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We reported the modification of a NiAl-layered double hydroxide
(LDH) by loading well-dispersed CoPd alloys through a NaBH,
reduction method. The modified NiAl-LDH achieved 14.5-fold and
2.1-fold improvements of the H, and CO evolution rates and an applic-
able ratio of H,/CO (nearly 1:1) under visible light (A > 420 nm). This
study revealed the potential of alloys to adjust the H,/CO ratio and
enhance syngas production for LDHs for the first time.

Converting CO, to valuable products by photoreduction is a
potential way to solve the problems of fossil fuels depletion and
environmental pollution. Among them, syngas, comprised of
CO and H,, is an extremely worthy product for its role as a
feedstock in the production of liquid fuels by industrial
technologies." However, for practical applications, one impor-
tant requirement for syngas is the appropriate ratio of H,/CO.
For example, in oxo synthesis and the production of dimethyl
ether, a ratio of 1:1 is required.>® Thus, designing photocata-
lysts to produce syngas with applicable ratios is essential.
Several photocatalysts such as TiO,,” SrTiO;,> Co-ZIF-9,° and
layered double hydroxides (LDHs)”~® have been reported for the
synthesis of syngas from photocatalytic CO, reduction. Among
these, LDHs have attracted extensive attention,'®'" due to their
low cost, and tunable bandgap caused by adjustable types and
amounts of cations.'” LDHs are formed by orderly arranged
two-dimensional laminates and negatively charged anions in
the interlayer. Wang® reported syngas production using a CoAl
LDH and further tuned the ratio of H,/CO by loading different
amounts of Pd nanoparticles. However, the cost of Pd limited
its application. Besides, previous reports of LDHs for produc-
ing syngas focused on regulation of the ratio, while the
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simultaneous promotion of H, and CO evolution rates was
rarely fulfilled.”® The modification of LDHs to produce photo-
catalysts with enhanced yields of H, and CO simultaneously
and promise an applicable ratio remains a challenge. Bimetal
alloys such as CuPd™ and AuPd" present different lattice
structures and active sites compared with pure metals, and
have been reported to improve the activity and selectivity of
photocatalysts. Thus, loading alloys of Pd and another non-
precious metal onto LDHs may solve the challenge.

Herein, taking NiAl-LDH as a platform, we synthesized Pd
nanoparticle loaded NiAl-LDH (NiAl-LDH-Pd) and CoPd alloy
loaded NiAl-LDH (NiAl-LDH-CoPd), respectively, to deeply eval-
uate the influence of alloys on photocatalytic CO, reduction
performance and their potential for converting CO, into syngas.
Tests of charge kinetics reveal that the loading of the alloy
facilitates the separation and transfer of charge carriers, which
may be due to the more appropriate Schottky barrier height in
NiAl-LDH-CoPd."® Also, DFT calculations demonstrate that the
active sites for CO, photoreduction and H, evolution are both
optimized. Thus, under visible light (1 > 420 nm), the H, and
CO evolution rates of NiAl-LDH-CoPd were 14.5 and 2.1 times
higher than those of NiAl-LDH, and 3.3 and 5.6 times higher
than those of NiAl-LDH-Pd. Furthermore, the productivities of
H, and CO achieve a ratio close to 1:1, which meets the
practical ratio requirement.

The NiAl-LDH was prepared by referring to a previous report."®
The X-ray diffraction (XRD) patterns showed (Fig. S1, ESIt) the
typical diffraction peaks of NiAl-LDH (JCPDS No. 015-0087)."
Besides, the broad peaks indicated its poor crystallinity. Subse-
quently, Pd nanoparticles and CoPd alloy nanoparticles were grown
on the NiAl-LDH in situ by the reduction of NaBH,."® The obtained
NiAl-LDH-Pd and NiAl-LDH-CoPd displayed the same XRD pat-
terns as NiAl-LDH (Fig. S1, ESIT). Neither the diffraction peaks of
Pd nor CoPd appeared. This may be ascribed to the small size and
high dispersion of the Pd and CoPd nanoparticles in the hetero-
structure photocatalysts.”'® The results of inductively coupled
plasma atomic emission spectroscopy (ICP-AES) indicated the same
weight percentages of Pd and Co + Pd in the respective composites
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Fig.1 HRTEM images of (a) NiAl-LDH-Pd and (b) NiAl-LDH-CoPd; the
insets of (a and b) show the images taken from the regions marked by the
boxes corresponding to Pd and CoPd particles respectively; (c) HAADF-
STEM image of NiAl-LDH-CoPd; (d) EDS line mapping profiles of CoPd
particles along the directions marked by the yellow lines in (c).

(Table S1, ESIt), which excludes the influence of the metal loading
amounts on photocatalytic activity. Fig. S2 (ESIT) and Fig. S3 (ESIt)
display the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of photocatalysts. NiAl-LDH
showed a flat nanosheet shape with an average width smaller than
200 nm and a thickness of around 5 nm. The Pd and CoPd
nanoparticles both showed evenly deposition and diameters ran-
ging from 3-8 nm, and the averages diameter were 5.4 nm and
5.3 nm, respectively. The NiAl-LDHs maintained their original
morphology after loading of the Pd and CoPd nanoparticles.
High-resolution transmission electron microscopy (HRTEM) analy-
sis (Fig. 1a and b) was conducted to verify the formation of the
alloys. In NiAl-LDH-Pd (Fig. 1a), NiAl-LDH showed no obvious
lattice fringes due to the poor crystallinity, which was in agreement
with the XRD results. The spacing of the continuous lattice fringes
in the Pd nanoparticles is 2.5 A, which can be ascribed to the (200)
planes of fce-Pd. As for NiAl-LDH-CoPd (Fig. 1b), the CoPd
nanoparticles displayed lattice fringes with a spacing of 2.2 A,
which was close to the interplanar spacing of the fcc-Pd (111)
planes (2.23 A) and is the same as reported CoPd alloys.'® Further,
high-angle annular dark-field scanning TEM (HAADF-STEM)
images (Fig. 1c) and the corresponding energy-dispersive X-ray
spectroscopy (EDS) line scans (Fig. 1d) of the CoPd nanoparticle
were collected, the signals of Co and Pd appeared at the nearly
same position, indicating the formation of CoPd alloys."* The
results from the X-ray photoelectron spectroscopy (XPS) analysis
showed that the Pd exists in the form of Pd(0) and Pd(u) species in
both NiAl-LDH-Pd (Fig. S7a, ESIt) and NiAl-LDH-CoPd (Fig. S7b,
ESIT). After forming the alloys, the proportion of the Pd(u) species
increased. The Co 2p spectrum (Fig. S8, ESIt) showed that Co
exists in the form of Co(u)** and Co(m).>" Thus, the CoPd alloys on
NiAl-LDH were in an oxidation state. These results were also in
accordance with previously reported loaded CoPd alloys.*
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The spectra of the other elements listed in Fig. S10, (ESIt) showed
no evident differences, indicating the structural similarity.
Whereafter, their CO, photoreduction activity was evaluated.
The test was conducted under visible light (A > 420 nm) with
the assistant of [Ru(bpy);]Cl,-6H,O as a photosensitizer and
triethanolamine (TEOA) as a sacrificial agent. Fig. 2a sum-
marizes the production rates of H,, CO, and CH, using differ-
ent catalysts. When no catalyst was added, the minor amount of
H, and CO came from the presence of [Ru(bpy);]Cl,-6H,0.”
NiAl-LDH showed the lowest H, evolution activity of
38.7 umol g7' h™' and a moderate CO evolution rate of
275.0 pumol g~ h™'. Besides, minor amounts of CH, were also
formed with a production rate of 6.5 pumol g~* h™'. NiAl-
LDH-Pd presented a promoted H, evolution rate of
169.2 pmol g~ * h™'. However, the CO production rate decreased
to 102.7 umol g~ * h™'. When the CoPd alloys were loaded, NiAl-
LDH-CoPd realized simultaneous improvement of the H, and
CO production rates, with a 14.5-fold improvement in the H,
evolution rate and a 2.1-fold improvement in the CO evolution
rate compared with NiAl-LDH. Meanwhile, the H, and CO
production rates were 3.3 times and 5.6 times higher than
those of NiAl-LDH-Pd, respectively. Most important of all, the
H, evolution rate was 563.1 pmol g~ h™", the CO evolution rate
was 570.7 pmol g~ h™', and the ratio of H,/CO was very close to
1:1, which is an applicable ratio for industrial synthesis. After
analyzing the liquid phase reactant with "H nuclear magnetic
resonance (NMR) spectroscopy (Fig. S11, ESI{), no other liquid
products were discovered.”” Besides, only a trace amount of
CH, was detected in NiAl-LDH-Pd and even less in NiAl-LDH-
CoPd meaning the CO selectivity was promoted in the carbo-
naceous products. Then CO, was replaced with Ar as the
control experiment, and no CO was detected (Fig. 2b), which
excluded the influence of contaminants on the photocatalytic
performance. In summary, alloying Pd with Co not only
improved the photocatalytic activity and selectivity but also
realized the formation of syngas with an applicable ratio. The
maximum apparent quantum yield (AQY) values were 0.097%
for CO production and 0.102% for H, production under 475 nm
(Table S2, ESIT) in NiAl-LDH-CoPd. The XRD patterns (Fig. S12,
ESIt) and TEM images (Fig. S13, ESIf) of the photocatalysts
after the reactions reveal the structural stability of the samples.
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Fig. 2 (a) The yield of H,, CO, and CH,4 in the photocatalytic CO,
reduction with different samples; (b) the yield of H,, CO, and CH4 using
NiAl-LDH-CoPd under Ar and CO,, respectively (reaction conditions:
photosensitizer: 2 umol [Ru(bpy)sICl,-6H,0; photocatalyst: 1 mg mL™%;
solvent: 5 mL (CH3sCN/TEOA/H,O = 3/1/1 (v/v/v)); 1 h).

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cc04863e

Published on 15 10 2021. Downloaded by Fail Open on 2025-07-23 9:08:13.

ChemComm

To explore the activity stability, a recycling test was conducted
(Fig. S14, ESIf). The NiAl-LDH-CoPd still presented a nearly
1:1 ratio of H, and CO in the third experiment, and the yields
of H, and CO were 73% and 81% of the original production
rates, respectively.

To understand the role of the alloys in promoting the
photocatalytic activity, we investigated the charge kinetics.
Fig. S15 (ESIT) displays the UV-visible diffuse reflectance spec-
tra (UV-vis) of the catalysts. All the samples responded to visible
light, and both the loading of Pd and CoPd nanoparticles
improved the absorbability of light. Although NiAl-LDH-Pd
showed the strongest absorbability, NiAl-LDH-CoPd presented
the highest photocurrent response (Fig. 3a), which was about 3
and 2 times higher than those of NiAl-LDH and NiAl-LDH-Pd,
respectively. This indicated that loading Pd nanoparticles can
promote the separation and transfer of photogenerated charge
carriers while alloying Pd with Co will further enhance it.*®
Although it was not reliable to compare the recombination
possibility of NiAl-LDH-Pd and NiAl-LDH-CoPd from the PL
spectra (Fig. S16, ESIt) due to the weak signal, the spectra still
revealed depressed charge carriers recombination of the
two compared with NiAl-LDH. Additionally, we carried out
Mott-Schottky tests. In Fig. S17 (ESI{), NiAl-LDH-CoPd showed
the smallest slope of the Mott-Schottky plot, and NiAl-LDH
showed the largest. Therefore, charge carrier transfer was most
favorable over NiAl-LDH-CoPd and least favorable over NiAl-
LDH.>* Accordingly, the CoPd alloys played a vital role in
facilitating the separation and transfer of charge carriers.
Principally, the loaded metal nanoparticles with larger work
functions can form Schottky junctions with the semiconductors
with smaller work functions, in which the charge transfers from
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Fig. 3 (a) Photocurrent vs. time (/-t) curves at 0.28 V vs. Ag/AgCl for NiAl-
LDH, NiAl-LDH-Pd, and NiAl-LDH under UV-visible light irradiation; (b)
valence-band XPS spectra of NiAl-LDH, NiAl-LDH-Pd, and NiAl-LDH-
CoPd; schematic energy-band diagrams for (c) NiAl-LDH—-Pd, and (d) NiAl-
LDH-CoPd. Evac: EV, EC, EF, Dy, Ppy, Pcopd. and Y NIAL-LDH denote the vacuum
level, the conduction band, the valence band, the Fermi level, the Schottky
barrier height, the work function of Pd, the work function of CoPd, and the
electron affinity of the NiAl-LDH conduction band, respectively (in eV).
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the semiconductors to the metals until the Fermi levels are
aligned. The Schottky junction can promote charge separation.
The XPS valence band spectra (Fig. 3b) showed that NiAl-LDH-
CoPd and NiAl-LDH-Pd both exhibited values with lower bind-
ing energies compared with NiAl-LDH, which confirmed the
charge transfer from NiAl-LDH to the loaded metals and the
formation of the Schottky junction,® thus explaining their
promoted charge kinetics compared to NiAl-LDH. The Schottky
barrier height is the difference between the electron affinity of
NiAl-LDH and the work functions of the loaded metals."” As
shown in Fig. 3¢ and d, the work function of Co (5.00 eV) is
smaller than that of Pd (5.55 eV),>® and alloying Pd with Co will
decrease the work function and lower the height of the Schottky
barrier.">** In NiAl-LDH-Pd, the larger Schottky barrier height
can promote charge carrier separation, but at the same time it
may suppress the transfer of electrons from NiAl-LDH to
Pd."?” While in NiAl-LDH-CoPd, the smaller Schottky barrier
height may be more appropriate for smooth electron transfer
from NiAl-LDH to CoPd when facilitating the separation of
charge carriers. This may explain the best charge separation
and transfer behaviour in NiAl-LDH-CoPd.

The adsorption of reactants is also a critical step in photo-
catalytic reactions. To gain a profound insight into the reasons
for the better photocatalytic performance of NiAl-LDH-CoPd
than that of NiAl-LDH-Pd, we carried out DFT calculations of
the adsorption energies (E,q5) for CO, and H,O on the surfaces
of the two. As the optimized configurations showed, the active
sites for CO, adsorption in NiAl-LDH-Pd were Pd atoms, and
showed an E,qs of —0.75 eV (Fig. 4a). After alloying Pd with Co,
the active sites were regulated to the paired Pd—Co atoms with
an E,qs of —1.43 eV (Fig. 4b), thus promoting the adsorption
and activation of CO, and contributing to the improved CO
yield. Besides, the Co atoms in NiAl-LDH-CoPd (Fig. 4d) pre-
sented an obviously stronger H,O affinity (E,gs = —1.19 V) than
that of the Pd atoms (Fig. 4c) in NiAl-LDH-Pd (E,4s = —0.36 eV),
which meant H, evolution was easier in NiAl-LDH-CoPd than
that in NiAl-LDH-Pd.® Thus, alloying Pd with Co modified the
active sites to be more appropriate for both H, evolution and
CO, photocatalytic reduction, and enhance the productivity of
syngas.

Pd possesses a lower overpotential for H, evolution.’
Besides, the loading of Pd nanoparticles enhanced the separa-
tion and transfer of charge carriers. Thus, NiAl-LDH-Pd showed
an increased H, evolution rate compared with NiAl-LDH. How-
ever, the CO evolution is not improved. Co is a widely reported
active site in photocatalytic CO, reduction.®?® After alloying Pd
with Co, the H,O and CO, affinity improved simultaneously.
What’s more, the ability for charge transfer was further
increased. Hence, NiAl-LDH-CoPd presented a promoted
photocatalytic performance for both H, and CO evolution.
The possible photocatalytic process of NiAl-LDH-CoPd is illu-
strated in Fig. S16 (ESIY). [Ru(bpy);]Cl,-6H,0 was first excited to
generate photoelectrons and became [Ru(bpy)s]**. Then the
photoelectrons transferred to NiAl-LDH-CoPd, and reduced
H' to active hydrogen species (H*) atoms. The H* atoms
combined with the CO, on the surface of the photocatalyst to
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Fig. 4 Optimised configurations and adsorption energies of CO, at (a)
NiAl-LDH-Pd, and (b) NiAl-LDH-CoPd; optimised configurations and
adsorption energies of H,O at (c) NiAl-LDH-Pd, and (d) NiAl-LDH-CoPd.

subsequently yield CO. Meanwhile, the H* atoms combine to
produce H, and [Ru(bpy);]** is recovered to [Ru(bpy);]** by the
reduction of TEOA.”’

In summary, via loading CoPd alloys, we prepared a
NiAl-LDH-CoPd photocatalyst fulfilling the promotion of the
photocatalytic reduction of CO, and generating syngas under
visible light. The CoPd alloys can facilitate the separation and
transfer of charge carriers, and optimize adsorption and activa-
tion to CO, and H,O simultaneously, leading to the promotion
of photocatalytic activity for syngas production. This work may
provide a potential strategy to design photocatalysts with
similar structures for syngas production. We will work on the
regulation of syngas ratio and yields by alloying different
amounts and kinds of metals in the future.
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