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Noble-Metal-Free Metal Hydroxide Co-Catalyst Coupled Mn(ll)-
Doped CdS Nanorods with Bridged Charge Transport for Enhanced
Photocatalytic Hydrogen Generation

Walker MacSwain,® Xia Hu,t® Rongzhen Wu,° Zhi-Jun Li,° Vanshika Vanshika,” De-Kun Ma,? Ou
Chen,* Weiwei Zheng"+

Clean and renewable energy from sunlight utilization offers significant opportunities for addressing on-going energy and
environmental crises. In this work, Mn(II ) doped 1-dimensional (1D) CdS nanorods (NRs) modified with metal hydroxides
(M(OH)x, M = Ni?*, Co?, and Fe**) were synthesized as noble metal free photocatalysts for hydrogen generation from water
splitting. The incorporation of Mn( I ) dopants inside the CdS NRs with a longer lifetime (¥ms) than that of the host CdS (~ns)
leads to efficient charge separation and subsequent electron transfer, which is more efficient due to the longer lifetime Mn(
II') dopants, to M(OH)x results in higher photocatalytic activity towards water splitting. Interestingly, Ni(OH)2 has the highest
efficiency towards photocatalysis under neutral conditions (2.1 fold increase), while the other M(OH)x (M = Co?* and Fe®*)
decorated NRs utilized higher pH values (>13, 2.9 and 2.2 fold increase, respectively) for increased photocatalysis. This can
be understood through the changing stable phase in a potential/pH diagram (Pourbaix diagram); at higher pH values, the
stable phase of Ni(OH)2 is Ni(OH)s” which has a Coulombic repulsive force lowering the ability of photoexcited electrons to
transfer to the co-catalytic surface for photo-redox reactions. Enhanced charge transport from a small number of Mn(1I)
dopants (~0.9% Mn dopants in a CdS NR) efficiently results in increased photocatalysis for the resulting Mn:CdS-M(OH)x NRs.

Introduction

The ongoing environmental and energy crises require clean,
green energy solutions to alleviate issues stemming from
improper renewable resource utilization. Quantum confined
semiconductor nanocrystals (NCs), such as CdSel3 and CdS*¢,
are often utilized as photocatalysts due to having excellent
optoelectronic properties including large absorption extinction
coefficients in the visible range, size-tunable bandgaps, and
shape-dependent charge polarizations across the unconfined
axis/axes.5? Altering the morphology of a CdS-based
semiconductor, to a 1D CdS nanorod (NR)° (unconfined across
1 axis) or a 2D nanoplatelet (unconfined across 2 axes),!! allows
photoexcited electrons to travel, increasing the possibility of an
exciton diffusing away from its localized hole pair leading to
increased photocatalytic redox activity.'2 However, CdS, like
many other semiconductor NCs, suffers from rapid charge
recombination (~ns) which is both significantly slower than that
of surface reactions (¥ms to s)1315 and has therefore limited
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charge carriers available to partake in photocatalytic redox
reactions.

To overcome this limitation, co-catalysts have been added to
CdS-based hybrid semiconductor nanostructures.® The co-
catalysts can provide electron transfer and/or energy transfer
to Fermi energy level active sites for efficient surface redox
reactions. Common co-catalyst utilization can either come as a
semiconductor such as TiO,16-18 ZnQ19-21 Ce0,2223 etc., or as a
metal such as Pt112425 and Aul’.26.27, etc. Co-catalysts provide
active sites that facilitate the migration and accumulation of
photogenerated electrons and/or holes, thereby enhancing
charge separation, prolonging the lifetime of charge-separated
states, and promoting efficient surface redox reactions.2428-31
The longer the photo-induced charge separation, the greater
the likelihood of the charge carriers being utilized in
photocatalytic redox reactions. Co-catalytic active sites also
enhance stability as photocatalysis on the surface of CdS can
result in photo-degradation and the formation of SO42- on the
surface of CdS which poisons the photocatalyst.32-34

While noble metals have often been reported for their excellent
photocatalytic properties for hydrogen reduction, they are
often extremely expensive which makes their widespread
utilization significantly challenging. Therefore, significant
efforts have been made to replace noble metals with low-cost
alternatives, particularly earth abundant first row transition
metals such as Ni, Co, and Fe.3546 However, first row transition
metals are fairly unstable in their metallic forms and often
undergo oxidation state changes, such as NiZ* to Ni* under
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common photocatalytic conditions. Therefore, one such
solution to controlling the oxidation state is to form more stable
transition metal oxides and/or hydroxides.35-39.41-45 Metal
hydroxides, M(OH)y, offer a low-cost alternative to noble metals
while having a relative inexpensiveness and high electron
transfer ability with hydrogen production
overpotential.37:47-53

Several metal hydroxides such as Ni(OH), and Co(OH), have
been utilized as co-catalysts with CdS-based nanohybrids. A
proposed mechanism is electron transfer from CdS to reduce
the metal of the metal hydroxides (i.e., Ni?* to Ni® metal) for
photocatalysis, followed by regeneration of the metal
hydroxide as the redox active species takes the electron from
the reduced metal.>* Furthermore, Ni(OH), has been noted for
its ability to weaken the H-O bond in water for increased
H, evolution.3%5%55 Additional approaches to utilizing CdS and
Ni(OH)2 nanohybrids are to physically separate the CdS and
Ni(OH)2 NPs with reduced graphene oxide to prevent NP
agglomeration and increase photocatalytic hydrogen
generation.** Ni(OH),/Fe(OH)x OD NPs, (layered double
hydroxides) have been formed on 1D CdS NRs for enhanced
photocatalytic hydrogen generation due to the Fe acting as a
redox mediator for the redox cycle at the Ni active site.*> Cobalt
hydroxides have also been utilized as co-catalysts with CdS with
the co-catalyst providing enhanced photocatalytic hydrogen
generation rates due to its ability to act as an electron acceptor
and active site.5256 |Interestingly, previous work has noted
Co(OH)2 NPs as hole trapping sites in their photocatalytic
systems for CO; reduction.>3 The use of metal hydroxides as co-
catalysts is a desirable field of study due to the relative
abundance of the first row transition metals and hydroxides
coupled with their ability to act as an active site for
photocatalysis. However, generally, lower photocatalytic
performance of Ni(OH), and Co(OH), co-catalyst decorated CdS
occurs when compared to Pt and other noble metals. This likely
is due to 1) stability issues present in transition metals active

low

sites arising from the ease of transition metals having oxidation
state changes, and 2) less efficient electron transfer from CdS to
the co-catalyst when comparing conductive noble metals with
semiconductor transition metal hydroxides.

The use of dopants can offer an additional relaxation pathway
by creating long-lived excitons through host-to-dopant energy
transfer. Mn(ll) dopants introduce discrete atomic energy levels
(4T; and ®A; ) within the band gap of CdS. The spin-forbidden d—
d transition (“T; and 6A;) produces an orange emission centered
at ~600 nm with a long lifetime (~ms),1257-59,61-70 which is closer
to the timescale of surface photocatalytic reactions (“ms—s).12
Mn dopants have also been utilized for energy transfer donors
as Mn(ll) doped NCs wrapped in SiO, were able to interact with
Pt NP co-catalyst by the Mn(ll) dopants transferring energy to
Pt co-catalysts for singlet oxygen generation.’! Based on our
previous study, Mn dopants can act as a bridge between CdS
and Pt, funnelling excitons from CdS to the Pt co-catalyst for
enhanced photocatalytic redox activity.l2 Therefore we
hypothesize that the use of Mn(ll) dopants could also act as a
bridge in noble metal free, earth abundant M(OH)y
photocatalysts, including Mn:CdS-M(OH)x (M = Ni2*, Co?*, Fe3*).

2| J. Name., 2012, 00, 1-3

In this report, we utilized Mn( II') dopants in 1D CdS,NRs which
were then decorated with metal hydroxi@&y; {019 fASRAZK
Co?*, and Fe3*), (i.e., Mn:CdS-Ni(OH),, Mn:CdS-Co(OH),, and
Mn:CdS-Fe(OH)s, respectively), for photocatalysis.
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Scheme 1. Schematic illustration of the excitonic and energy transfer
processes in Mn(ll) doped CdS NRs decorated with M(OH)x (M = Ni%,
Co?*, and Fe3*) for H, generation. It should be noted the Mn?* ions are
oversized for clarity. (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 lifetime) to active sites of M(OH)x (M = Ni?*, Co?, and Fe3*)
for Hz generation from water splitting.

Upon the addition of metal hydroxides to the CdS NRs, the
photocatalytic hydrogen generation under blue light irradiation
increased by 52 times (52.1 vs 1.0 mmol/g/h, pH = 7), 2.5 times
(20.5 vs 8.2 mmol/g/h, pH >13), and 3.1 times (25.4 vs 8.2
mmol/g/h, pH >13) for CdS-Ni(OH),, CdS-Co(OH),, and CdS-
Fe(OH)s, respectively. Aided by the ~1.0 ms lifetime of the
excited electrons associated with the Mn(ll) dopants, adding
M(OH)x to the Mn:CdS NRs further enhanced the photocatalytic
hydrogen yield by 2.1 times (112.0 mmol/g/h), 2.9 times (59.5
mmol/g/h), and 2.2 times (56.1 mmol/g/h), for Mn:CdS-Ni(OH),
(pH =7), Mn:CdS-Co(OH); (pH >13), and Mn:CdS-Fe(OH)s (pH
>13), respectively. The long lifetime of the dopants can increase
charge separation and provide a bridging pathway for efficient
photocatalysis on M(OH)y co-catalysts. To the best of our
knowledge, this is the first report of noble-metal-free M(OH)y
co-catalyst-modified Mn(ll)-doped CdS NRs for photocatalytic
hydrogen evolution, and the first demonstration of Fe(OH); as
an effective co-catalyst in CdS-based hybrid photocatalysts.

Experimental

Chemicals. Cadmium oxide (CdO, 299.0%, 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),
chloroform (99.8 %, Fisher-Scientific)) Mn(Il) acetate
anhydrous (99.99%, Alfa-Aesar), oleylamine (Oam, 70%, Sigma-
Aldrich), oleic acid (OA, 90%, Sigma-Aldrich), 3-
mercaptopropionic  acid (MPA, 99%, Alfa  Aesar),
tetramethylammonium hydroxide (TMaOH, 98%, Alfa Aesar),
sodium hydroxide (NaOH, 98%, Thermo-Fisher), methanol
(299%, VWR), toluene (299.5%, EMD Chemicals), ethanol
(299%, anhydrous, Pharmco), acetone (299.5%, Sigma-Aldrich),
ethyl acetate (299%, ACROS), hexane (99%, EMD), isopropyl
alcohol (IPA 299.5% Sigma-Aldrich), nickel nitrate hexahydrate
(99.9985%, STREM), cobalt nitrate hexahydrate (99%, Thermo-
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Fisher), and ferric nitrate nonahydrate (98.5%, Fisher-
Scientific). Deionized water was used in all experiments. All
chemicals were used as purchased without further purification.
Synthesis of 1D CdS NRs. 1D CdS NRs were synthesized based
on a slightly modified literature reference.’? Cadmium and
sulfur precursor solutions were first prepared separately. The
cadmium precursor solution was prepared by mixing 115 mg
(0.45 mmol) CdO, 415 mg (0.75 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 Ar flow to form a Cd-TDPA complex
indicated by a change in 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 the synthesis of 1D CdS NRs, 3 mL of the room temperature
S-TOP precursor solution was injected into the hot 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, 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 separated from the crude solution
by precipitating the particles with ethanol and centrifuging,
then dispersed in hexane for optical measurements. The
precipitate was further purified once by resuspending the NRs
in toluene and then reprecipitating with ethanol and
centrifuging for the growth of Pt tips.

Synthesis of 1D Mn:CdS NRs. The Mn(II') dopant precursor
(Mn-TOP) was prepared inside a glovebox, where typically, 12
mg (0.04 mmol) of Mn(acetate) anhydrous and 1 mL of TOP
were added to a flask. Then the solution was placed under
vacuum for 30 minutes. The solution was further sonicated right
before use to ensure the Mn(acetate) was fully dissolved.

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

Ligand exchange. To make water soluble NRs, MPA ligand
exchange was performed. 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 5 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 twice by resuspending the NRs in methanol and
then reprecipitating with ethyl acetate and centrifuging.

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of hybrid 1D Mn:CdS-Ni(OH). nanocompgsites.ihe
1D Mn:CdS-Ni(OH), hybrid photocatalysts: Wersosyhthekizey
according to a literature method.3” First, 0.23 mmol of the
ligand exchanged, water soluble CdS NRs were dispersed in 5
mL of 0.05 M NaOH aqueous solution, and then a certain
volume of 0.05 M Ni(NOs), aqueous solution (typically, 1.1 mL,
0.055 mmol; molar ratio between CdS:Ni(OH), 1:0.23) was
added dropwise under stirring. The resulting mixture was
stirred for a certain amount of time at room temperature
(typically one hour). After that, the precipitate was washed
three times with deionized methanol and ethyl acetate.
Synthesis of hybrid 1D Mn:CdS-Co(OH), nanocomposites. The
synthesis of 1D Mn:CdS-Co(OH), hybrid photocatalysts followed
a previously reported method>?2 except the 0.05 M
Ni(NOs)2 aqueous replaced with 0.05 M
Co(NOs); aqueous solution, the typical reaction time is raised to
three hours, and the typical molar ratio is raised to (1:0.25).
Synthesis of hybrid 1D Mn:CdS-Fe(OH)s nanocomposites. The
synthesis of 1D Mn:CdS-Fe(OH)s hybrid photocatalysts followed
the previously mentioned method except the 0.05 M
Ni(NOs), aqueous solution is replaced with 0.05 M
Fe(NOs); aqueous solution, the typical reaction time is two
hours, and the typical molar ratio is changed to (1:0.35).
Characterization. Powder X-ray diffraction (XRD) patterns were
taken on a Bruker D2 Phaser with a LYKXEYE 1D silicon strip
detector using Cu Ka radiation (A = 1.5406 A). Transmission
electron microscopy (TEM) images and high-resolution (HR-
TEM) images were obtained on JEM 2100F (operated at an
accelerating voltage of 200 kV). The UV-Visible (UV-Vis)
absorption measurements were collected on an Agilent Cary 60
The (PL)
measurements were performed with a Horiba FluoroMax Plus

solution is

spectrophotometer. photoluminescence
spectrofluorometer. Time-resolved emission measurements
were conducted using an Edinburgh FLS-980 spectrometer with
a photomultiplier tube (PMT, R928 Hamamatsu) detector. For
NR bandgap PL lifetime measurements, the pulsed excitation
light (365 nm) was used by an Edinburgh EPL-405 pulsed laser
diode operating at a repetition rate of 0.2 MHz. For Mn2*
emission lifetime measurements, the pulsed excitation light
was generated by an uF2 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 Spectrometer (ICP-OES).
photoelectron spectroscopy (XPS) analysis was performed using
a Thermo Scientific KAlpha+ instrument operating on an Al K4
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 ELEXSYSII  E500
spectrometer at a microwave frequency of 9.8 GHz. For
electrochemical measurements, a Gamry Interface 1010E
electrochemical workstation was used, and the measurements
were performed in a three-electrode setup with the sample
electrode as the working electrode, platinum wire as the
counter electrode, and Ag/AgCl (0.1 M NaClOa, Eag/agci = +0.194
V vs. NHE) as the reference electrode. For cyclic voltammetry
measurements (CV), a scan rate of 50 mV/s was utilized over the
range of interest. Electrochemical impedance spectra (EIS) were

emission X-ray

were recorded on a Bruker

J. Name., 2013, 00, 1-3 | 3
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measured in 0.1 M Na;SO4 at 1.2 V vs NHE with an amplitude of
25 mV (frequency: 100 mHz—100 kHz) under ambient lighting
conditions. The electrochemical electrolyte was degassed for 30
min by flushing with high purity argon prior to CV and EIS
measurement. Photocurrent measurements were taken in
water at a neutral pH with constant stirring, and a working
electrode of FTO glass with an area of 2.4 cm? The
concentration of the NRs was kept constant by optical
absorbance spectroscopy, and the light source was blue light
LEDs 405 nm LEDs (Amax = 405 + 15 nm, 0.675 W).

Photocatalytic generation of hydrogen gas. 250 pL (0.009 mg)
MPA-ligand exchanged NRs in distilled water, with a stock
solution absorbance optical density of 26 at the first exciton
peak, were added to a 15 mL glass centrifuge tube with a stir
bar and 2.25 mL distilled water. To each reaction tube, 2.5 mL
of isopropyl alcohol was added as a sacrificial hole scavenger.
When the pH is kept neutral (pH =7), 600 pL of DI water were
added to the reaction tube, when the pH is adjusted to a basic
solution (pH >13), 600 uL of 0.1M NaOH were added to the
reaction tube. The sample solutions were then vacuumed and
refilled with Ar gas. The photochemical reactions were
performed in a photochemical reactor equipped with 405 nm
LEDs (Amax = 405 * 15 nm, 0.675 W) under stirring at 1000 rpm
which was kept at room temperature by using cold water to
prevent heating of the reaction tubes. The volume of the H; gas
generated was collected in a burette and recorded periodically.

Results

Synthesis and Structure of M(OH), (M = Ni?*, Co?*, and Fe3*). In
this study, we synthesized Mn( II ) doped 1D CdS NRs decorated
with M(OH), (i.e., Mn:CdS-M(OH), NRs, M = Ni2*, Co?*, and Fe3*)
to study the role of dopants and co-catalysts on CdS-based
photocatalytic performance. Firstly, 1D Mn:CdS NRs were
synthesized via a hot-injection method by injecting S-precursor
into Cd and Mn-precursor in TOP/TOPO solution at 300 °C. The
undoped CdS NRs were also synthesized for comparison with
the same procedure without adding the Mn precursor in the
reaction. The as-obtained Mn:CdS NRs were then ligand
exchanged to be water soluble with 3-mercaptopropionic acid
and then decorated with M(OH)x through M(NO)x (M = Ni?*,
Co%*, and Fe3*) precipitation in deionized water at room
temperature.

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( II ) doped CdS NRs, as well as
the Mn:CdS-Ni(OH), indicates hexagonal phase 1D CdS NRs
(Figure 1a). The (002) diffraction peak is more intense when
compared with the standard hexagonal CdS XRD pattern,
indicating cylindric growth of non-spherical NCs along the [001]
direction (perpendicular to the (002) plane). After adding
Ni(OH); to the surface of the Mn:CdS NRs, new XRD peaks are
present at 19.2°, 33.4°, ~38.7°, and 59.4° which can be assigned
as the (001), (100), (101), and the (102) planes of Ni(OH),,
respectively (Figure 1a) indicating successful growth of Ni(OH),
on the Mn:CdS NRs. The XRD patterns of M(OH)x (M = Co?* and
Fe3*) co-catalyst modified NRs are shown in Figure S2a. After
adding either Co(OH), or Fe(OH)s to the surface of the Mn:CdS

4| J. Name., 2012, 00, 1-3

NRs, however, no significant new XRD peaks are present.- Jhis
might be due to the small amount of cole@tal)IPEFRWRHBPEERE
NRs; a similar lack of XRD patterns are present in previous
reports of Co(OH), and Fe(OH)s (Figure S2a).73-76

The TEM images (Figure 1b and c) of the as-synthesized
samples show CdS and Mn:CdS to be 1D cylindrical NRs with
average diameter of 4.1 £ 0.5 nm and 4.0 + 0.5 nm, and an
average length of 65 + 10 nm and 65 + 10 nm, respectively
(Figure S1). Based on the TEM images and histogram analysis
(Figure S1) there is no significant difference in either the
diameter and/or the length of the NRs with the addition of Mn(
II ) dopants. The TEM image of Mn:CdS-Ni(OH), indicates the
growth of the Ni(OH); islands on the surface of the Mn:CdS NR
(Figure 1d and e). The HR-TEM image of the Mn:CdS-Ni(OH),
(Figure 1f) shows a lattice fringe of 0.33 nm from the CdS NR,
consistent with the (100) plane of hexagonal CdS, while the
Ni(OH), shows a lattice fringe of 0.23 nm consistent with the
(101) plane of Ni(OH),. Due to the growth of Ni(OH), onto the
surface of the CdS NRs, the NRs are less uniform in diameter
with a larger size distribution (4.0 £ 1.0 nm).

, N _-gf"“i\ &

¥

\\« =N\ |
Mn:CdS \ l“w \“\: S‘N
g\_\_,,,,/ - i
. lll // //‘;”,, bt
€z 5z 23500 2
Ef il 2 \\'lﬁ//ﬁ
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®0 ’?:'/ ﬁ
26 ‘_ .JI“-{:—:- l\.s":_:

Figure 1. a) The x-ray diffraction (XRD) patterns for the CdS, Mn:CdS,
and Mn:CdS-Ni(OH)2 NRs. The presence of Ni(OH)2 on Mn:CdS is
indicated by a (%). b) TEM image of CdS NRs, c) TEM image of Mn:CdS
NRs, and d) TEM image of Mn:CdS-Ni(OH)z2 NRs. e) HR-TEM image of
Mn:CdS-NI(OH). showing the growth of Ni(OH), on the Mn:CdS NRs
showing the lattice fringes of CdS (0.33 nm [002] plane of CdS) and
Ni(OH)2 (0.23 nm [101] Ni(OH)z2). The dotted lines added to draw the
viewer’s eye.

The TEM images of Mn:CdS-M(OH)y (M = Co?* and Fe3*) indicate
successful growth of M(OH)x (M = Co?* and Fe3*) on the surface
of the Mn:CdS NRs (Figure S2c and b). The TEM and HR-TEM
images indicate the successful growth of M(OH)x (M = Co?* and
Fe3*) as a clear lattice fringe of 2.3 A and 2.4 A for Co(OH), and
Fe(OH)s, respectively can be observed (Figure S2d and e)
corresponding to the (101) planes of both Fe(OH)3 and Co(OH);
(Figure S2a). The presence of the CdS (3.3 A) NRs is also
indicated by the HR-TEM lattice fringe for each sample further

This journal is © The Royal Society of Chemistry 20xx
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suggesting successful Mn:CdS-M(OH)x (M = Co?* and Fe3*)
formation.

ICP-OES measurements determined the concentration ratio
between Niand Cd for Mn:CdS-Ni(OH), NRs and, a proxy for the
concentration of Ni(OH), and CdS, to be 0.11:1 indicating that
roughly half the Ni(NOs),is converted to Ni(OH), and that
Ni(OH); is present with the CdS NRs (Table S1). Similar
conversion trends are observed for Mn:CdS-Co(OH), and
Mn:CdS-Fe(OH)s NRs with measured ratios of 0.12:1 and 0.16:1
for Co(OH), and Fe(OH)s, respectively on Mn:CdS NRs also
indicating that Co(OH), and Fe(OH)s were successfully formed
(Table S1). ICP measurements indicate the same Mn(ll) doping
efficiency (0.9% Mn dopants) in the M(OH)x (M = Ni?*, Co%*, and
xFe3*) co-catalyst decorated Mn:CdS NRs, which corresponds to
~107 Mn( I ) ions per NR.

The survey XPS spectrum (Figure S3a) of the Mn:CdS NRs shows
distinct peaks for Cd 3d, S 2s, and Mn 2p, with the Cd 3d peaks
at 406.0 eV (3ds;) and 412.8 eV (3ds.2) (Figure S3e), the S 2p
peaks at 162.4 eV (2ps/;) and ~163 eV (2p1/2) (Figure S3f), and
the Mn(ll) dopant peak at 652.3 eV (2pis) (Figure S3g),
consistent with the literature reported values.””7 Mn:CdS-
M(OH)x NRs (M = NiZ*, Co?*, and Fe3*) have similar peaks present
for Mn, Cd, and S (Figure S3e, g, and f). The Mn:CdS-Ni(OH), NRs
have new peaks present from Ni(OH), with 2p peaks at 861.3 eV
and 855.7 eV (2ps/2) and 878.1 and 873.4 eV (2p1/2) (Figure S3b),
the Mn:CdS-Co(OH), NRs have new peaks present from Co(OH),
with 2p peaks at 789.3 eV and 782.1 eV (2p3/2) and 807.1 and
799.8 eV (2p1/2) (Figure S3c), and the Mn:CdS-Fe(OH)s NRs have
new peaks present from Fe(OH)s with 2p peaks at 789.3 eV and
782.1 eV (2ps3s2) and 807.1 and 799.8 eV (2p1,2) (Figure S3d),
which are consistent with literature reported values.”882 The
Mn, Cd, and S peaks exhibit a small peak shift (0.5+0.1 eV for
Mn 2p1/, 0.3+0.1 eV for Cd 3ds/; and 3ds/,, and 0.2+0.1 eV for S
2ps/2) when comparing the Mn:CdS NRs with the M(OH)x (M =
Ni2*, Co?*, and Fe3*) decorated Mn:CdS NRs, which indicates that
the electrons in both the CdS host CB and the Mn?* dopant
energy level are interacting with the M(OH)x (M = Ni2*, Co2*, and
Fe3*). As the distance between the Cd 3ds;; and Cd 3ds/, peaks
stays consistent at 6.8 eV, this is further indication that
electrons are transferring from the Mn:CdS NRs to the noble
metal free M(OH)x (M = Ni2*, Co%*, and Fe3*) co-catalysts.12
Optical properties. Figure 2a shows the absorption (dotted
lines) and emission (solid lines) spectra of the 1D CdS, Mn:CdS,
Mn:CdS-Ni(OH),;, Mn:CdS-Co(OH),, and Mn:CdS-Fe(OH)s NRs.
The first exciton absorption peak for all NRs is at ¥470 nm from
CdS, corresponding to a 2.6 eV bandgap. For CdS and Mn:CdS
NRs, the CdS bandgap PL is at 480 nm and a broad defect
emission peak centered around ~650 nm is also present, with
PL QYs of 6.3% and 7.4%, respectively. There is no clear Mn( Il )
emission (~¥600 nm) present in the Mn:CdS NRs, which might be
due to the large amount of surface trapping states considering
the large surface to volume ratio of a 1D NR. The PL for Mn:CdS-
Ni(OH)2, Mn:CdS-Co(OH),, and Mn:CdS-Fe(OH)s; does not have a
clear emission showing the electron transfer from Mn:CdS to
M(OH)x (M = NiZ*, Co%*, and Fe3*) and PL QY decreases to <1%
for each NR as well (Figure 2a).
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The lifetimes for the CdS band edge PL at ~480 nm.of theNRs
are shown in Figure 2c: 5.6 ns for CdS, 4.9/$ f6r MH-CdS\0B&BAs
for Min:CdS-Ni(OH),, 2.6 ns for Mn:CdS-Co(OH),, and 2.8 ns for
Mn:CdS-Fe(OH)s NRs (Figure 2c and Table S1). To reveal if there
is direct electron transfer from Mn dopants to M(OH)x co-
catalysts, the lifetimes for the M(OH)x decorated undoped NRs
(i.e., CdS-M(OH)x (M = Ni?*, Co%*, and Fe3*) were measured,
which show lifetime of 3.6 ns for CdS-Ni(OH),, 4.2 ns for CdS-
Co(OH)3, and 4.3 ns for CdS-Fe(OH)s (Figure S4 and Table S1, see
SI for information on synthesis and characterization details).
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Figure 2. a) The absorption (dotted line) and emission (solid line) spectra
for the CdS, Mn:CdS, Mn:CdS-Ni(OH)2, Mn:CdS-Co(OH)2, and Mn:CdS-
Fe(OH)s NRs. b) EPR spectra of the 0.6%, 0.9%, and 1.2% Mn doped CdS
NRs showing two sets of hyperfine peak splitting values with 96.2 G for
surface Mn and 76.4 G for core Mn. c) Band edge PL lifetime emission
spectra for CdS, Mn:CdS, Mn:CdS-Ni(OH);, Mn:CdS-Co(OH)z,
Mn:CdS-Fe(OH)s NRs. d) PL Mn lifetime emission spectra for core/shell
Mn:CdS/ZnS and Mn:CdS/ZnS-Ni(OH)2 NRs.

Compared with undoped CdS NRs, the shorter band-edge PL
lifetime observed for Mn:CdS NRs (5.6 ns vs 4.9 ns, Figure 2c) is
attributed to host-to-Mn(ll) dopant energy transfer, which
introduces an  additional relaxation  pathway for
photogenerated charge carriers (Scheme 1). There is a further
decrease in the band edge PL lifetime when comparing the
M(OH)x decorated undoped CdS NRs (3.6 — 4.3 ns) with the
lifetimes of their Mn doped counterparts (1.9 — 2.8 ns), which
suggests the additional Mn(Il) to M(OH)x (M = Ni%*, Co?*, and
Fe3*) relaxation pathway by electron transfer (Figure 2c and
Table S2). Therefore, the Mn( I ) dopants with longer PL lifetime
(Figure 2d and S6) could enhance the electron transfer from the
1D CdS NRs to Ni(OH),.

Mn(II) dopants play an important role in the photocatalytic
yields of the hybrid nano-photocatalysts (see further discussion
of Mn(Il') dopant concentration dependent photocatalytic

and
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performance in Discussion section). The presence of Mn(1II)
dopants within the CdS host lattice was also confirmed by X-
band EPR spectroscopy (Figure 2b). In the Mn:CdS NRs, there
are two sets of six-peak hyperfine splitting patterns with
hyperfine constants (A) of 96.2 and 76.4 G, corresponding to the
Mn(II) ions on the surface and the core of the CdS lattice,
respectively. As the ICP measured concentration of the Mn( II)
dopants increases from 0.9% to 1.2% (Figure 2b) the hyperfine
peaks splitting patterns are less pronounced and eventually lost
due to the concentration quenching effect.83-8>

To better observe the Mn dopant emission (~600 nm) and
determine the lifetime of the excited electrons associated with
Mn(II) dopants, control experiments of a ZnS surface
passivated Mn:CdS NRs and Mn:CdS/ZnS-Ni(OH)> NRs were
performed to remove surface defects and therefore the broad
surface defect emission (~¥650 nm). The resulting core/shell
Mn:CdS/ZnS NRs show a clear Mn( II ) dopant emission at ~600
nm (Figure S5a), however, the emission profile is gone upon the
addition of Ni(OH), (Figure S5a, see S| for information on
synthesis and characterization details).

The Mn(II) emission lifetime from the Mn:CdS/ZnS core/shell
NRs is ~1.0 ms, which decreases to ~0.2 ms upon Ni(OH),
decoration in the Mn:CdS/ZnS-Ni(OH), NRs (Figure 2d). The
pronounced decrease in Mn(ll) emission lifetime upon
deposition of Ni(OH), indicates electron transfer from Mn(ll)
dopant states to the co-catalyst in the hybrid nanostructures. A
similar charge-transfer pathway is expected for Co(OH),- and
Fe(OH)s-decorated Mn:CdS NRs. In addition, after ZnS shell
coating, only a singular hyperfine peak splitting pattern is
observed of 68 G from the core Mn( II ) dopants was observed
(Figure S5b), which proves the smaller EPR hyperfine splitting
(76.4 G) arising from the core Mn( II') ions in CdS NRs.
Electrochemical properties. The charge transport resistance is
a facsimile for the availability of electrons to participate in
photocatalytic redox reactions, and therefore, the charge
transport properties of the as-synthesized CdS, Mn:CdS, and
Mn:CdS-M(OH)x (M = NiZ*, Co?*, and Fe3*) NRs were studied by
electrochemical impedance spectroscopy (EIS). In the EIS
spectra, the smaller the semicircle arc, the better the potential
for photocatalysis. As shown in Figure 3a, the Mn:CdS NRs have
a smaller semicircle arc than CdS, demonstrating decreased
charge transfer resistance for Mn:CdS NRs compared to CdS
NRs, suggesting that the long-lived Mn( II ) dopants are altering
the charge recombination dynamics and allowing more
electrons to participate in photocatalysis.

For comparison, Mn(II) doped and undoped CdS NRs
decorated with M(OH)x (M = Ni?*, Co?*, and Fe3*) were
synthesized and the corresponding EIS plots are shown in Figure
3b. Further reduction of the charge transport resistance
(smaller semicircle arc) was obtained by the growth of M(OH)y
islands on the Mn:CdS NRs (Figure 3a and b), with a general
trend of Ni(OH), < Co(OH); < Fe(OH); showing that NiOH), is
expected to give the largest photocatalysis followed by Co(OH),
and then Fe(OH)s. Furthermore, decreased charge transport
resistance from Mn:CdS-M(OH), (M = Ni?*, Co?*, and Fe3*) NRs
suggests that the Mn(ll) dopants can interact with M(OH)x co-
catalysts for enhanced photocatalysis. The as-calculated values

6 | J. Name., 2012, 00, 1-3

for Rs and Re for the NR photocatalysts (Table $3), showsthe
decreased charge transfer resistance fdtOth'® CdS/BabePNRS
upon the addition of Mn( II ) dopants.

Cyclic voltammetry (CV) was used to study the bandgap of each
photocatalyst and thus the suitability of the 1D CdS NR-based
photocatalysts for catalytic water reduction (Figure S6). The
position of the conduction band can be measured by finding the
onset of the current increase on the CV which occurs at ~-0.8 V
vs NHE (Figure S6). Based on the calculated bandgap from the
absorbance data, the position of the conduction band can be
obtained; the CdS-based NRs show a bandgap of ~2.6 eV
consistent with the absorption data in Figure 2a.
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Figure 3. a) EIS spectra for CdS, Mn:CdS, CdS-M(OH)x (M = Ni?*, Co?, and
Fe3*), and Mn:CdS-M(OH)x (M = Ni%*, Co?, and Fe3*) NRs. b) Zoomed in
EIS spectra for the CdS-M(OH)x (M = Ni?*, Co?*, and Fe?*), and Mn:CdS-
M(OH)x (M = Ni?*, Co?, and Fe3*) NRs. c) Photocurrent measurements of
CdS, Mn:CdS, and their corresponding co-catalyst M(OH)x (M = Ni?,
Co?*, and Fe3*) decorated NRs.

There is not a significant change in the CV upon the addition of
M(OH)x (M = Ni2*, Co?*, and Fe3*) suggesting that the bandgap
remains consistent at ~2.6 eV, further confirmed by the
absorption data in Figure 2a and Figure S4a. Therefore, the
bandgaps of each CdS-based NR (Figure S6) are wide enough to
cover the 1.23 eV needed to split water and generate hydrogen
gas. For the Mn( II ) doped NRs, there is an increase in the area
under the CV curve at ~0.8 V; this could be attributed to the
presence of the Mn2* dopants as the CV measures the available
states for electrons to be added. The M(OH)« NRs have a peak
atroughly -0.4V, -0.5V, and -0.7 V for the Ni(OH),, Co(OH),, and
Fe(OH)s decorated NRs, respectively, which can be attributed to
the reduction process of forming Ni(0), Co(0), and Fe(0) metal,
respectively.76,86-89

Photocurrent measurements were performed for the CdS-
based NRs (Figure 3c). The transient photocurrent responses

This journal is © The Royal Society of Chemistry 20xx
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increased after the incorporation of Mn(II') dopants into the
CdS NRs; there was a further significant photocurrent
enhancement after M(OH)x (M = Ni%*, Co?*, and Fe3*)
decoration. This enhancement of the photocurrent response is
consistent with the shorter band edge PL lifetime (CdS > Mn:CdS
> Mn:CdS-M(OH)x (M = Ni?*, Co?*, and Fe3*)) (Figure 2c) showing
additional electron relaxation pathways to the dopants and co-
catalyst. The photocurrent responses also follow a general
trend of Ni(OH); > Co(OH), > Fe(OH)3 in the Mn(II ) doped and
undoped CdS NRs and is also consistent with the reduced charge
transport resistance in Mn:CdS-M(OH)x (M = Ni2*, Co?*, and Fe3*)
NRs from the EIS data (Figure 3a and b).

Photocatalytic H, Generation by Water Splitting.
Photocatalytic hydrogen generation from water splitting
experiments were conducted with the NRs under blue light LED
(Amax = 405 = 15 nm, 0.675 W) irradiation at room temperature
with a neutral pH (pH = 7). Figure 4 shows the catalytic
performance of the 1D CdS NR-based NRs. The CdS NRs
generated 0.8 mmol/g/h of hydrogen gas, while the Mn:CdS
NRs did not show notable hydrogen generation enhancement
(1.0 mmol/g/h) under the same reaction conditions. This can be
explained by the isolated Mn(Il) dopants which are 1) not
always on the surface of the CdS NRs (see EPR Figure 2b) and 2)
the small portion of surface Mn( II ) dopants could not provide
enough active sites for water hence
photocatalysis.

Upon the addition of M(OH)x (M = Ni?*, Co%*, and Fe3*) co-
catalysts, significant enhancement of the photocatalysis was
achieved compared to the Mn:CdS NRs (1.0 mmol/g/h) of 108.2,
17.3, and 13.6 mmol/g/h of hydrogen generation for 1D
Mn:CdS-Ni(OH),;, Mn:CdS-Co(OH),, and Mn:CdS-Fe(OH)s NRs,
respectively. In addition, without Mn( Il ) dopants 52.1, 11.0,
and 4.0 mmol/g/h of hydrogen gas were generated from the
CdS-Ni(OH),, CdS-Co(OH),, and CdS-Fe(OH)s NRs, respectively.
Generally, the NRs follow a consistent trend of Ni(OH), >
Co(OH); > Fe(OH)3 when comparing the Mn(Il) doped NRs with
their undoped counterparts (i.e., Mn:CdS-Ni(OH), vs CdS-
Ni(OH)2); enhanced photocatalysis observed from the Mn(ll)
doped and/or co-catalyst decorated NRs is consistent with
decreased charge transport resistance as measured in the EIS
spectra (Figure 3a and b). Therefore, enhanced hydrogen
generation arises from the synergistic effect between long
lifetime Mn( I ) dopants (¥ms) (Figure 2d) and electron transfer
to the co-catalyst resulting in electrons accumulating on the
M(OH)y islands for subsequent photo-redox reactions.

Recycle tests were also performed to study the stability of the
photocatalysts, in which the photocatalyst was re-collected and

molecules, lower

the photocatalytic solution was remade by adding the same
amount of hole scavenger at the same pH (Figure 4b). The hour-
by-hour recycling reaction using the same 1D Mn:CdS-Ni(OH),
photocatalyst revealed a stable ~95% performance of the
previous photocatalytic result. The photocatalytic efficiency
was maintained over the course of three cycles, highlighting the
photostable recyclability for the photocatalyst. Recycle tests for
Mn(Il) doped CdS NRs decorated with M(OH)x (M = Co%* and
Fe3*) were also performed (Figure 4d and f). The M(OH)x (M

This journal is © The Royal Society of Chemistry 20xx
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= Co?* and Fe3*) decorated NRs show limited stability,duringthe
recycle tests which might be due to th®llirited/ SEbilit{sof
Co(OH); and Fe(OH)s in neutral pH during the sample cleaning
and recycling processes (see effect of pH in the Discussion
section).
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Figure 4. a) Average hydrogen generation of the Mn:CdS-Ni(OH)2 NRs in
mmol/g/h. Photocatalytic hydrogen generation of b) CdS, Mn:CdS, CdS-
Ni(OH)2, and Mn:CdS-Ni(OH)z, c) CdS-Co(OH)2 and Mn:CdS-Co(OH)., and
d) CdS-Fe(OH)s and Mn:CdS-Fe(OH)s at neutral pH with differing Mn
doping concentrations shown as % of Mn atoms per CdS NR. Recycle
test for the e) Mn:CdS-Ni(OH)2 NRs, f) Mn:CdS-Co(OH). NRs, and g)
Mn:CdS-Fe(OH)s NRs over three one-hour cycles.

Discussion

Photocatalytic Mechanism of the 1D Mn:CdS-M(OH)x Hybrid
NRs. Figure 5a illustrates the host-to-dopant energy transfer
and following electron transport to the M(OH)x co-catalyst in
the 1D Mn:CdS-M(OH)x (M = Ni2*, Co?*, and Fe3*) NRs for
photocatalytic H, gas generation under blue light excitation.
The interactions between the long lifetime Mn( I ) dopants and

J. Name., 2013, 00, 1-3 | 7


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta08886k

Open Access Article. Published on 26 January 2026. Downloaded on 1/31/2026 12:57:12 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

Journal of-Materials'Chemistry A

the M(OH)x (M = Ni?*, Co?*, and Fe3*) co-catalyst demonstrates
the two-step nature of the charge carrier transport. Firstly, the
CdS absorbs light (Figure 2a) from the photoreactor, then Step
1 host-to-dopant energy transfer occurs creating long-lived
lifetimes of the excitons (ms) on the Mn(ll) dopants. Step 2
follows where electron transfer from either the host CdS (ns) or
Mn(II') dopants (ms), though likely more the Mn( Il ) dopants
due to the difference in photocatalytic hydrogen generation
(Figure 4a, c, and d) and lifetime (Figure 2c, Figure S4b, and
Table S2), to the co-catalyst M(OH)y (M = Ni?*, Co?*, and Fe3*) for
more efficient photocatalysis due to an increase in the lifetimes
of the charge separated states.

The shorter CdS PL lifetime of the Mn:CdS NRs compared to that
of pristine CdS NRs (Figure 2c and Table S2) indicates the host-
to-dopant energy transfer (Step 1). The following electron
transfer (Step 2) from Mn:CdS to M(OH)x (M = Ni?*, Co%*, and
Fe3*) is demonstrated by the decrease in PL QY after M(OH)x (M
= Ni?*, CoZ*, and Fe3*) decoration (Figure 2a). In addition, the
Mn(II') dopant PL lifetime in the Mn:CdS/ZnS type | core/shell
NRs also decreases after growth of Ni(OH), co-catalyst due to
electron transfer from Mn(II') dopants to Ni(OH), (Figure 2d).
Further evidence of two successive steps is demonstrated by
the reduced charge transport resistance and enhanced charge
transport from CdS to Mn:CdS to Mn:CdS-M(OH)x (M = Ni2*,
Co?*, and Fe3*) NRs by EIS data (Figure 3a and b) and the
photocurrent results (Figure 3c), respectively.

The longer lifetime Mn(II) dopants function as a bridge
between the light harvesting CdS and active site co-catalytic
M(OH)x (M = Ni?*, Co%*, and Fe3*) (by dopant to M(OH)x (M =
Ni2*, Co%*, and Fe3*) electron transfer) for enhanced charge
transport, which leads to a greater hydrogen generation
efficiency. The positions of the band edges of CdS, Mn2+
dopants, and the metals Ni(0), Co(0), and Fe(0) (generated from
the respective reduction of M(OH)y (M = Ni2*, Co?*, and Fe3*),
see below) are more negative vs NHE than the reduction
potential of water,>0-°1.76.88-92 where these energy band levels
are in a down-stepping structure moving the electrons to the
M(OH)x (M = Ni2*, Co2*, and Fe3*) for photocatalytic hydrogen
generation from water splitting (Figure 5a).

Previous reports propose that Ni(OH), undergoes self-reduction
during photocatalysis to form isolated Ni(0) atoms/small
clusters on the surface of the CdS NR.3%51 These isolated Ni(0)
species act as active sites for hydrogen evolution while Ni(OH),
improves the mass transport of H,O to the self-reduced
Ni(0).5951 This process has also been reported for Co(OH),°2and
in this first report of Fe(OH); co-catalyst utilization in CdS-based
photocatalysts, a similar photocatalytic mechanistic reduction
of Fe(OH); to Fe(0) is proposed. Therefore, during
photocatalysis, reduction of the co-catalyst M(OH)y (M = Ni?*,
Co%*, and Fe3*) to the metallic form occurs in situ before
photocatalytic interaction with hydrogen in solution (Figure 5a).
It should be noted that at the interface between the CdS
and the M(OH)x co-catalyst,
equilibration leads to the formation of a Schottky barrier,
inducing interfacial band bending and charge redistribution.
This interfacial effect promotes efficient charge separation and
suppresses recombination of photogenerated carriers.

semiconductor Fermi-level
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Effect of pH. The photocatalytic performance of,the, Ni(©H)2
decorated NRs (Figure 4a) follow the obs@e & tHetrde IV ERS &S
spectra (Figure 3b) and PL lifetime (Figure 2c and S6), where the
greatest expected photocatalytic performance is expected from
Mn(Il) doped CdS NRs decorated with Ni(OH),, then Co(OH),,
and Fe(OH); followed by undoped CdS NRs decorated with
Ni(OH),, then Co(OH),, and Fe(OH)s. However, the Mn:CdS-
M(OH)x (M = Co%* and Fe3*) NRs had lower photocatalytic
hydrogen generation than CdS-Ni(OH), (Figure 4), which is
inconsistent with the EIS spectra (Figure 3b) and PL lifetime
(Figure 2c and S6). To understand these observed results, pH
dependent photocatalysis of the ideal 0.9%Mn(ll) doped CdS
M(OH)x (M = Ni%*, Co?*, and Fe3*) co-catalyst decorated NRs
were measured (Figure 5b).

The highest rate of photocatalysis for the Mn:CdS-Ni(OH), NRs
was at a neutral pH (pH = 7) (Figure 5c), while the highest rate
of photocatalysis for the Mn:CdS-Co(OH), (Figure 5d) and
Mn:CdS-Fe(OH)s NRs (Figure 5e)was at a basic pH >13 (Figure
5b). A likely explanation for pH-dependent performance is due
to the forms of the M(OH)x (M = CoZ* and Fe3*) are a function of
pH, shown in Pourbaix diagram(s) (Figure 5f, g, and h).%4%7
Figure 5f shows the thermodynamically favorable states of
Ni(OH), as a function of potential (V) vs NHE and pH.949699 As
the pH grows more basic, the form of Ni(OH), that is most stable
changes from Ni2*, to Ni(OH),, to Ni(OH)s as the pH changes
from acidic (pH = 4), to neutral (pH = 7), to basic (pH > 13) (Figure
5f). However, for Co(OH); and Fe(OH)s, the stable form is either
FeZ* or CoZ*, respectively in acidic (pH = 4) or neutral (pH = 7)
conditions, while at more basic conditions (pH > 13), the metal
hydroxide is formed for Fe(OH)s and Co(OH),, respectively
(Figure 5g and h).

Therefore, the as-observed trends in Figure 4a, ¢, and e can be
explained by the forms of the transition metal compounds. Both
Ni2+ 100,101 and Ni(OH)237,44,49,86

photocatalytic hydrogen generation. However, Ni(OH)s™ has a

are known to undergo

negative change and would likely have Columbic repulsion
towards any photoexcited electron from Mn:CdS resulting in
lower photocatalysis. As the stable form of Fe(OH)s; and Co(OH)>
at all pH values is either the transition metal cation or metal
hydroxide, there is no Columbic repulsion of photoexcited
electrons. Since IPA hole scavenging is best at basic
conditions92, the greatest photocatalytic enhancement for
Mn:CdS-Co(OH), and Mn:CdS-Fe(OH)3 can occur at basic
conditions. Crucially, the lack of a Columbic repulsive force on
the metal hydroxide co-catalyst allows for more efficient
electron transfer. This could also explain the lack of recycling
stability for the M(OH)x (M = Co%* and Fe3*) NRs as during the
cleaning process, the solutions return to a neutral pH which
could start the formation of side products and poison the
photocatalyst (Figure 4d and f).

This journal is © The Royal Society of Chemistry 20xx
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Figure 6a shows the catalytic performance of the Co(OH), NRs
for photocatalytic hydrogen generation from water splitting
while Figure 6b shows the catalytic performance of the Fe(OH)3
NRs. Under basic conditions, CdS generated 8.2 mmol/g/h of
hydrogen gas, Mn:CdS generated 9.8 mmol/g/h of hydrogen
gas. As IPA hole scavenging is more efficient under basic
conditions0?, the likelihood of Columbic forces preventing
photocatalysis are lessened and therefore, the longer-lived
lifetimes arising from Mn(ll) dopants can perform better for the
Mn:CdS NRs, contrasting with the poor performance of the
Mn(ll) doped and undoped CdS-based NRs at neutral conditions
(Figure 4a).

a b
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Figure 6. a) Photocatalytic hydrogen generation of CdS, Mn:CdS, CdS-
Co(OH)2, and Mn:CdS-Co(OH). under basic conditions (pH >13) with
differing Mn doping concentrations shown as % of Mn atoms per CdS
NR. b) Photocatalytic hydrogen generation of CdS, Mn:CdS, CdS-
Fe(OH)s, and Mn:CdS-Fe(OH)s under basic conditions (pH >13) with the
Mn doping concentrations shown as % of Mn atoms per CdS NR.
Average hydrogen generation of the c) Mn:CdS-Co(OH); and d) Mn:CdS-
Fe(OH)sz NRs in mmol/g/h, color coded with the results in a) and b).

At basic pH (>13), the 1D Mn:CdS-Co(OH)> NRs show an
improvement of 3.4 times in overall hydrogen generation when
compared with the neutral pH Mn:CdS-Co(OH), NRs (59.5
mmol/g/h vs 17.3 mmol/g/h) (Figure 4c and 6a). The 1D
Mn:CdS-Fe(OH)s NRs, show an enhanced photocatalytic
hydrogen generation of 4.1 times greater than Mn:CdS-Fe(OH)s
at neutral pH (56.1 vs 13.6 mmol/g/h) (Figure 4d and 6b).

Notably, at higher and lower [Mn(ll)] dopants, the

View Article Online
DOI: 10.1039/D5TA08886K

photocatalytic efficiency is decreased for Mn:CdS-Co(OH), and
Mn:CdS-Fe(OH)s at both neutral and basic pH (Figure 4c and d
and Figure 6a and b). The consistent photocatalytic hydrogen
trends for the Mn(ll) dopant concentration dependent
photocatalysis (see discussion of Mn(ll) dopant concentration
photocatalysis) between neutral and basic pH suggests that the
Mn(ll) dopants can act efficiently as a bridge regardless of pH.
Therefore, any changes in photocatalytic hydrogen generation
rate are dependent upon the co-catalyst surface consistent with
the explanation offered from the Pourbaix diagrams (Figure 5f,
g, and h).

The increased photocatalytic hydrogen generation for Mn:CdS-
Co(OH); and Mn:CdS-Fe(OH)s upon changing the pH (Figure 5b)
from neutral to basic demonstrates the importance of
controlling the form of first row transition metal compounds
(Figure 5c¢, d, and e). At pH values where the M(OH)y is positive
or neutrally charged from the Pourbaix diagrams (Figure 5f, g,
and h), higher photocatalytic hydrogen generation is observed
consistent with photocatalytic trends observed for Mn:CdS-
Ni(OH), (Figure 4a), Mn:CdS-Co(OH), (Figure 4c and 6a), and
Mn:CdS-Fe(OH); (Figure 4d and 6b).

Mn(ll) Dopant Concentration-Dependent Photocatalytic
Performance. The role of Mn( Il ) dopants acting as a bridge
between CdS and M(OH)y (M = Ni2*, Co?*, and Fe3*) was further
elucidated by comparing the impact of Mn(II) doping
concentration on the CdS NRs. First, a control experiments to
determine the photocatalytic hydrogen generation of undoped
CdS-M(OH)x (M = Ni2*, Co?*, and Fe3*) NRs was performed, with
52.1, 20.3, and 25.4 mmol/g/h of H, gas generated on CdS-
Ni(OH) (Figure 4a, pH 7), CdS-Co(OH), (Figure 6a, pH 13), and
CdS-Fe(OH)s NRs (Figure 6b, pH 13), respectively. To further
reveal the Mn doping concentration-dependent performance of
the hybrid catalysts, we also investigated the Mn doping
concentration-dependent photocatalysis for Mn:CdS-M(OH)x
for [Mn] between 0.6% and 1.2%. The maximum hydrogen
generation vyield occurs at 0.9% Mn(ll) dopants in M(OH)x
decorated NRs with 112.0 mmol/g/h, 59.5 mmol/g/h, and 56.1
mmol/g/h for Mn:CdS-Ni(OH),, Mn:CdS-Co(OH),, and Mn:CdS-
Fe(OH)s, respectively (Figure 4a and 6a and b).

At Mn(II) concentrations lower than the ideal Mn(II)
concentration, there are less than an ideal number of energy
transfer acceptors in the host-to-dopant energy transfer
system. When the concentration of Mn( Il ) dopants is either
0.6% or 0.8% (< 0.9% in the previous results), the photocatalytic
hydrogen yield is 56.9 and 101.4 mol/g/h, for 0.6% and 0.8%
Mn doped Mn:CdS-Ni(OH),; 29.1 and 36.4 mmol/g/h for 0.6%
and 0.8% Mn doped Mn:CdS-Co(OH);; and 26.2 and 32.8
mmol/g/h for 0.6% and 0.8% Mn doped Mn:CdS-Fe(OH)s,

Page 10 of 16
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respectively. With limited (<0.9%) Mn( II ) dopants available for
host-to-dopant energy transfer, fewer excited excitons can
transfer their energy to Mn( II ) dopants, resulting in a limited
increase in the photocatalytic hydrogen generation over pure
CdS (Figure 4a and 6a and b). However, the lifetime of the Mn(
II) PL lifetime stays relatively constant from 1.01 to 0.97 ms
when the Mn( I ) concentration decreases from 0.9% to 0.6% of
the corresponding Mn:CdS/ZnS NRs (Figure S5c) suggesting that
any decrease in photocatalysis does not come from a lack of
ability of the Mn( I ) dopants to effectively promote the lifetime
of the charge separated states. Therefore, this highlights the
important impact of having enough Mn(Il) acceptors for
efficient bridging; the severely isolated Mn( I ) dopants cannot
effectively shuttle electrons from photoexcited CdS to M(OH)x
(M = Ni%*, Co?*, and Fe3*) and as a result, effective photocatalysis
cannot occur.

At higher Mn( II') concentrations than the ideal (>0.9%), short-
range Mn-Mn interactions lead to a concentration quenching
effect, as shown by a broad dipolar EPR peak without well-
resolved hyperfine peaks (Figure 3d). The higher Mn doping
concentration also therefore leads to reduced hydrogen
generation with 1.05% Mn-doped Mn:CdS-M(OH), (M = Ni?*,
Co?*, and Fe3*) having 79.5 mmol/g/h, 37.6 mmol/g/h, and 33.2
mmol/g/h for Mn:CdS-Ni(OH),, Mn:CdS-Co(OH),, and Mn:CdS-
Fe(OH)s, respectively (Figure 4a and 6a and b) as the
concentration quenching reduces the number of long-lived
charge carriers from being utilized in photocatalysis.
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.103.104 The concentration quenching effect can also be
seen in the PL lifetime spectra of the Mn( II ) doped core/shell
Mn:CdS/ZnS NRs as the Mn( II') PL lifetime decreases from 1.01
to 0.87 ms when the Mn( II ) concentration increases from 0.9%
to 1.2% (Figure S5c and inset). Since the Mn(ll) dopants provide
the photoexcited
electrons, it can be understood that fewer are available to

an alternative relaxation pathway for
undergo photocatalysis if concentration quenching occurs.

Decoration of Mn:CdS by M(OH)y. The co-catalyst M(OH)x (M =
NiZ*, Co?*, and Fe3*) on the Mn:CdS-based NRs shows both time
and concentration based photocatalytic dependence. In Figure
S7 the hydrogen generation of M(OH)y (M = Ni2*, Co%*, and Fe3*)
at different reaction times is shown. The highest photocatalytic
yield is observed for a one-hour reaction of Ni(OH),, for three
hours on Co(OH),, and three-hours for Fe(OH); on Mn:CdS.
When the M(OH), (M = Ni2*, Co%*, and Fe3*) reaction time is half
the ideal reaction time, the photocatalytic yield decreases by
~50%. At reaction times longer one-hour, from 1.5 hours to 7
hours, the photocatalytic hydrogen yield decreases as the
reaction time increases until at 420+ minutes, the
photocatalytic hydrogen yield even becomes negligible for
M(OH)x (M = Ni2*, Co?*). This can be understood by the reaction
time controlling the total decoration of the M(OH)x (M = Ni2*,
Co%*, and Fe3*) on the Mn:CdS NRs. Below the ideal reaction
times, not enough M(OH), decoration occurs; above the ideal
reaction time, too much M(OH)x (M = Ni?*, Co?*, and Fe3*)

This journal is © The Royal Society of Chemistry 20xx
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growth occurs which likely blocks incident light fram,reaching
CdS and undergoing charge separation foP@h&téeatalysiQ8886K
There is also a similar concentration dependence between the
Mn:CdS-Ni(OH)2 NRs with differing M(OH)x (M = Ni2*, Co?*, and
Fe3*) concentrations. When the M(OH)x (M = NiZ*, Co%*, and
Fe3*) concentration was varied, the reaction time for the
M(OH)x (M = Ni?*, Co%*, and Fe3*) was kept constant at the
respective ideals (1, 3, and 2 hours respectively Ni(OH),,
Co(OH);, and Fe(OH)s). Figure S8 shows the molar ratio
dependence of the M(OH), (M = Ni%*, Co?*, and Fe3*) decoration
as measured by ICP (see Table S1 and discussion in results
section for more details on the calculation). For example, when
the molar ratio between CdS and Ni(OH), is less than 1 to 0.23,
the rate of photocatalytic hydrogen evolution decreases, while
above 1 to 0.23, the rate similarly decreases. This can be
understood as at lower Ni(OH), concentrations, not enough
Ni(OH), active sites are present on the surface of CdS. While at
higher concentrations of Ni(OH),, the co-catalyst growth can
occur quicker and thus, the photocatalytic rate is similar to the
photocatalytic rate at longer reaction times: there is too much
Ni(OH), decoration which hinders photocatalysis. As this trend
remains consistent for M(OH)x (M = Co%* and Fe3*), a similar
conclusion can be made, too much M(OH)« decoration and the
co-catalyst partially blocks incident light Mn:CdS, too little
M(OH)x decoration and there are not enough active sites for
photocatalysis.

Conclusions

To overcome the limitation of fast charge recombination of
pristine CdS nanomaterials, we have developed noble metal
free co-catalyst M(OH), (M = NiZ*, Co%*, and Fe3*) decorated Mn(
II) doped 1D CdS NRs (ie., Mn:CdS-Ni(OH), NRs) for
photocatalytic hydrogen generation from water splitting. This is
the first report of Mn(ll) dopants utilized as charge transport
bridges in non-noble metal co-catalysts for CdS-based
photocatalysts. We also report the first use of Fe(OH)s as a co-
catalyst for CdS. The energy transfer from 1D CdS host NRs to a
long lifetime bridging Mn?2* ions followed by electron transfer to
the self-regulating M(OH)x/M(0) redox couple on the surface of
the Mn:CdS-M(OH)x NRs limits fast charge recombination in the
host CdS NRs. Crucially, during photocatalysis, Ni(OH), has the
highest performance at neutral (pH = 7) while Co(OH);, and
Fe(OH)s had the highest rate of photocatalysis at higher pH
values (> 13). While neutral pH operation is desirable for
practical water-splitting systems, the results presented here
provide fundamental insights into charge-transfer processes
and design principles for noble-metal-free co-catalysts. The
higher rates of photocatalysis can be explained by a change in
the thermodynamically stable phase of the metal hydroxide as
revealed by Pourbaix diagram(s). Significant enhancement of
the photocatalytic hydrogen generation rates came from the
addition of Mn(ll) dopants with noble metal free M(OH)x co-
catalyst islands to the CdS NRs of 109.2 times (112.0 mmol/g/h),
7.3 times (59.5 mmol/g/h), and 6.8 times (56.1 mmol/g/h), for
Mn:CdS-Ni(OH),, Mn:CdS-Co(OH),, and Mn:CdS-Fe(OH)s,
respectively. Introducing noble metal free co-catalysts can
provide new opportunities for both efficient charge separation

J. Name., 2013, 00, 1-3 | 11
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and active sites in high performance photocatalysts for wide
range industry applications.
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