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Solar-driven photocatalytic conversion of CO, to renewable fuels represents an appealing approach to
remedy environmental damage and address the energy crisis. Recently, the photocatalytic conversion
efficiency has been improved with the implantation of cocatalysts into semiconductor photocatalysts.
However, catalytic activity and selectivity are often limited by the uncontrollable charge trapping and
surface reactivity behaviors of cocatalysts. Herein, for the first time, we reveal that engineering the
crystallinity of cocatalysts offers an efficient route to tune both the interfacial charge kinetics and surface
reaction dynamics. With Pd nanosheets as model cocatalysts, the influence of the degree of crystallinity
of Pd on the photocatalytic performance is systematically investigated. When integrated with CdS
quantum dots, it is found that high-crystallinity Pd with prefect lattice periodicity and fewer bulk and
interfacial defects is conducive to the electron transfer from CdS to Pd, which thus yields more effective
inhibition of H, evolution on the CdS surface and achieves the highest selectivity of 100% for CO,
reduction. In contrast, low-crystallinity Pd provides large numbers of surface unsaturated atoms and
defects as highly active sites for highly efficient CO,-to-CO/CH,4 conversion. The combination of
experimental analysis with theory simulation suggests that the amorphous Pd outperforms the high-

crystallinity one in the adsorption and activation of CO, molecules. As a result, the CdS—Pd sample with
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Accepted 22nd September 2020 the largest percentage of amorphous domains of Pd achieves the highest CO and CH4 evolution rates,

10.3 and 5.9 times higher than those of pristine CdS, respectively. This work opens a new avenue to tune
the photocatalytic activity and selectivity in solar driven CO, conversion through regulating the
crystallinity of cocatalysts.
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hole recombination or sluggish surface reaction kinetics.*?
Several approaches have been explored to improve the photo-
catalytic properties, including the integration of semi-

1. Introduction

The extensive consumption of fossil fuels has increased the

atmospheric carbon dioxide concentration and escalated the
greenhouse effect. Solar driven conversion of CO, into useful
renewable fuels using semiconductor based photocatalysts
represents a green and sustainable approach to relieve the
energy crisis and resolve the concomitant global warming.'
Hitherto, various semiconductor photocatalysts have been
studied for their feasibility and efficiency in the CO, reduction
reaction.*” Nevertheless, the photocatalytic performance of
pristine semiconductors is often limited by serious electron—
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conductors with cocatalysts.'*** Metal such as Pd,** Pt,"* Ru®
and Ag'® as reduction cocatalysts not only trap photogenerated
electrons from light-harvesting semiconductors and promote
the charge separation, but also provide surface active sites and
facilitate the adsorption and activation of CO, molecules. In
spite of the considerable progress, the developed semi-
conductor-metal photocatalytic systems often suffer from
uncontrollable electron trapping ability and surface reactivity of
cocatalysts, leading to limited enhancement in the catalytic
activity and product selectivity.

Rational surface and interface design of cocatalysts is
a promising route to improve the electron capture ability and
promote the catalytic reactivity.”*® Various parameters of
cocatalysts, such as the crystalline phase,* exposed facets** and
surface defects,” have been optimized to tune the CO, conver-
sion efficiency and tailor the product selectivity. Crystallinity,
usually specified as a percentage of the volume of the material
that is crystalline, is another important parameter in
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photocatalytic systems. Generally, highly crystalline semi-
conductors with periodic lattices and fewer bulk defects are
beneficial for charge transfer and separation,®>* while amor-
phous structures offer abundant unsaturated atoms as highly
active sites for surface reactions.>**” Nevertheless, the studies
on the effects of the crystallinity of cocatalysts on the photo-
catalytic performance are still lacking as of now.

Considering the effects of crystallinity on the charge transfer
and surface reactivity in semiconductor photocatalysts, it is
anticipated that crystallinity engineering on cocatalysts would
also provide an efficient way to adjust the photocatalytic activity
and product selectivity. The question is whether a high-
crystallinity or amorphous one is a better choice? Inspired by
this, with Pd nanosheets as model cocatalysts, the effects of
crystallinity on the photocatalytic CO, reduction performance
are investigated. Herein, crystallinity tunable Pd nanosheets are
integrated with CdS quantum dots to form hybrid photo-
catalysts. It is found that both the catalytic activity and selec-
tivity change regularly with the variation in the crystallinity of
Pd. Highly crystalline Pd facilitates electron capture from light-
harvesting CdS, which thus prevents H, evolution from occur-
ring on CdS more effectively and achieves high selectivity for
CO, reduction. On the other hand, poorly crystalline Pd
provides highly active sites for the adsorption and activation of
CO, molecules, maximizing the efficiency of the conversion of
CO, to CO and CH,.

2. Experimental
2.1. Synthesis of Pd and CdS-Pd samples

In a typical synthesis of Pd-48 nanosheets,*® 20 mg of Pd(acac),
and 260 mg of TOPO were added into 16 mL of octanoic acid in
a 50 mL round-bottom flask with magnetic stirring under Ar
bubbling for 30 min. When the temperature was increased to
48 °C, 20 mg of Mo(CO)s and 3 mL of DMF were added into the
aforementioned mixture and the reaction was maintained for
100 min. The color of the solution changed from yellow to dark
blue within 30 min. The final product was obtained by centri-
fugation at 9000 rpm for 5 min, washed with hexane three
times, and then dispersed in 4 mL hexane. Pd-60, Pd-80 and Pd-
100 nanosheets with different crystallinities can be obtained by
using the same synthetic method at different temperatures, i.e.,
60, 80 and 100 °C, respectively. In a typical procedure for the
synthesis of CdS-Pd, a 2 mL suspension of Pd nanosheets
(1.5 mg mL™" in hexane) was mixed with a 2 mL suspension of
CdS quantum dots (4.0 mg mL ™" in chloroform/ethanol) and
were further sonicated for 3 min. The as-obtained sample was
centrifuged, washed with ethanol three times, and dried at
45 °C in a vacuum.

2.2. Photocatalytic CO, reduction measurements

15 mg of the photocatalysts were dispersed on a flat glass plate
at the bottom of a 100 mL reactor purchased from Beijing
Perfectlight Company (China). And 1 mL H,O was added, which
surrounded the plate. Prior to the test, the reactor loaded with
the catalyst was first purged with high purity CO, (0.15 MPa) for
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20 min. Then the light-irradiation experiment was performed by
using a 300 W Xe lamp (PLS-SXE300D/300DUV, Beijing Per-
fectlight, China) with visible light as the illumination source.
Visible light (420 < A < 780 nm) was used as the illumination
source, which was realized using both a 420 nm cutoff filter
(long-wave-pass) and a 780 nm cutoff filter (short-wave-pass).
The power density of the visible light was measured to be 100
mW cm > using a radiometer (FZ-A, China). The photocatalytic
reaction was performed under visible light irradiation with
stirring at 400 rpm for 4 h. After completion of the reaction, the
products were analyzed using a gas chromatograph (GC-2014,
Shimadzu) with Ar as the carrier gas. The amount of H, was
determined using a thermal conductivity detector (TCD). The
amount of CH, was measured by using a flame ionization
detector (FID). CO was converted to CH, using a methanation
reactor and then analyzed using a FID. After the reaction was
completed, the sample was collected via centrifugation at
8000 rpm for 5 min. During the stability test, the photocatalysts
were collected after each run and then reused for CO, photo-
reduction. The samples were also tested in 0.15 MPa fresh Ar
instead of CO, but in the presence of H,O and showed no
activity for generation of carbon products and thus confirmed
that our measurements were free of any carbon contaminants.

2.3. Photoelectrochemical measurements

4.0 mg of the as-synthesized products were dispersed in
a mixture of 15 uL of ethanol and 15 pL of Nafion, which was
then uniformly spin-dropped onto a 1 cm x 1 cm indium tin
oxide (ITO)-coated glass using a spin coater (SC-1B, China).
Subsequently, the ITO-coated glass was heated at 60 °C in
a vacuum oven for 3 h. The photocurrents were measured on
a CHI 760E electrochemical station (Shanghai Chenhua, China)
under ambient conditions under irradiation from a 300 W Xe
lamp (PLS-SXE300D/300DUV, Beijing Perfectlight, China).
Visible light (420 < A < 780 nm) with a power density of 100 mW
cm > was used as the illumination source. A three-electrode cell
was used to perform the electrochemical measurements. The
working electrode was the ITO-coated glass. A Ag/AgCl electrode
and Pt foil were used as the reference electrode and counter
electrode, respectively. The three electrodes were inserted in
a quartz cell filled with a 0.5 M Na,SO, electrolyte. The photo-
response of the prepared photoelectrodes (i.e., I-t) was obtained
by measuring the photocurrent density under chopped light
irradiation (light on/off cycles: 30 s) at a bias potential of 0.1 V
vs. Ag/AgCl for 600 s. Electrochemical impedance spectroscopy
(EIS) was performed in the 10™" to 10°> Hz frequency range with
an AC voltage amplitude of 10 mV at an applied potential of
0.1 V vs. Ag/AgCl. The transient open-circuit voltage decay
(OCVD) was measured for a total of 800 s under visible light
irradiation, and the light was switched on and off 100 and 400 s
from the start, respectively. The average lifetime of the photo-
generated carriers (t,) was obtained according to the OCVD
using the following equation:

KeT (dV,\ ™
e St (5) ()
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where Kp is the Boltzmann constant, 7T is the temperature (in
Kelvin), and ¢ is the unsigned charge of an electron.

2.4. Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode system using an electrochemical workstation (CHI
760E). The working electrode was the glassy carbon electrode,
and a platinum column and Ag/AgCl electrode were used as the
counter electrode and reference electrode, respectively. In
a typical preparation procedure of the working electrode, 6 uL of
the homogeneous ink, which was prepared by dispersing 4 mg
sample and 60 pL Nafion solution (5 wt%) in 1 mL water-
ethanol solution with a volume ratio of 3 : 1, was loaded onto
a glassy carbon electrode with a 3 mm diameter. For CO,
reduction experiments, linear sweep voltammetry (LSV) of the
Pd nanosheets was carried out in an Ar-saturated and CO,-
saturated 0.5 M KHCOj solution (40 mL, pH = 7.3) with a scan
rate of 10 mV s ', based on the above electrolysis cell, respec-
tively. All potentials in this study were measured against the Ag/
AgCl reference electrode and converted to the RHE reference
scale based on the following equation: E (vs. RHE) = E (vs. Ag/
AgCl) + 0.21 V + 0.0591 x pH.

2.5. Computational details

All the density functional theory (DFT) and first-principles
molecular dynamics (MD) computations were performed by
using the DMol3 code.” The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional of the generalized gradient
approximation (GGA) was employed to describe the electron
interactions.* The double numerical plus polarization (DNP)
basis set was used for all elements.** Self-consistent field (SCF)
computations were performed with a convergence criterion of
10~° a.u. on the total energy and electronic computations. The
core electrons were treated by the effective core potentials
method. The Nosé-Hoover heat bath scheme was used for the
MD simulation. Grand canonical Monte Carlo (GCMC) simu-
lations were performed with the sorption module to search for
the possible location of CO, on the surface of high-crystallinity
and amorphous Pd.* All GCMC simulations were carried out
with the Metropolis Monte Carlo method and universal force
field at a temperature of 298 K.*»** The simulation processes
included an equilibration period (107 steps) and a production
period (107 steps).

The initial geometry of high-crystallinity Pd was obtained
from the sample structure file of Materials Studio 8.0.> Super-
cells consisting of 5 x 5 x 5 unit cells were employed for the
optimization and MD simulation. The initial geometry of
amorphous Pd was extracted from the MD result of high-
crystallinity Pd at 5000 K. The optimized geometries of high-
crystallinity Pd and amorphous Pd are shown in Table S1.f
Based on the experimental results, the (111) surface was used
for the interface reaction simulation of high-crystallinity Pd. For
amorphous Pd, the same method was performed to obtain an
exposed side, recorded as the amorphous Pd(111) surface. The
surface slab was cleaved from the optimized structure of high-
crystallinity and amorphous Pd. The vacuum region is >12 A
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along the z-axis to avoid the interactions between two periodic
images. The Monkhorst-Pack k point sampling was set as 3 x 3
x 1.* All the possible structures for the (111) surface of high-
crystallinity Pd and amorphous Pd, CO, and their adsorption
systems were optimized for calculating the single-point energy
(E) and Hirshfeld atomic charge (Table S1-S37).>* The interac-
tion energies (Ei,;) between the Pd(111) surface and CO, were
evaluated as:

Pd(111) + CO, — Pd(111)-CO, 2)
Eint = Epa_co, — (Epa + Eco,) (3)

According to this definition, a more negative Ej,, indicates
a more favorable adsorption.

3. Results and discussion
3.1. Sample synthesis and characterization

In the proof-of-concept design, Pd nanosheets with different
degrees of crystallinity were first synthesized by reducing
Pd(acac), with CO released by the decomposition of Mo(CO), at
various temperatures according to previous literature.”® The
reason for choosing the nanosheet structure is that the high
surface-to-volume ratio of two-dimensional structures maximizes
the number of reaction sites exposed on the surface and guar-
antees a large interfacial area in contact with semiconductors.*®
The Pd nanosheets obtained at 48, 60, 80 and 100 °C (named Pd-
48, Pd-60, Pd-80 and Pd-100, respectively) exhibit similar
morphologies of a wrinkled paper-like structure with nanoscale
thickness and micrometer-sized edge length (Fig. S1f). High-
resolution transmission electron microscopy (HRTEM) images
show that a typical nanosheet is composed of crystalline and
amorphous domains (Fig. 1la-d). For clarity, the crystalline
domains are marked by the yellow curves (Fig. 1a and b), while
the amorphous domains are marked by the blue curves (Fig. 1c
and d). With the increase of the synthetic temperature, the area of
crystalline domains gradually increases while that of amorphous
domains decreases from Pd-48 to Pd-100. The percentages of the
crystalline areas in Pd-48, Pd-60, Pd-80 and Pd-100 are estimated
to be 12.2%, 46.4%, 83.0%, and 97.0%, respectively. The lattice
spacing of 2.2 A in the crystalline domains suggests the exposed
(111) facet of Pd (Fig. 1a-d). Our previous report has revealed that
the Pd(111) surface is a preferable exposed facet of the cocatalyst
for CO, photoreduction compared with the Pd(100) one.*

In the second step, monodisperse CdS quantum dots, which
have a narrow size distribution with an average diameter
around 3.8 nm (Fig. S27), were then deposited on the surface of
Pd nanosheets at room temperature to obtain the CdS-Pd
samples. It should be noted that in situ growth of CdS on Pd
nanosheets through the heating process is not suitable here
given that high temperature would alter the degree of crystal-
linity of Pd. The as-obtained samples based on different Pd
nanosheets are denoted as CdS-Pd-48, CdS-Pd-60, CdS-Pd-80
and CdS-Pd-100, respectively. As shown in Fig. le-h (also
Fig. S371), CdS quantum dots are uniformly distributed over the
surface of Pd nanosheets in all the samples. There is no obvious
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Fig.1 (a—d) HRTEM images of Pd nanosheets with different degrees of crystallinity: (a) Pd-48, (b) Pd-60, (c) Pd-80 and (d) Pd-100; (e-h) TEM
images of CdS—Pd samples: (e) CdS-Pd-48, (f) CdS-Pd-60, (g) CdS-Pd-80 and (h) CdS-Pd-100; (i) STEM image and (j—l) EDS mapping profiles of

CdS-Pd-48 showing the elements (j) Pd, (k) Cd and (1) S.

difference in the morphology between the different samples.
The elemental distribution in the supported nanostructures can
be obtained from the scanning TEM (STEM) image of CdS-Pd-48
(Fig. 1i) as well as the corresponding energy-dispersive spec-
troscopy (EDS) mapping (Fig. 1j-1).

The detailed structure and composition information of the
as-obtained samples are then characterized using the X-ray
powder diffraction (XRD) and X-ray photoelectron spectros-
copy (XPS) techniques, respectively. As shown in Fig. 2a, in the
XRD pattern of pristine quantum dots, all the peaks can be
indexed to cubic hawleyite -CdS (JCPDS 10-0454). In compar-
ison with CdS, CdS-Pd-48 exhibits a similar pattern without the
obvious peaks of Pd, further suggesting the low degree of crys-
tallinity of Pd. In contrast, additional peaks attributed to the
face-centered cubic (fec) Pd (JCPDS 46-1043) can be observed in
CdS-Pd-60, the intensities of which gradually increase from
CdS-Pd-60 to CdS-Pd-80 and then to CdS-Pd-100, further
implying the gradual increase in the degree of crystallinity of
Pd. The survey XPS spectra further indicate the presence of Cd, S
and Pd elements in the CdS-Pd samples (Fig. S41). In the high-
resolution Cd 3d spectra (Fig. 2b), doublets located at 405.5 and
412.3 eV can be assigned to the Cd 3ds), and Cd 3d;/, binding
energies of CdS, respectively.*® The S 2p spectra can be divided
into S 2p3), and S 2py,, peaks occurring at binding energies of
161.8 and 163.0 eV, respectively (Fig. 2¢).*® In the Pd 3d spectra,
the main peaks at 335.3 eV (Pd 3ds/,) and 340.6 eV (Pd 3d;),) are
in agreement with the zero valence of Pd, while trace amounts
of Pd(u) chemical states are also shown as doublets (336.7 eV

J. Mater. Chem. A

and 342.0 eV), which are typical features of solution-phase
synthesized Pd nanocrystals (Fig. 2d).>* Notably, from CdS-Pd-
48 to CdS-Pd-100, both Cd 3d and S 2p core-levels exhibit
slight positive shifts, while Pd 3d peaks gradually shift to lower
binding energies, suggesting more electron loss and accumu-
lation in CdS and Pd, respectively.*® These results suggest that
free electrons transfer from CdS to Pd upon the hybridization
between them, and the charge re-distribution is more obvious
when the degree of crystallinity of Pd is higher.

3.2. Photocatalytic performance analysis

Upon acquiring detailed sample information, the photocatalytic
activities were evaluated in the mixed vapor of CO, and H,0
under visible light irradiation. As shown in Fig. 3a, bare CdS
produces a relatively high amount of H, and low amount of CO
as well as a trace amount of CH,, suggesting the occurrence of
the following CO, reduction reactions: CO, + 2H" +2e¢~ — CO +
H,O0 and CO, + 8H' + 8¢~ — CH, + 2H,0 and side reaction: 2H"
+ 2e~ — H,, which is in agreement with previous reports.*>**
Given the competition between targeted CO, reduction and side
water splitting, the selectivity for CO, reduction is determined
to be 31.6%, which is calculated according to the average
evolution rates of the reduction products as well as the electrons
required to generate products using the following equation:

Selectivity (%) = [2(CO) + 8x(CH,)/[2v(Ha)
+ 20(CO) + 8¥(CHy)] x 100% (4)

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD patterns of CdS based samples; (b—d) XPS spectra of CdS—Pd samples: (b) Cd 3d, (c) S 2p and (d) Pd 3d high-resolution spectra.

where »(CO), »(CH,) and »(H,) stand for the formation rates of
CO, CH, and H,, respectively, and 2, 8 and 2 electrons are
required for CO, CH, and H, production according to the above
reaction equations.

With further loading of CdS on Pd nanosheets, the photo-
catalytic performance obviously changed. H, generation is
notably depressed, while CO and CH, yields increase remark-
ably, which should be related to the functions of cocatalysts.
With the same loading amount of CdS, the product yield shows
a strong correlation with the crystallinity of Pd. Among the four
CdS-Pd samples, CdS-Pd-48 achieves the highest average CO
(23.93 pmol ge " h™") and CH; (0.35 umol g.,; ' h™)
production rates, 10.3 and 5.9 times higher than those of pris-
tine CdS, respectively. The enhancements of Pd-48 to the CO
and CH, evolution rates of CdS as well as the selectivity for CO,
reduction also surpass those of reported cocatalysts in combi-
nation with CdS (Table S4t).**-*¢ With the increase in the crys-
tallinity of Pd from CdS-Pd-48 to CdS-Pd-100, both the average
CO and CH, production rates gradually decrease. Meanwhile,
H, yield also experiences a decline with no H, detected in CdS-
Pd-100. Consequently, the selectivity toward CO, reduction

This journal is © The Royal Society of Chemistry 2020

gradually increases from 95.8% for CdS-Pd-48 to 97.1% for CdS-
Pd-60, and then to 98.3% for CdS-Pd-80 and 100% for CdS-Pd-
100. The CdS-Pd samples also exhibit excellent durability
(Fig. 3b). Taking CdS-Pd-48 as an example, there is no obvious
drop in both the yield and selectivity of carbonaceous products
in five 4 h cycles, which can be ascribed to the well-maintained
structure and composition of the catalyst during the photo-
catalytic process (Fig. S5 and S67).*” The morphologies of Cds-
Pd-60, CdS-Pd-80 and CdS-Pd-100 are also well-maintained
after the photocatalytic reactions, suggesting the high stabili-
ties of the CdS-Pd photocatalysts are independent on the crys-
tallinity degree of Pd (Fig. S7t). It should be noted that no low-
carbon product was detected in the absence of catalysts, a CO,
atmosphere or light illumination, confirming that CO and CH,
actually originated from photoreduction of CO,. To further
confirm this, the >C isotope labeling experiment was per-
formed over CdS-Pd-48 using *CO, as the source of carbon. The
strong signals at m/z = 29 and m/z = 17 can be assigned to ">CO
and "*CH,, respectively, suggesting that the carbon source is
derived from used CO, (Fig. 3c and d). Moreover, the formation
of O, is also detected during the photocatalytic processes,

J. Mater. Chem. A
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(a) Average production rates of H,, CO and CH, in photocatalytic CO, reduction with CdS based samples as catalysts under visible light

irradiation as well as their selectivities for CO, reduction; (b) average production rates of CO and CHy in five cycles with CdS-Pd-48 as the
catalyst under visible light irradiation as well as the selectivities for CO, reduction; (c and d) mass spectra of (c) *3CO (m/z = 29) and (d) **CH4 (m/z
= 17) produced over CdS-Pd-48 in the photocatalytic reduction of *CO,.

indicating the occurrence of the oxidation half reaction: H,O +
2h* — 1/20, + 2H".

3.3. Photocatalytic mechanism studies

To gain insight into the crystallinity sensitive photocatalytic
performance, the light-harvesting behaviors of the samples
were first evaluated using the ultraviolet-visible (UV-vis) diffuse
reflectance spectra. As shown in Fig. 4a, pure CdS exhibits an
absorption edge at around 550 nm. Based on the curve plots for
(ahv)* versus hv (inset of Fig. 4a), the bandgap of CdS is calcu-
lated to be 2.52 eV by using the equation:

(ahv)" = A(hv — E,) (5)

where « is the absorption coefficient, zv is the light energy, 4 is
a constant, E, is the optical bandgap, and 7 is equal to 2 for
direct bandgap CdS. With the further loading of CdS on Pd
nanosheets, the bandgap of CdS does not change, while addi-
tional broad background absorption can be observed in the
region ranging from 550 to 800 nm, which can be ascribed to
the interband transition of bound electrons in Pd to high-
energy levels as well as the light scattering of CdS closely
packed on the nanosheets.*®* It should be noted that as a non-
plasmonic metal, black Pd nanosheets exhibit no plasmonic
absorption band in the visible region (Fig. S8). The comparable
light absorption of the CdS-Pd samples in the visible region
guarantees the approximative charge generation abilities. Then
photocurrent measurements were employed to elucidate the
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charge migration and separation behaviors.*>** As revealed by
Fig. 4b, the couple of Pd significantly improves the photocur-
rent response of pristine CdS under visible light irradiation,
implying the cocatalyst role of Pd in enhancing the photo-
generated electron-hole separation. The CdS-Pd-48, CdS-Pd-60,
CdS-Pd-80 and CdS-Pd-100 achieve 3.1, 5.0, 6.1 and 7.2-fold
increases in the photocurrent density, respectively, revealing
the ever-increasing electron capture abilities of Pd cocatalysts
with the improvement of the degree of crystallinity. The
enhancement is mainly ascribed to the disordered nature of
amorphous Pd domains.*** On one hand, the contact between
CdS and surface defect enriched amorphous Pd induces the
formation of interfacial defects between them, which act as
electron-hole recombination centers during the interfacial
charge transfer. On the other hand, the disordered arrangement
of atoms disfavors the diffusion of photogenerated electrons,
while the bulk defects act as scattering centers for electron
transfer, both of which increase the possibility of charge loss.
Thus high-crystallinity Pd cocatalysts with a lower percentage of
amorphous domains display superior electron trapping capa-
bility in comparison with low-crystallinity ones. The
crystallinity-dependent charge kinetic behaviors are also
confirmed by the reduced radii of electrochemical impedance
spectroscopy (EIS) Nyquist plots in the same sequence (Fig. 4c).
Furthermore, the photoluminescence (PL) spectrum of CdS is
quenched more significantly by Pd with higher crystallinity,
further implying the more effective prevention of charge
recombination through radiative pathways (Fig. 4d). As revealed

This journal is © The Royal Society of Chemistry 2020
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(a) UV-vis diffuse reflectance spectra of CdS based samples; the inset is the corresponding Tauc plots; (b) photocurrent vs. time (/-t)

curves at 0.1V vs. Ag/AgClunder visible light irradiation; (c) EIS Nyquist plots at 0.1V vs. Ag/AgCl; (d) PL spectra excited at 370 nm; the inset is the
magnification of the PL peaks; (e) transient OCVD measurements after exposure to visible light; (f) average lifetimes of the photogenerated

charge carriers (z,,) obtained from transient OCVD measurements.

by transient open-circuit voltage decay (OCVD) measurements,
the improved charge separation contributes to prolonged
carrier lifetimes. According to the open-circuit voltage (Vo)
decay in the dark (Fig. 4e), average lifetimes of photogenerated
charge carriers (7,) are estimated as electron-hole recombina-
tion gradually occurs when light illumination is turned off. The
prolongation of average carrier lifetimes of CdS-Pd with the
increasing crystallinity of Pd is clearly shown in Fig. 4f.
According to the above discussion, the charge separation
behaviors of the samples and the yields of low-carbon products
are in the reverse order, suggesting that surface reactivity plays
a critical role in the photocatalytic CO, reduction process. Given
that the introduction of Pd into CdS significantly prevents H,
production but accelerates CO and CH, generation, it can be
inferred that the surface of CdS mainly drives H, evolution,
while Pd cocatalysts offer surface reactive sites for the conver-
sion of CO, to CO and CH,. The charge transfer from CdS to Pd
decreases the number of electrons accumulated on the surface
of CdS, leading to a sharp drop in H, generation. Moreover,
owing to the enhanced CdS— Pd interfacial electron transfer

This journal is © The Royal Society of Chemistry 2020

with the increase of the crystallinity of Pd, the number of photo-
induced electrons used for H, evolution gradually decreases.
Thus, CdS-Pd samples experience a gradual decline in H, yield,
giving rise to the increase of selectivity toward CO, reduction.
Then the question is why high-crystallinity Pd cocatalysts
with better electron trapping ability exhibit lower CO and CH,
production. To further elucidate the mechanistic details behind
the results, the performance of Pd nanosheets in electro-
catalytic CO, reduction was evaluated. Given the functions of
the cocatalyst in accepting electrons and providing reaction
sites are much similar to those of electrocatalysts, the electro-
catalytic properties enable an in-depth understanding of the
photocatalytic activities among different cocatalysts.>* The
electrocatalytic properties were examined with a CO,-saturated
and Ar-saturated KHCO; solution as the electrolyte, respec-
tively. As revealed by the linear sweep voltammetry (LSV) results
in Fig. 5a, the current densities of the electrode grafted with Pd
nanosheets under a CO, atmosphere are higher than those
under Ar bubbling. This increased current can be assigned to
the cathodic current generation of the reduction of CO,
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(a) Linear sweep voltammetry (LSV) curves of Pd nanosheets with different degrees of crystallinity recorded in CO,-saturated and Ar-

saturated 0.5 M KHCOg3; (b) partial current densities and corresponding (c) Tafel plots of CO, reduction for Pd nanosheets with different degrees

of crystallinity.

molecules induced by Pd.>>*® With the increase of crystallinity
from Pd-48 to Pd-100, the current difference narrows gradually,
confirming that the poorly crystalline Pd nanosheets act as
more effective electrocatalysts for CO, reduction. This suggests
that the disordered atomic arrangement in the amorphous
domains of Pd boosts the density of unsaturated surface atoms
and surface structural defects, which act as highly active sites
for the CO, reduction reaction and thus elevate the efficiency for
CO and CH, formation.®®** To further confirm this, the partial
current densities of CO, reduction were calculated by multi-
plying the total current density by the corresponding faradaic
efficiencies determined using a gas chromatograph for CO and
CH,.”* As shown in Fig. 5b, the current density of Pd-48 rea-
ches —14.7 mA cm ™2 at —0.9 V vs. RHE, which is around 3.1, 7.4
and 14.7 times higher than those of Pd-60, Pd-80 and Pd-100,
respectively. Also the corresponding Tafel plots were investi-
gated based on the partial current densities of CO, reduction
and, as presented in Fig. 5c, it can be seen that a decline in the
resulting Tafel slope is observed with the decrease of the crys-
tallinity of Pd, further suggesting a reduced kinetic barrier for
CO, reduction.®

To further analyze the crystallinity degree-dependent surface
reaction kinetics in CO, reduction, adsorption behaviors of CO,
molecules on the surface of high-crystallinity and amorphous
Pd were simulated, respectively. As the crystal surface of the
high-crystallinity Pd nanosheet was proved to be the (111) facet
from the HRTEM images, the (111) surface was used for the
interface reaction simulation of high-crystallinity Pd to ensure
the consistency of the theoretical model with the experimental
sample. For amorphous Pd, the same method was performed to
obtain the exposed side, recorded as the amorphous Pd(111)
surface. For the adsorption of CO, on the high-crystallinity
Pd(111) surface, there are totally 3 different interaction modes
(Table S21). When the C atom of CO, directly connects with the
Pd atom in high-crystallinity Pd (Pd.ys), the adsorption system
shows the most negative energy with an interaction energy (Ei,)
of —12.41 kcal mol~". When the disordered arrangement of Pd
atoms in the amorphous Pd is taken into consideration, 10
possible adsorption systems obtained by GCMC were optimized

J. Mater. Chem. A

(Table S3 and Fig. S9). Similarly, when C of CO, directly
connects with the Pd atom, the adsorption system is more
energetically favorable, while the connection of O of CO, with
the Pd atom will increases the system's energy. The calculated
Ein values for the adsorption on amorphous Pd are in the range
of —12.06 kcal mol™* (the 2" adsorption site)
~—15.28 kcal mol " (the 7th adsorption site), among which 8
values are more negative than that for the high-crystallinity Pd.
As indicated by the Ej, values, the adsorption of CO, is more
favorable on the amorphous Pd surface in comparison with the
high-crystallinity one.

All the possible adsorption interactions mentioned above
were simulated, but only the most favorable ones are detailed
here. The structures and atomic charges (g) of the relevant
adsorption systems are shown in Fig. 6. The C-Pd distances are
2.65 A and 2.38 A for the adsorption on Pd.s and the 7t
adsorption site of the amorphous Pd(111) surface (Pdamory),
respectively. As indicated by the g values of CO, in the adsorp-
tion system of high-crystallinity Pd (—0.29¢) and amorphous Pd
(—0.31e), intermolecular electron transfer from the connected
Pd and its surrounding Pd atoms to CO, occurred during the
formation of C-Pd bonds. Additionally, the C-Pd bond formed
on the surface of amorphous Pd is more stable, which is
consistent with the calculation results of Ej,. After the
adsorption interaction, the average bond length of C-O in CO,
is elongated from 1.20 A to 1.28 A for high-crystallinity Pd and
1.30 A for amorphous Pd, suggesting the more significant
weakening of the C-O bond in amorphous Pd. Furthermore, the
q values of the atoms C and O in CO, changed from 0.20e and
—0.10e to —0.00e and —0.14e for high-crystallinity Pd and to
—0.01e and —0.16¢ for amorphous Pd, respectively. The elec-
trons on C and O atoms increase more significantly in the case
of amorphous Pd, making them easier to undergo CO,-to-CO/
CH, conversion. Thus, amorphous Pd performs better than the
high-crystallinity one in adsorbing and activating CO,, which is
consistent with the experimental results that CdS-Pd-48 with
the lowest crystallinity of Pd achieves the highest CO and CH,
evolution rates.

This journal is © The Royal Society of Chemistry 2020
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cocatalysts.

Based on the above discussion, the crystallinity-dependent
photocatalytic processes can be illustrated in Scheme 1. With
the visible-light excitation of CdS, some of the photo-excited
electrons migrate to the surface of CdS for H, evolution, while
others transfer to the Pd surface for the conversion of CO, to CO
and CH,. When highly crystalline Pd nanosheets with excellent
electron capture capability are used as cocatalysts, smooth
electron transfer from CdS to Pd decreases the number of
electrons accumulated on the CdS surface and thus prevents the
H, evolution, contributing to higher selectivity for CO, reduc-
tion (Scheme 1a). In contrast, poorly crystalline Pd nanosheets
as cocatalysts boost the density of highly active sites on the
surface for CO,-to-CO/CH, conversion despite the relatively
lower electron capture efficiency, thus endowing CdS-Pd with
improved CO and CH, evolution (Scheme 1b). It can be inferred
that the surface reactivity rather than the charge transfer is the
rate-determining step in CO, reduction on the Pd cocatalyst.

This journal is © The Royal Society of Chemistry 2020

4. Conclusions

In conclusion, we have demonstrated that the photocatalytic
performance in CO, reduction can be modulated by tailoring
the crystallinity of cocatalysts. With Pd nanosheet supported
CdS quantum dots as model photocatalysts, it is found that
both the yields of reduction products and selectivity for CO,
reduction have a strong correlation with the crystallinity of Pd
cocatalysts. In particular, CdS-Pd-100 with high-crystallinity Pd
achieves 100% selectivity for CO, reduction, while CdS-Pd-48
with the lowest crystallinity of Pd exhibits superior CO and
CH, evolution rates of 23.93 and 0.35 umol g.,. ' h™%, 10.3 and
5.9 times higher with respect to those of bare CdS, respectively.
It is found that highly crystalline Pd cocatalysts facilitate the
charge transfer from CdS to Pd, which thus prevents the side
reaction of H, production occurring on the surface of CdS. On
the other hand, the experimental and calculation results
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indicate that the adsorption and activation of CO, are more
favorable on the amorphous Pd surface. Consequently, the
increasing density of highly active sites enables more efficient
conversion of CO, to CO and CH, along with the decrease of Pd
crystallinity. This work offers a crystallinity engineering
approach to optimize the activity and selectivity in photo-
catalytic CO, reduction.
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