pt by reduction of Pt in diphenyl ether with 1,2 hex-
adecanediol at 200 °C (see details in the Experimental section).

The structure and morphology of the 1D CdS NR-based
photocatalysts were characterized by XRD and TEM. The XRD
patterns of the undoped and Mn** doped CdS NRs, as well as
the Mn:CdS-Pt NRs, indicate hexagonal phase CdS in these 1D
NRs (Fig. 2a).*»** Compared with the standard hexagonal CdS
XRD pattern, the (002) diffraction peak is obviously intensified,
indicating cylindric growth for non-spherical NCs along the
[001] direction (perpendicular to the (002) plane). The TEM
images (Fig. 2b and c) of the as-synthesized products show both
CdS and Mn:CdS to be 1D cylindrical NRs with an average
diameter of 4.1 £ 0.3 nm and 4.2 £+ 0.3 nm, and an average
length of 52 4+ 5.0 nm and 50 + 5.0 nm, respectively. The TEM
images and histogram analysis (Fig. Sla-dt) show no signifi-
cant difference in the diameter and length of the 1D NRs despite
the addition of Mn>" dopants. After adding Pt at the tips of
Mn:CdS NRs, a new XRD peak is present at 39.7°, which can be
assigned to the (111) plane of Pt (indicated as % in Fig. 2a).**
The TEM image of the Mn:CdS-Pt NRs indicates small, dark Pt
NPs with an average diameter of 4.4 £+ 0.5 nm tipped at both
ends of the CdS NRs with a “dumbbell” type shape (Fig. 2d). The
average diameter of Mn:CdS in Mn:CdS-Pt NRs is 4.1 £ 0.3 nm
and the average total length, including the Pt tips, is 58 +
5.0 nm (Fig. S1le and f¥). The slightly longer Mn:CdS-Pt NRs,
compared to the NRs without the Pt tips, are consistent with the
addition of the two Pt NPs on each end of the NRs (Fig. S1f and
g1). The HR-TEM image of Mn:CdS-Pt NRs (Fig. 2e and f) shows
a lattice fringe of 3.3 A from the (002) plane of hexagonal CdS
NRs and a lattice fringe of 2.3 A from the (111) plane of a face-
centered cubic (fcc) Pt lattice (Fig. 2f).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The powder XRD patterns of 1D CdS, Mn:CdS, and Mn:CdS-
Pt CdS-based NRs (% indicates the diffraction peak from Pt). TEM
images of (b) CdS NRs, (c) Mn:CdS NRs, and (d) Mn:CdS-Pt NRs; HR-
TEM images of (e) a Mn:CdS-Pt NR and (f) a portion of a Mn:CdS-Pt NR
showing the d spacing of 3.3 A and 2.3 A of the (002) plane of the CdS
NR and the (111) plane of the Pt NP tip, respectively.

The survey XPS spectrum (Fig. 3a) of the Mn:CdS NRs shows
distinct peaks for Cd 3d, S 2s, and Mn 2p. For the untipped
Mn:CdS NRs, the Mn** dopant peak is at 653.5 eV (2py)
(Fig. 3b), the S 2p peaks are at 163.1 eV (2ps/,) and 164 eV (2p;,)
(Fig. 3c), and the Cd 3d peaks are at 406.5 eV (3ds/,) and 413.3 eV
(3d3/2) (Fig. 3d), which is consistent with the literature reported
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Fig. 3 X-ray photoelectron spectroscopy (XPS) of 1D Mn:CdS and
Mn:CdS-Pt NRs, where (a) is the survey spectrum, and the spectra of
(b) the Mn 2p orbitals, (c) the S 2p orbitals, (d) the Cd 3d orbitals, and (e)
the Pt 4f orbitals.
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values.**** For the Mn:CdS-Pt NRs, similar peaks were observed
for Mn, Cd, and S with a new peak present for Pt 4f at 73.2 eV
(4f;/,) and 76.3 eV (4fs),), which are also consistent with litera-
ture reported values.*® The Mn, Cd, and S peaks exhibit a small
peak shift towards higher binding energy (0.2 eV for Mn 2pys,
0.3 eV for Cd 3ds;, and 3ds,, and 0.5 eV for S 2p3),) in the XPS
spectra when compared to the Mn:CdS NRs, which indicates
that the electrons in both the CdS host CB and the Mn>" dopant
energy level are interacting with the Fermi level of Pt. In addi-
tion, the distance between the Cd 3ds5/, and Cd 3d;,, peaks stays
consistent at 6.8 eV, so the shift of the peak position is due to
Fermi level equilibration occurring as electrons transfer from
the Mn:CdS NRs to Pt.**

Optical properties

The absorption and photoluminescence (PL) spectra for the 1D
CdS, Mn:CdS, and Mn:CdS-Pt NRs (Fig. 4a) show the first
exciton absorption peak at ~470 nm, from CdS, for all NRs. For
CdS and Mn:CdS NRs, the CdS bandgap PL is at 480 nm and has
a broad defect emission peak centered around ~650 nm, with
PL quantum yields (QYs) of 7.4% and 6.7%, respectively. There
is no clear Mn** emission (usually around 600 nm) present in
the Mn:CdS NRs, which might be due to the large number of
surface trapping states considering the large surface to volume
ratio of 1D NRs.* However, the Mn>" PL peak at 600 nm can be
observed after ZnS surface passivation (i.e., 1D Mn:CdS/ZnS
NRs) to remove the surface defects (Fig. S2f). The wider
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Fig.4 (a) Absorbance (dashed lines) and PL spectra (solid lines) of CdS,
Mn:CdS, and Mn:CdS-Pt NRs. (b) PL decays of the CdS emission for
CdS, Mn:CdS, and Mn:CdS-Pt NRs. Inset show the calculated lifetimes
(x) in ns. (c) Mn?* lifetime from core/shell Mn:CdS/ZnS and Mn:CdS-Pt/
ZnS NRs. (d) Room-temperature X-band EPR spectra of Mn:CdS,
Mn:CdS-Pt, and Mn:CdS/ZnS NRs.
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bandgap ZnS shell was chosen to form CdS/ZnS type I core/shell
NRs to completely confine the electrons and holes within the
CdS core, and therefore the PL spectra are not sensitive to the
surface defects of NRs (see the detailed energy levels of dopants
and surface defects, and the band alignment of the type I CdS/
ZnS structure in Fig. $37).3**~°2 Furthermore, despite the lack of
obvious Mn** emission, ICP-OES measurements indicate 0.9%
Mn>" dopant concentration in the Mn:CdS NRs, which corre-
sponds with ~110 Mn>" ions per NR. Upon the addition of Pt to
the tips of the NRs, a loss of most of the emission features was
observed and the PL QY decreases to 0.9% due to the charge
transfer from Mn:CdS NRs to metal Pt NP tips (Fig. 4a).

The calculated lifetimes for the CdS PL of the NRs are shown
in Fig. 4b with 7.9 ns for CdS, 3.8 ns for Mn:CdS, and 1.4 ns for
Mn:CdS-Pt NRs (Fig. 4b and inset). Compared with CdS NRs, the
shorter lifetime of the band edge PL from Mn:CdS NRs can be
attributed to the host to Mn** dopant energy transfer as an added
electron relaxation pathway. Further significant decrease in the
CdS PL lifetime after the Pt NPs are tipped onto the NRs occurs,
which is consistent with the electron transfer from the excited
states of Mn:CdS NRs to the Fermi energy level of Pt NCs. To
prove the electron transfer from the Mn** dopants to the Pt NP
cocatalyst, the Mn>" emission lifetime of Mn:CdS/ZnS and Pt
tipped Mn:CdS/ZnS NRs (i.e.,, 1D Mn:CdS-Pt/ZnS NRs) was
measured. The Mn>" emission lifetime from Mn:CdS/ZnS core/
shell NRs was found to be 4.1 ms, which dramatically
decreased to 0.29 ms after introducing the Pt NP tips on the
Mn:CdS-Pt/ZnS NRs (Fig. 4c), indicating electron transfer from
the excited states of Mn>* dopants to the Fermi energy level of Pt
NCs. The lifetime of the broad emission at 600 nm for CdS and
Mn:CdS NRs without shell passivation was also measured to be
6.9 ps and 7.5 ps, respectively. The slightly longer lifetime of the
broad emission in Mn:CdS NRs might be due to the combination
of defect emission (~ps) and Mn** emission (~ms) (Fig. S47).

The presence of Mn>" dopants within the CdS host lattice
was further confirmed by X-band EPR spectroscopy (Fig. 4d). In
the Mn:CdS and Mn:CdS-Pt NRs, there are two sets of six-peak
hyperfine splitting patterns with hyperfine constants (4) of 94
and 73 G, corresponding to the Mn** ions on the surface and the
core of the CdS lattice, respectively, indicating random distri-
bution of Mn>" dopants in the CdS NR lattice.*>*%* The EPR of
the Mn:CdS/ZnS NRs (Fig. 4d) only shows a singular hyperfine
peak splitting pattern of 70 G from the core Mn** dopants. The
dismissal of the larger EPR hyperfine splitting (94 G) after shell
coating further proves that the larger and smaller EPR hyperfine
splitting patterns (94 and 73 G) from the Mn:CdS NRs are from
the surface and core Mn”>* dopants, respectively.

Electrochemical properties

To further confirm the role of the long lifetime Mn>" dopant
ions in mediating the efficient electron transport from host CdS
NRs to Pt co-catalysts, the charge transport properties of the
CdS-based NRs were studied by electrochemical impedance
spectroscopy (EIS). The EIS data in the form of a Nyquist plot
(Fig. 5a) show that the Mn>* doped CdS NRs have a smaller
semicircle arc than the undoped CdS NRs. The as-calculated
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values for Rs and R, for CdS are 128.4 Q and 5552 Q, respectively
while for Mn:CdS Ry and R are 161.1 Q and 1372 Q, respec-
tively, which shows a decreased charge transfer resistance for
the CdS-based NRs upon the addition of Mn>* dopants. Further
dramatic reduction of charge transport resistance was obtained
by Pt tipping in the Mn:CdS-Pt NRs with an extremely small
semicircle arc with Ry and R, calculated to be 80.2 Q and 499.9
Q, respectively.

To confirm the effect of the long lifetime dopant ions on the
low charge transport resistance due to the facilitated electron
transport from host semiconductor NRs to Pt NP co-catalysts,
we synthesized CdS NRs with Pt tips but without Mn** dopant
incorporation (i.e., CdS-Pt NRs) in a control experiment (see the
ESIT for the synthesis and characterization of CdS-Pt NRs). The
CdS-Pt NRs have roughly the same diameter and length as the
Mn:CdS-Pt NRs based on XRD and TEM analyses (Fig. S5a and
bt), analogous to the CdS and Mn:CdS NRs. Compared with the
EIS spectra of the CdS-Pt NRs where the calculated Rs and R,
values are 92.6 Q and 508.6 Q, the Mn:CdS-Pt NRs have
a smaller semicircle arc (Fig. 5b and S7at) and a lower R, which
confirms that further facilitated electron transfer from Mn**
dopants to Pt NPs can be achieved. In addition, the band edge
emission lifetime for Mn:CdS-Pt NRs is shorter than that of CdS-
Pt NRs (Fig. 3b and S6bt), showing facilitated electron transfer
upon the addition of Mn>" dopants with a longer PL lifetime in
Mn:CdS-Pt NRs. To further confirm the enhanced electron-hole
separation and charge transport in the Mn:CdS-Pt NRs, photo-
current tests were performed for the CdS-based NRs (Fig. S87).
The transient photocurrent responses increased after the
incorporation of Mn>" dopants in the CdS NRs, and further
significant photocurrent enhancement was achieved after add-
ing Pt NP tips on the Mn:CdS NRs, which is consistent with the
reduced charge transport resistance in Mn:CdS-Pt NRs from EIS
data (Fig. 5a and b).

Cyclic voltammetry (CV) was used to study the bandgap and
thus the suitability of the 1D CdS NR-based photocatalysts for
catalytic water reduction (Fig. 5¢ and S7bt). The position of the
oxidative band (i.e., conduction band) can be measured by
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finding the onset of the current increase during the increase of
the potential on the CV which occurs at ~0.8 V vs. SHE (Fig. 5¢c
and S7bf¥). Based on the bandgap calculated in a Tauc plot from
the absorbance data, the position of the valence band can be
obtained (Table S1t), the CdS-based NRs show a bandgap of
~2.6 eV.

For photocatalytic H, generation by the reduction of water
(gaining electrons), the half reactions and reduction potentials
are shown below in eqn (1) and (2).

H,O(l) — % 0,(g) +2H"(aq) + 26~ E° = +1.23 Vys.SHE (1)

2H"(aq) + 2~ — Ha(g) E° = 0.00 V vs. SHE 2)

The bandgaps of each NR set-up (Fig. 5¢ and S7b¥) are wide
enough to cover the 1.23 eV needed to split water. For the Mn>*
doped NRs, there is an increase in the area under the CV curve
at ~0.8 V and an additional peak at ~1.3 V and ~1.5 V for
Mn:CdS and Mn:CdS-Pt, respectively. This could be attributed
to the presence of the Mn** dopants as the CV measures the
available states for electrons to be added. In the presence of Pt
tips, the peak at ~1.3 V has a slight shift to ~1.5 V which could
be due to the movement of the electrons to the available Fermi
level of Pt.

Photocatalytic H, generation by water splitting

Photocatalytic water splitting experiments were conducted with
the as-synthesized NRs under blue light (405 nm LED) irradia-
tion. Fig. 6a shows the catalytic performance of the 1D CdS NR-
based NRs. The CdS NRs generated 120 mmol of hydrogen gas
over 8 hours (9.4 mmol h™" g™') with an internal quantum
efficiency (IQE) of 0.5% (see the ESIT for the calculation of IQE).
Mn:CdS NRs generated 149 mmol of hydrogen gas over the
same period (19.8 mmol h™" g™') with a greater IQE of 1.0%
(Fig. S97T). A plausible reason for the increase in the photo-
catalytic yields from undoped NRs to the Mn>* doped NRs
comes from the host-to-dopant energy transfer in the Mn:CdS
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(a) Electrochemical impedance spectra (Nyquist plot) of CdS, Mn:CdS, and Mn:CdS-Pt, where Z/ and —Z” are the virtual and real

impedances, respectively. In the inset circuit diagram, R represents the electrolyte resistance, R, represents the charge transfer resistance, and
C represents the capacitance. (b) Magnified impedance spectra area (dotted box of Fig. 4a) highlighting the decrease in impedance from CdS-Pt
to Mn:CdS-Pt. (c) Normalized cyclic voltammetry spectra of CdS, Mn:CdS, and Mn:CdS-Pt NRs.
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Fig.6 (a) Photocatalytic performance of 1D CdS, CdS-Pt, Mn:CdS, and
Mn:CdS-Pt. (b) Recycle test for the Mn:CdS-Pt photocatalytic system.

NRs, which provides excited electrons with longer lifetimes, and
therefore are more accessible to take part in the photocatalytic
reduction reactions. The higher photocatalytic performance of
Mn:CdS NRs than CdS NRs is also consistent with the smaller
charge transport resistance of Mn:CdS NRs from EIS measure-
ments (Fig. 5b).

Upon the addition of Pt tips, the 1D Mn:CdS-Pt NRs show an
excellent overall hydrogen generation with 1658 mmol of H, gas
generated per gram of photocatalyst over 8 hours (287 mmol
h™' ¢, with an IQE of 13.8% (Fig. $971). The enhanced charge
separation is due to the synergistic effect between long lifetime
Mn>" dopants and the following electron transfer to the Fermi
level of Pt (~ps); electrons accumulate in the Pt NP tips for
subsequent photoreduction reactions with an impressive
increase in overall photocatalytic performance. The dramati-
cally increased lifetimes of the Mn>* dopants (~ms) compared
to the fast exciton relaxation (~ns) of the undoped CdS NR
facilities the likelihood of the excited electron to move to the Pt
NPs for photocatalysis.

Recycle tests were also performed to study the stability of the
photocatalysts, in which the photocatalyst was re-collected and
the photocatalytic solution was remade by adding the same
amount of hole scavenger at the same pH (Fig. 6b). An hour-by-
hour recycling reaction using the 1D Mn:CdS-Pt photocatalyst
resulted in a ~94% per cycle yield of hydrogen gas from the
previous hour (i.e., cycle 2's yield was ~94% of cycle 1), and the
photocatalytic efficiency was maintained at ~78% of the initial
performance after five consecutive cycles. The ~6% cycle-by-
cycle loss could be attributed to the wash/cleaning loss of the
samples as well as possible partial photodegradation® of the 1D
Mn:CdS-Pt NRs.

To verify the sources of sample losses, ICP-OES analysis was
performed to measure the concentration of Cd in the super-
natant of the photocatalytic solution during the centrifugation
step between cycles. The trace amount of Cd in the supernatant
should be due to the wash losses of the NRs since it is impos-
sible to recollect all NRs from centrifugation, as well as due to
possible photodegradation during photocatalytic reactions. The
[Cd] from collected supernatants after each cycle test is shown
in Table S2,T which indicates on average ~4.1% sample loss for
each cycle. In addition, the transfer of the NRs to and from the
glass tube could also lead to the loss of a trace amount of NR
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sample (see detailed discussion in the ESIf). Therefore, the
sample losses from wash, transfer, and photodegradation
contribute to the slight decrease of photocatalytic performance
of H, generation per cycle.

Furthermore, a recycle test was also performed over a 30 hour
period in 10 hour cycles to assess the long-term stability of the
system (Fig. S1071). The cycle-by-cycle photocatalytic yields were
93% and 83% in the second and third 10 hour cycles, respec-
tively, indicating good reusability of the 1D photocatalysts.

Discussion
Photocatalytic mechanism of the 1D Mn:CdS-Pt NRs

Fig. 7a illustrates the host-to-dopant energy transfer and
following electron transport to the Fermi level of the Pt co-
catalyst in the 1D Mn:CdS-Pt NR-based photocatalysts for H,
gas generation. The interactions between the long lifetime Mn**
dopants and the Pt NP co-catalyst highlight the critical two-step
charge carrier transport, e., (1) host-to-dopant energy transfer
followed by (2) electron transfer to Pt NPs, which can help
prevent the fast exciton recombination (~ns) and maintain the
charge separated states.

The shorter CdS PL lifetime of the Mn:CdS NRs compared to
that of pristine CdS NRs (Fig. 4b) indicates the host-to-dopant
energy transfer (Step 1). The following electron transfer (Step
2) from Mn:CdS to Pt is demonstrated by the decrease in PL QY
after Pt NP tipping (from 6.7% to 0.9%, Fig. 4a). In addition, the
Mn>" dopant PL lifetime in the Mn:CdS/ZnS type I core/shell
NRs also decreases after adding Pt tips due to electron trans-
fer from Mn>" dopants to Pt NP tips (Fig. 4c). Further evidence
of the two successive steps is demonstrated by the reduced
charge transport resistance and enhanced charge transport
from CdS to Mn:CdS to Mn:CdS-Pt NRs by EIS data (Fig. 5a and
b) and photocurrent results (Fig. S87), respectively. The longer
lifetime Mn>* dopants can function as a bridge between the
light harvesting CdS and active catalytic Pt NPs with a lower
potential Fermi level (by dopant to Pt electron transfer) for
enhanced charge transport, which leads to a greater water
splitting efficiency.

Mn>* dopant concentration-dependent photocatalytic
performance

To further confirm the critical role of Mn** dopants in the
Mn:CdS-Pt NRs, a control experiment of photocatalytic water
splitting using undoped CdS-Pt NRs was also performed.
However, the CdS-Pt NRs generated 551 mmol of H, gas per
gram of photocatalyst over 8 hours (64 mmol h™* g %) (Fig. 6a)
and had an IQE of 3.1%, which is only 22.2% of the yield of
Mn:CdS-Pt NRs (Fig. 6b). In this study, an optimal Mn”>" dopant
concentration was identified as 0.9% in the as-synthesized CdS
NRs.

At higher Mn** concentrations (1.4%), the photocatalytic
yield fell to 81% of the ideal Mn:CdS-Pt NRs (Fig. 7b), which is
due to short-range Mn-Mn interactions, leading to a concen-
tration quenching effect as shown by a broad dipolar EPR peak
without the well-resolved hyperfine peaks (Fig. Siict).

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Schematic representation of the host-to-dopant energy transfer and following electron transport to the Fermi level of the Pt co-
catalyst in the 1D Mn:CdS-Pt NR-based photocatalysts for H, gas generation by water splitting. (b) Photocatalytic performance of the Mn:CdS-Pt
NRs with differing Mn?* doping concentrations. (c) Pt reaction photocatalysis yields for Pt tipping reaction times of 5 to 20 minutes.

Concentration dependent quenching is common at higher
doping concentrations due to the cross-relaxation between Mn-
Mn coupled dopants where the dopants are closer to each
other.***” The concentration quenching effect can also be seen
in the PL lifetime spectra of the Mn>" doped NRs as the Mn** PL
lifetime decreases from 4.1 to 2.9 ms when the Mn>" concen-
tration increases from 0.9% to 1.4% of the corresponding
Mn:CdS/ZnS NRs (Fig. S11b and insetf). In addition, the CdS
band edge PL lifetime also decreases from 3.8 to 1.4 ns as there
are more Mn>" ions providing an alternative relaxation pathway
(Fig. S11a and insett).

At lower Mn** concentrations, there are fewer energy transfer
acceptors in the host-to-dopant energy transfer system in the
Mn:CdS NRs. The lifetime of the Mn®>' PL stays relatively
constant from 4.1 to 4.0 ms when the Mn>" concentration
decreases from 0.9% to 0.4% of the corresponding Mn:CdS/Zn$S
NRs (Fig. S11b and insett). However, with limited Mn>* dopants
available at 0.4% Mn”>" doping concentration, fewer excited
excitons can transfer their energy to Mn”>* dopants, and there-
fore, the photocatalytic yield fell to 15% of the ideal Mn:CdS-Pt
NRs (Fig. 7b). This reduced host-to-dopant energy transfer at
low doping concentration can be seen in the PL lifetime spectra
where the band edge PL lifetime increases from 3.8 to 6.5 ns
when the Mn>" concentration decreases from 0.9% to 0.4% (Fig.
S11la and insett).

Size and number of Pt tip(s)-dependent photocatalytic
performance

Previous work has shown that 1D NRs tipped on both ends
showing an increase in their hydrogen reduction yields
compared to 1D NRs tipped at only one end.*® The Pt co-catalyst
on each end of the NR allows more electrons to transfer to Pt
NPs and also creates active sites on both Pt tips upon which
hydrogen can adsorb onto. Once the electrons have moved to Pt,
they are less likely to leave the Pt NPs and recombine within CdS
as the Pt has a higher work function than the semiconductor
CdS." Therefore, the bridging effect from long lifetime Mn>*

This journal is © The Royal Society of Chemistry 2023

dopant ions is amplified in the presence of Pt (Fig. 7a) as
indicated by the decreased PL QYs (Fig. 3a) and electrochemical
impedance (Fig. 5a).

To control the size and number of Pt tips on 1D NRs, Pt
reaction time-dependent experiments were performed. In
general, the longer the Pt tipping reaction time, the more likely
there will be larger Pt tips as well as Pt co-catalysts forming on
both ends of the NRs while shorter Pt reaction times lead to
smaller Pt tips and on only one end. In a typical 10 min Pt
tipping reaction, dumbbell shaped Mn:CdS-Pt NRs with Pt tip-
ped on each end of the NRs were obtained. When the Pt reaction
time was reduced to 5 minutes, smaller Pt NPs with an average
diameter of 3.2 &+ 0.3 nm (Fig. S12b¥) were obtained and often
only tipped on one end of the NRs (Fig. S12at). The lack of
a dumbbell type NR led to lower photocatalytic performance of
H, generation with 72% of the ideal Mn:CdS-Pt NRs (Fig. 7c and
inset).

When the Pt reaction time was increased to 15 min and
above, an increased Pt NP size (5.4 £+ 0.4 nm under a 15 min
reaction, Fig. S12 c and d}) was obtained. However, greater light
scattering and absorption by the Pt co-catalyst (instead of CdS
NRs) occurred which lowered the light harvesting ability of the
Mn:CdS NRs and consequently, the photocatalytic performance
of the NRs with a Pt tipping reaction time of 15 min was reduced
to 90% of the ideal Mn:CdS-Pt NRs. Further increase of the Pt
tipping reaction time results in a more dramatic decrease in the
H, generation efficiency (Fig. 7c and inset). Therefore, the 1D
Mn:CdS NRs with Pt tips on both ends with a similar diameter
of the NRs are ideal for efficient light harvesting and corre-
sponding photocatalytic water splitting.

Conclusions

We have developed new functional Mn** doped 1D CdS NRs
tipped with Pt NPs (i.e., Mn:CdS-Pt NRs) for photocatalytic water
splitting. The energy transfer from 1D CdS host NRs to long
lifetime bridging Mn>" ions followed by electron transfer to the
hydrophilic Pt tips of the Mn:CdS-Pt NRs limits the fast charge
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recombination in the host CdS NRs, which leads to highly
efficient photocatalysts for H, generation. EIS analysis indicates
lower charge transport resistance after the incorporation of
Mn*" dopants with long lifetimes (~ms) inside CdS NRs due to
the host-to-dopant energy transfer. Further significant decrease
of impedance after the tipped with Pt NPs occurs as a result of
electron transfer from the NRs to the metal NPs. Our rationally
designed 1D Mn:CdS-Pt NR photocatalysts take advantage of the
long lifetime of Mn** dopants (~ms) for efficient charge sepa-
ration and electron transfer, exhibiting ~4.5 times greater
photocatalytic yields of H, generation from water splitting than
undoped CdS-Pt NRs. The functional 1D photocatalysts by
introducing dopants as charge transport bridges provide new
opportunities for facilitated electron transfer of high perfor-
mance photocatalysts.
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