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A B S T R A C T   

The conversion of solar energy to chemical fuels by CO2 photoreduction reaction (CO2PR) is a promising 
pathway to alleviate rapid energy consumption crisis. Nevertheless, only a few systems have been reported so far 
by applying solar energy in visible light region in particular high wavelength (such as λ ≥ 650 nm). Herein, we 
report an efficient 650 nm-induced CO2 photocatalytic reduction system to syngas by introducing Co into MgAl- 
layered double hydroxide (CoMgAl-LDH) nanosheets in conjunction with Ru(bpy)3]Cl2⋅6H2O as photosensitizer, 
in which [Ru(bpy)3]Cl2⋅6H2O could be activated to generate photogenerated electrons which further transfer to 
surface of CoMgAl-LDH for CO2 reduction. Under irradiation >400 nm, the CoMgAl-LDH nanosheets showed 
excellent CO2 conversion with TOF of 11.57 h− 1, 3 times higher than that of CoAl-LDH. Most importantly, up to 
monochromatic irradiation wavelength at 650 nm, the CoMgAl-LDH nanosheets still displayed optimized syngas 
evolution rate, with CO rate of 0.35 μmol⋅h− 1 with quantum yield of 0.86%. Furthermore, as evidenced by X-ray 
absorption fine structure spectroscopy and high-resolution synchrotron X-ray powder diffraction, the proper 
introduction of Co promoted its dispersion on the laminate of LDH. The suitable dispersion of Co active sites into 
LDH nanosheets facilitates the transportation of photo-generated electrons to further promote catalytic activity 
for reaction. This work paves a potential way for CO2PR to syngas under wavelength irradiation up to 650 nm.   

1. Introduction 

The reduction of CO2 into high-value energy products and syngas 
(CO and H2) not only could meet the demands on development of 
renewable energy, but also mitigate the greenhouse effect by CO2 cir
culation. CO2 photoreduction reaction (CO2PR) is a significant way to 
convert solar energy into high-value energy [1,2]. In view of that, most 
photocatalysts up to now are traditional semiconductors activated by 
UV light which only occupy 3% of the whole solar spectrum, effectively 
widening the absorption efficiency of solar energy is a crucial task for 
making endeavor on efficient and stable photocatalysts/cocatalysts for 
CO2 conversion [3]. In recent years, photocatalytic materials have 
achieved considerable progress for visible-light response [4–8], never
theless, their weak visible light absorption above 500 nm still very 

limited to the efficient utilization of sunlight due to visible–near infrared 
light account for about 97% of the total solar. In light of this, exploring 
photocatalysts for higher wavelength response (like λ ≥ 650 nm) is 
challenging and key for further industrial application. 

Layered double hydroxides (LDHs) consist of sheets in which MO6 
octahedra of bivalent and trivalent metals edge-share, and have been 
confirmed that they were distributed in the laminate in a highly ordered 
manner [9]. Due to their easily controllable metal cation composition, 
LDHs representing a new class of metal-to-metal charge-transfer 
(MMCT) system [10,11], have been considered as a very promising class 
of 2D photocatalysts and widely used in photocatalysis such as water 
splitting, fine chemical synthesis, N2 fixation and CO2 reduction 
[12–15]. Furthermore, highly-dispersing active species into the lami
nate could not only tailor the LDH band structure to promote the 
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utilization of sunlight, but also may lead to the introduction of unsatu
rated defect sites, further promoting catalytic performance [16–25]. 
Cobalt oxides/complexes such as Co3O4 [26], Co-loaded partially 
oxidized graphene nanosheets (Co–G) [27], TiO2− x/CoOx [28], photo
sensitized porous metallic, magnetic Co-C composites [29], Co-doped 
TiO2 [30], have been demonstrated that they were high efficiency cat
alysts for CO2 photoreduction [26,29,31–34], However, it is still a huge 
challenge to avoid the agglomeration of active sites to further optimize 
the atomic utilization efficiency for the catalysis. Recently, our research 
group has proved that the introduction of Co element into the laminate 
of LDHs showed improved photocatalytic CO2 reduction compared with 
other elements (such as Mg, Zn, Ni etc.) [35–38], nevertheless, consid
ering that element Co is the most expensive non-noble metal, it is highly 
desirable to realize/optimize the atomic efficiency of Co after highly 
dispersing into LDH matrix through tracking the corresponding turnover 
frequency (TOF) value [39–43]. 

Herein, Co-containing CoMgAl-LDH nanosheets were fabricated by a 
facile one-step coprecipitation method (Scheme 1) and operated the 
CO2PR to syngas (CO/H2 = 1:1) with visible light (λ > 400 nm) 
combining with [Ru(bpy)3]Cl2⋅6H2O as photosensitizer for the genera
tion of photogenerated electrons, and the conversion rate of CO2 to 
syngas for Co active sites in CoMgAl-LDH nanosheets could reach a TOF 
value of 11.57 h− 1, three times higher than that of CoAl-LDH (3.4 h− 1), 
and it still exhibited photoactivity up to 650 nm with a quantum yield of 
0.86%, greatly improving the utilization of solar energy. The X-ray ab
sorption fine structure (XAFS) indicated the dispersion of Co introduced 
more defects which could promote the separation and transportation of 
photogenerated electron holes to enhance the photocatalytic perfor
mance. This work provides an efficient strategy to facilitate the photo
catalyst response of the visible–near infrared light region. 

2. Results and discussion 

Initially, we selected MgAl-LDH nanosheets as the candidate for the 
further dispersing Co atoms, since MgAl-LDH is the most classic and 
widely used LDH for the practical extensive applications, such as addi
tives in polymer, non-toxic heat stabilizers of PVC, halogen-free flame 
retardants, anti-ultraviolet additive for asphalt, etc., and also has been 
successfully scaled up to several production lines in China [27,44–46]. 
According to XRD patterns (Fig. S2a), regular (003), (006), (012), 
(015), (018) and (110) reflections of the MgAl-LDH sample were 
observed, indicating the successful synthesis of LDH structure, and the 
basal spacing calculated to be 0.760 nm, illustrating that the interlayer 
anion is CO3

2– [14]. After dispersing Co atoms into MgAl-LDH, the ob
tained CoMgAl-LDH also displayed a similar XRD pattern to that of 

MgAl-LDH. Besides, if all the Mg atoms were totally displaced by Co 
atoms, binary CoAl-LDH can also be obtained. As shown in Fig. S2a, 
compared to MgAl-LDH, the (110) diffraction peak of CoMgAl-LDH and 
CoAl-LDH shifted to a larger 2θ angle along with a smaller lattice, which 
can be attributed to the smaller ionic radius of Co2+ (0.065 nm) than 
Mg2+ (0.072 nm). According to the detailed calculation results of the 
unit cell parameters (Table S1), the unit cell lattice constant (a) which 
was defined by the distance between adjacent metal cations were 
determined to be 3.073 Å for MgAl-LDH, 3.065 Å for CoMgAl-LDH, 
3.053 Å for CoAl-LDH, respectively. Through the ICP-AES analysis 
(Table S2), we can further confirm the successful introduction of Co 
atoms to MgAl-LDH, with a ratio of 0.25/1.63/1 (Co/Mg/Al) in CoMgAl- 
LDH, almost close to the feed ratio (0.25:1.75:1), the exact ratios of 
CoAl-LDH (2.02:1) and MgAl-LDH (1.93:1) were also similar to the feed 
ratio (M2+:M3+ = 2:1), respectively. The Fourier transform infrared 
(FTIR) spectra (Fig. S2b) at 1384 cm− 1 of all the samples demonstrated 
the presence of intercalation anion CO3

2–. In the UV–vis spectra 
(Fig. S2c), MgAl-LDH did not show obviously visible absorption, being 
consistent with its white color (Fig. S2d), as can be well understood since 
the absence of any d-orbits electrons in MgAl-LDH. After dispersing Co 
atoms into MgAl-LDH, the CoMgAl-LDH and CoAl-LDH structure 
showed much broad absorption peaks for visible region centered 520 nm 
and 610 nm, which were consistent with d–d transitions of octahedral 
Co2+, as originated to 4T1g (F) → 4T1g (P) and 3A2g (F) → 3T1g (F) 
transitions [47]. The increased adsorption of CoAl-LDH can be explained 
by the increased Co atoms in CoAl-LDH sample, corresponding to the 
observed actual color of the catalyst powder (Fig. S2d). The SEM images 
showed that all the LDHs have sheet-like structure along with the sheet 
size about 30 ± 10 nm and the layer thickness about 10 nm (Fig. 1a, b, 
S3), respectively. The HRTEM images displayed lattice stripe 0.195 nm 
for CoMgAl-LDH (Fig. 2c, d), which was assigned to the (018) crystal 
plane. These results above proved that we have successfully synthesized 
Co-containing LDH nanosheets. 

The CO2PR was performed for all the LDHs in acetonitrile/H2O sol
vent under visible light irradiation (400 nm < λ < 800 nm, Beijing 
Perfect Light, PLS-SXE300D, China) with conditions (30 ◦C and 1.8 atm 
CO2). And a typical [Ru(bpy)3]Cl2 played the role of photosensitizer, 
TEOA was chosen for sacrificial agent. The controlled experiment 
showed the catalytic performance of CoMgAl-LDH under various reac
tion conditions (Fig. 2a), when not adding [Ru(bpy)3]Cl2 or TEOA, no 
CO, H2 could be obtained, confirming the both of them played essential 
roles in the reaction. When using Ar replacing CO2, fewer H2 was pro
duced with no CO, confirming that CO came from the CO2 conversion. 
Fig. 2b showed the photocatalytic activity of all as-prepared LDHs. For 
the MgAl-LDH, the obtained catalytic performance showed a slight 

Scheme 1. Schematic diagram for MgAl-LDH and Co dispersed in MgAl-LDH (CoMgAl-LDH) for CO2 photoreduction to generate CO and H2 on under λ ≥ 650 nm 
combining with a Ru complex. Mg (blue), Co (pink), Al (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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evolution rate of CO (0.17 μmol⋅h− 1) and poor yield rate H2 (0.19 
μmol⋅h− 1) along with CO/H2 ratio of 0.89; after dispersed Co atoms into 
MgAl-LDH (CoMgAl-LDH), interestingly, the rate of CO (7.70 μmol⋅h− 1) 
and evolution rate 5.80 μmol⋅h− 1 for H2 increased 45 times and 30 times 
than that of MgAl-LDH, respectively, with the syngas (CO/H2) ratio of 
1.32. Further increasing the loading amount of Co to LDH for the syn
thesis of binary CoAl-LDH, the highest evolution rate 14.90 μmol⋅h− 1 of 
CO and generation rate 14.27 μmol⋅h− 1 for H2 were expectedly obtained 
(with the syngas CO/H2 ratio of ~1.04). The obvious enhancement of 
catalytic activity in reaction could be ascribed to the promoted effect of 
Co atoms, demonstrated that Co atoms were considered to be the main 
active sites for CO2 photoreduction, consistent to the results of previous 
studies [27,48]. It is noteworthy that the total Co amount of CoAl-LDH 
reached 8 times than that of CoMgAl-LDH (Table S2), nevertheless, 
when focusing on the catalytic efficiency of Co atoms, the TOFs value of 
CO production came to 11.57 h− 1 for CoMgAl-LDH, 3 times than that of 
CoAl-LDH (3.4 h− 1) (Fig. 2c), further indicating that only a part of 
dispersed Co in CoAl-LDH played as catalytic site in reduction, while 
CoMgAl-LDH with a suitable amount of Co could realize exactly the 
more efficient utilization of Co atoms in the CO2 photoreduction. What’s 
more, the higher syngas (CO / H2) ratio of 1.32 for CoMgAl-LDH than 
0.89 for MgAl-LDH, 1.04 for CoAl-LDH indicated that the suitable 
introduction of Co promoted the hydrogenation of CO2 molecules 
absorbed on the surface of catalyst by the active H* for the evolution of 
CO along with simultaneously limiting the coupling of surface active H* 
for generation of H2. Therefore, one conclusion could be drawn that the 
improvement in the catalytic efficiency of Co atoms should be due to the 
suitable dispersion of Co on the CoMgAl-LDH, while for CoAl-LDH 
structure, most of the Co in LDH structure did not participate in the 

catalytic cycle. 
To further confirm the carbon source of CO, as shown in Figs. 2d and 

S4, GC–MS was used to detect the generated gas of 13CO2 photoreduc
tion. One peak at the m/z = 29 in MS was assigned to produced 13CO, 
and fragment peak centering m/z = 13 was ascribed to the 13C origin 
originating from 13CO2. This result confirmed that CO was indeed 
generated from the conversion of CO2. In addition, no other liquid 
products (such as HCHO, CH3OH, HCOOH) could be obtained in 
reduction system (Fig. S5). What’s more, the catalyst could maintain 
stable catalytic activity in four cycles of reaction testing without any 
structure change, proving the stability of CoMgAl-LDH as catalyst 
(Figs. 2e and S6). 

In order to investigate why the CoMgAl-LDH showed a better cata
lytic efficiency on TOF performance than that of CoAl-LDH, the X-ray 
absorption fine structure (XAFS) spectroscopy was advantageous for 
exploring the local coordination environment of Co atoms in CoMgAl- 
LDH (Fig. 3). A similar absorption edge position to each other of Co K- 
edge XANES spectra exhibited that the valence of Co atom did not 
change significantly for the CoAl-LDH and CoMgAl-LDH (Fig. 3a), 
consistent with XPS results (Fig. S7). The Co K-edge k3χ(k) spectra 
(Fig. 3b) for CoMgAl-LDH showed the lower oscillation intensity than 
CoAl-LDH, confirming that Co atoms in CoMgAl-LDH had a different 
coordination surrounding (Fig. 3b). The Fourier-transformed (FT) k3- 
weighted EXAFS spectra (Fig. 3c) displayed main peak centered at 1.6 Å, 
which could be assigned to the Co-O coordination shell, the smaller 
coordination number (N) of CoMgAl-LDH (N = 4.98) than 6.0 of CoAl- 
LDH (Table S3), demonstrating hydroxyl vacancies (VOH) existed in 
the layer (Fig. 3d). Furthermore, CoMgAl-LDH possessed the bigger 
Debye–Waller factor of coordination shell Co–O (0.0085 Å2) than CoAl- 

Fig. 1. SEM (a, b), HRTEM (c, d) images for CoMgAl-LDH.  
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LDH (0.0084 Å2), which revealed the more disordered structure of 
CoMgAl-LDH compared to CoAl-LDH. As exhibited in Fig. 3e, f, wavelet 
transform (WT) showed one WT maximum around at 5.8 Å− 1, which 
corresponded with Co-O-M (M = Mg/Co/Al) bonding [49,50], and the 
WT maximum corresponding to the Co-O-M (M = Mg/Co/Al) bonding 
showed a shift from 6.8 Å− 1 for CoMgAl-LDH to 7.4 Å− 1 for CoAl-LDH, 
which can be assigned to the smaller average atomic number sur
rounding Co atoms of CoMgAl-LDH, demonstrated that the Co atom was 
dispersed by the Mg and Al atoms. From the above XAFS discussion, it 
can be concluded that CoMgAl-LDH with abundant VOH provided the 
coordinatively unsaturated active site for the efficient CO2 reduction, 
while CoAl-LDH with higher amount of Co atoms exhibited lower TOF in 
the reaction, mainly due to the relatively complete/perfect structure 
without exposing unsaturated sites. What’s more, in order to further 
understand the specific distribution of the laminate atoms within the 

hydroxide layers, we carried out the high-resolution synchrotron X-ray 
powder diffraction (λ = 0.6887 Å) of LDHs. As shown in Fig. S8, Bragg 
peaks representing (003), (006), (015), (018), (110) and (113) planes 
of CoAl-LDH and CoMgAl-LDH (Fig. S8a) could be observed, consistent 
with XRD results. Total scattering data was converted to pair distribu
tion function (Fig. S8b) and analyzed to get short/medium-range 
structural information. The peaks attributed to interatomic distances 
below the interlayer distance d(003) (~7.7 Å) were ascribed to M–M or 
M–O distances in the layers, and peak intensity changes could reflect 
different population of the corresponding atomic pairs. The lower peak 
intensity of CoMgAl-LDH than CoAl-LDH at a (~3.1 Å) for Co-Co/Mg/Al 
pairs in the first metal shell, √3a (~5.2 Å) for Co-Co/Mg pairs in the 
second metal shell, and 2a (~6.2 Å) for Co-Co/Mg/Al pairs in the third 
metal shell (Fig. S8c), respectively, indicated the fewer Co-Co/Mg/Al 
atomic pairs for CoMgAl-LDH than CoAl-LDH [51–53], corresponding 

Fig. 2. a) Yields of CO and H2 with various 
conditions; b) Yield rates of CO and H2 on 
LDHs; c) TOFs of CO production on 
CoMgAl-LDH and CoAl-LDH; d) GC–MS 
analysis on carbon products of 13CO2 
photoreduction; e) CO, H2 selectivity using 
recycled CoMgAl-LDH; f) CO, H2 yield 
rates on CoMgAl-LDH with different 
wavelengths irradiation (λ > 400 nm, 500 
nm, 600 nm, 700 nm) and UV–visible 
spectra of the photosensitizer Ru 
(bpy)3Cl2⋅6H2O; g) CO, H2 yield rates for 
CoMgAl-LDH along with monochromatic 
lights irradiation (λ = 600 nm, 630 nm, 
650 nm); h) AQYs of CO on CoMgAl-LDH 
along with monochromatic lights irradia
tion (λ = 405 nm, 440 nm, 470 nm, 550 
nm, 600 nm, 630 nm, 650 nm).   
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to the XAFS results. And the lower peak intensity of CoMgAl-LDH than 
CoAl-LDH at ~2.0 Å could be attributed to the fewer Co-O pairs in 
CoMgAl-LDH, in which the existence of hydroxyl defects may also be 
one of the reasons for this result. Therefore, a suitable dispersion of Co 
atoms in CoMgAl-LDH with more VOH could maintain a much efficiently 
promoted TOF for the CO2 reduction. 

Furthermore, we explored how the catalytic activity of CoMgAl-LDH 
responsed to the different wavelengths irradiation, since CoMgAl-LDH 
showed much wider visible light absorption to 700 nm, when 
compared to [Ru(bpy)3]Cl2 (200–650 nm) (Figs. S2c, f). The production 
rate 7.30 μmol⋅h− 1 of CO and 5.49 μmol⋅h− 1 of H2 under the irradiation 
with λ > 500 nm were slightly lower than λ > 400 nm. Excitingly, it was 
worth exploring that CoMgAl-LDH also exhibited good catalytic activity 
under irradiation with λ > 600 nm with evolution rate of CO (2.41 
μmol⋅h− 1) and H2 (2.87 μmol⋅h− 1), and the syngas (CO/H2) ratio of 0.85, 
and we could not detect any production under irradiation with λ > 700 
nm. The slight change of syngas ratio can be explained by the balance of 
the competitive reaction over water splitting into H2, as discussed 

below. Therefore, we could get that the catalytic performance agreed to 
some extent with the changing trend of the absorption intensity of [Ru 
(bpy)3]Cl2 under visible light, demonstrating that light absorption of 
[Ru(bpy)3]Cl2 made a considerable effect on catalytic activity. 
Furthermore, we took further tests using different monochromatic lights 
between 400 and 650 nm to explore the catalytic activity of CoMgAl- 
LDH (Figs. 2g and S9, S10), and more interestingly, compared with 
the previously reported photocatalysts toward CO2PR (Table S4), 
CoMgAl-LDH still obviously showed good activity response to mono
chromatic irradiation of 650 nm with evolution rate 0.35 μmol⋅h− 1 for 
CO and 0.26 μmol⋅h− 1 for H2 with the CO/H2 ratio of 1.35. And 
compared with the generation of 1.60 μmol⋅h− 1 for CO and 1.80 
μmol⋅h− 1 for H2 under irradiation of monochromatic light 600 nm, the 
decreased evolution rate of CO and H2 for monochromatic light 630 nm 
and 650 nm could be ascribed to the lower absorption strength of [Ru 
(bpy)3]Cl2⋅6H2O around 630 nm and 650 nm than that of 600 nm. The 
apparent quantum yields (AQYs) of CO on CoMgAl-LDH corresponding 
with different monochromatic light were given in Fig. 2h, the reaction 

Fig. 3. a) X-ray absorption near-edge structure (XANES) spectra; b) Fourier transform (FT); c) EXAFS oscillation functions of CoMgAl-LDH, CoAl-LDH, CoO and Co 
metal of Co K-edge; d) Schematic illustration of CoMgAl-LDH; e) The wavelet transform (WT) plot; f) the WT maximum corresponding to the Co-O bonding shift of 
CoMgAl-LDH and CoAl-LDH. 
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could get higher AQYs under monochromatic irradiation from 405 nm 
(16.50%) to 550 nm (9.91%), and the lower AQY for 440 nm than 470 
nm may be attributed to that the less generation rate of CO at 440 nm 
than 470 nm (Fig. S10) and the stronger absorption intensity of [Ru 
(bpy)3]Cl2⋅6H2O at 440 nm than that of 470 nm (Fig. S2c) according to 
the AQY calculation equation (Eq. (S2)). And an AQY (0.86%) can be 
obtained under 650 nm irradiation, further improved the light energy 
utilization to a certain extent. The decreased AQYs could be attributed to 
the weak light intensity. Although CoAl-LDH exhibited slightly higher 
evolution rate 0.42 μmol⋅h− 1 for CO and 0.35 μmol⋅h− 1 for H2 with AQY 
(0.95%) for CO evolution under the monochromatic irradiation of 650 
nm (Fig. S11, Table S5), however, the lower TOF of CoAl-LDH made it 
unable to give full play to the catalytic efficiency of Co atoms. Therefore, 
CoMgAl-LDH with abundant active sites owned the more advantage for 
improving the utilization of sunlight (up to 650 nm) for the evolution of 
syngas. Furthermore, inspired by recent excellent works on photo
catalytic reduction coupled with organic oxidation reactions [54–56], 
when we tried to replace the sacrificial agent TEOA by 4-fluorobenzyl 
alcohol, the evolution rate 0.086 μmol⋅h− 1 of CO and generation rate 
0.013 μmol⋅h− 1 for H2 can be obtained for CoMgAl-LDH (Table S4), 
indicating the successful replacement for TEOA and the formation of 
oxidation product (like 4-fluorobenzaldehyde), beneficial for the future 
industry application. 

To further comprehend the promoted catalytic activity of CoMgAl- 
LDH in reaction, we explored the photo-induced electron hole separa
tion efficiency under light irradiation. As shown in Fig. 4a, The CoMgAl- 
LDH exhibited higher photocurrent, indicated that the enhanced 
mobility of photoinduced carrier in CoMgAl-LDH when dispersing Co 
atoms into MgAl-LDH. The photoluminescence (PL) spectra in Fig. 4b 
proved that the weaker photoluminescence intensity of CoMgAl-LDH 
could make a better effect on suppressing the electron-hole radiative 
recombination, promoting more photo-induced electron transfer to the 
surface of catalyst, which could be assigned to the introduction of Co 
active sites on CoMgAl-LDH. Furthermore, by the EIS analysis (Fig. 4c), 
CoMgAl-LDH possessed a smaller impedance radius, facilitating the 

transportation of photoinduced electrons to participate in CO2PR. 
Furthermore, as shown in Fig. S12, the increased SPV intensity of 
CoMgAl-LDH (Fig. S12a) and longer carrier lifetime (Fig. S12b) for 
CoMgAl-LDH (371 ns) compared with MgAl-LDH (364 ns) confirmed 
directly that Co introduction was beneficial for the efficient separation 
of photogenerated electron–hole pairs [27,57,58]. 

Density functional theory (DFT) calculations were performed to gain 
atomic-level insight and understand the dispersion effect of Co atom in 
MgAl-LDH. Firstly, the density of states was conducted to confirm the 
electronic structure and band gap for LDHs (Figs. 5 and S3, S14). Ac
cording to Figs. 5a and S14, the band gap of MgAl-LDH and CoAl-LDH 
was calculated to be 3.12 eV and 2.0 eV, respectively. After intro
ducing Co atoms into MgAl-LDH, the band gap CoMgAl-LDH was 
reduced from 3.12 eV (MgAl-LDH) to a value of 2.11 eV (Fig. 5c). 
Moreover, an new intermediate band existed in the forbidden zone, 
indicating that the introduction of Co into LDH reduced the band gap 
and facilitated electron transfer [17]. In addition, when adding hydroxyl 
vacancies into CoMgAl-LDH (denoted as CoMgAl-LDH (VOH)), an addi
tional defect level was observed between conduction band and valence 
band (Fig. 5c). Such reduced band gap was beneficial to improve the 
corresponding electrical conductivity and further promote the electron 
transfer efficiency, in accordance to the EIS result (Fig. 4c). Thus, defect- 
containing CoMgAl-LDH provided much more efficient charge trans
portation due to the hydroxyl vacancies, similar to the previous studies, 
in which the increased number of oxygen vacancies in LDHs could 
significantly increase the electron conductivity to further promote cat
alytic performance [59,60]. Furthermore, we also calculated the hy
droxyl vacancies (VOH) formation energy of different LDHs. The VOH 
formation energy of MgAl-LDH (4.31 eV), CoAl-LDH (2.51 eV), CoMgAl- 
LDH (2.09 eV) was shown in Fig. 5d, such lowest energy indicated that 
VOH can be much easily formed in CoMgAl-LDH structure, as mainly due 
to the hetro-elements dispersed in LDH structure [61], consistent with 
the XAFS results. Therefore, we can conclude that Co dispersed in MgAl- 
LDH could adjust the electronic structure with the formation of more 
defects (VOH), and then improved the photocatalytic syngas evolution. 

Fig. 4. a) Photocurrent responses under UV–vis illumination; b) Room-temperature photoluminescence (PL) spectra; c) Electrochemical impedance spectra of 
CoMgAl-LDH and MgAl-LDH; d) The proposed possible reaction mechanism. 
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Based on previous works [26,27] and the understanding of the cat
alytic system, we pointed out a feasible possibly mechanism (Fig. 4d), 
photosensitizer [Ru(bpy)3]2+ was converted to [Ru(bpy)3]3+ under 
irradiation along with the photogenerated electrons transferring to 
arrive at the surface of CoMgAl-LDH, followed by that, the photoelec
trons could further reduced H2O to active hydrogen (H*), which could 
promote the hydrogenation of CO2 and further generate CO, and H* 
coupled to generate H2. The competition competition between the hy
drogenation over CO2 and coupling of H* for the H2 evolution gives the 
effect on the ratio of syngas evolution. Besides, TEOA could reduce [Ru 
(bpy)3]3+ to initial state [Ru(bpy)3]2+ to complete the whole cycle by 
providing electron. In terms of charge transfer, it could be considered 
that the matching band structure of CoMgAl-LDH catalyst and photo
sensitizer was responsible for good response at 650 nm of catalyst. 
What’s more, through the analysis of the band structure (Figs. S15–S18), 
due to the lower conduction band minimum (CBM) of CoMgAl-LDH 
(4.39 eV) than LUMO of photosensitizer [Ru(bpy)3]Cl2 (3.19 eV), 
photoexcited electrons from LUMO of photosensitizer could effectively 
transfer to the CBM of CoMgAl-LDH, further participated in CO2 
reduction, thereby promoting the catalytic reaction. These results indi
cated that higher carrier concentrations and facile charge transport 
could be assigned to the dispersed Co active sites on CoMgAl-LDH and 
the appropriate band structure matching [Ru(bpy)3]Cl2, efficiently 
promoting the separation and transportation of photo-generated elec
tron holes to participate in the reaction. 

3. Conclusion 

In summary, we reported a facile one-step coprecipitation method to 
introduce Co species into MgAl-LDH nanosheets. The CoMgAl-LDH 

nanosheets showed the efficient syngas evolution under visible light, 
with an optimized TOFs of CO production (11.57 h− 1) compared to 
CoAl-LDH nanosheets, further promoting catalytic efficiency of Co 
active sites. Most importantly, up to 650 nm, the as-prepared CoMgAl- 
LDH nanosheets still exhibited catalytic activity with CO evolution rate 
of 0.35 μmol⋅h− 1. The dispersed Co active sites and appropriate band 
structure well-matched with [Ru(bpy)3]Cl2 facilitated the efficient 
transportation of photo-generated electrons to promote the reaction. 
This work may propose a view for photocatalyst design to promote the 
utilization of solar energy and catalytic efficiency for CO2PR to syngas. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was supported by the National Nature Science Foun
dation of China (U1707603, 21878008, 21625101, U1507102, 
21922801, 21975271), Beijing Natural Science Foundation (2182047, 
2202036) and the Fundamental Research Funds for the Central Uni
versities (XK1802-6, XK1902, 12060093063, 2312018RC07). The XAFS 
experiments were carried out with 1W1B beamline of Beijing Synchro
tron Radiation Facility (BSRF). The high-resolution synchrotron X-ray 
powder diffraction experiments were carried out with BL14B1 of 
Shanghai Synchrotron Radiation Facility (SSRF). Thanks to Mr Min
gyang Ou for the help of analysis of PDF data and discussion. We 
acknowledge the National Supercomputing Center in Shenzhen for 

Fig. 5. The calculated density of states plots of (a) MgAl-LDH (b) CoMgAl-LDH and (c) CoMgAl-LDH (VOH); (d) Formation energy of hydroxyl vacancy (VOH) in 
three LDHs. 

C. Ning et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 412 (2021) 128362

8

providing the computational resources and the studio of the materials. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2020.128362. 

References 

[1] J. Wang, T. Xia, L. Wang, X. Zheng, Z. Qi, C. Gao, J. Zhu, Z. Li, H. Xu, Y. Xiong, 
Enabling visible-light-driven selective CO2 reduction by doping quantum dots: 
trapping electrons and suppressing H2 evolution, Angew. Chem. Int. Ed. 57 (2018) 
16447–16451, https://doi.org/10.1002/anie.201810550. 

[2] G. Liu, X. Meng, H. Zhang, G. Zhao, H. Pang, T. Wang, P. Li, T. Kako, J. Ye, 
Elemental boron for efficient carbon dioxide reduction under light irradiation, 
Angew. Chem. Int. Ed. 56 (2017) 5570–5574, https://doi.org/10.1002/ 
anie.201701370. 

[3] D.M. Schultz, T.P. Yoon, Solar synthesis: prospects in visible light photocatalysis, 
Science 343 (2014) 1239176, https://doi.org/10.1126/science.1239176. 

[4] M.-Q. Yang, M. Gao, M. Hong, G.W. Ho, Visible-to-NIR photon harvesting: 
progressive engineering of catalysts for solar-powered environmental purification 
and fuel production, Adv. Mater. 30 (2018) 1802894, https://doi.org/10.1002/ 
adma.201802894. 

[5] L. Liang, X. Li, Y. Sun, Y. Tan, X. Jiao, H. Ju, Z. Qi, J. Zhu, Y. Xie, Infrared light- 
driven CO2 overall splitting at room temperature, Joule 2 (2018) 1004–1016, 
https://doi.org/10.1016/j.joule.2018.02.019. 

[6] X. Li, L. Liang, Y. Sun, J. Xu, X. Jiao, X. Xu, H. Ju, Y. Pan, J. Zhu, Y. Xie, Ultrathin 
conductor enabling efficient IR light CO2 reduction, J. Am. Chem. Soc. 141 (2019) 
423–430, https://doi.org/10.1021/jacs.8b10692. 

[7] Y. Zhao, Y. Zhao, G.I.N. Waterhouse, L. Zheng, X. Cao, F. Teng, L.Z. Wu, C.- 
H. Tung, D. O’Hare, T. Zhang, Layered-double-hydroxide nanosheets as efficient 
visible-light-driven photocatalysts for dinitrogen fixation, Adv. Mater. 29 (2017) 
1703828, https://doi.org/10.1002/adma.201703828. 

[8] L. Tan, S.M. Xu, Z. Wang, Y. Xu, X. Wang, X. Hao, S. Bai, C. Ning, Y. Wang, 
W. Zhang, Y.K. Jo, S.-J. Hwang, X. Cao, X. Zheng, H. Yan, Y. Zhao, H. Duan, Y.- 
F. Song, Highly selective photoreduction of CO2 with suppressing H2 evolution 
over monolayer layered double hydroxide under irradiation above 600 nm, Angew. 
Chem. Int. Ed. 58 (2019) 11860–11867, https://doi.org/10.1002/anie.201904246. 

[9] P.J. Sideris, U.G. Nielsen, Z. Gan, C.P. Grey, Mg/Al ordering in layered double 
hydroxides revealed by multinuclear NMR spectroscopy, Science 321 (2008) 
113–117, https://doi.org/10.1126/science:1157581. 

[10] X. Long, Z. Wang, S. Xiao, Y. An, S. Yang, Transition metal based layered double 
hydroxides tailored for energy conversion and storage, Mater. Today 19 (2016) 
213–226, https://doi.org/10.1016/j.mattod.2015.10.006. 

[11] R. Nakamura, A. Okamoto, H. Osawa, H. Irie, K. Hashimoto, Design of all-inorganic 
molecular-based photocatalysts sensitive to visible light: Ti[IV]-O-Ce[III] 
bimetallic assemblies on mesoporous silica, J. Am. Chem. Soc. 129 (2007) 
9596–9597, https://doi.org/10.1021/ja073668n. 

[12] G. Fan, F. Li, D.G. Evans, X. Duan, Catalytic applications of layered double 
hydroxides: recent advances and perspectives, Chem. Soc. Rev. 43 (2014) 
7040–7066, https://doi.org/10.1039/C4CS00160E. 

[13] Y. Zhao, X. Jia, G.I.N. Waterhouse, L.-Z. Wu, C.-H. Tung, D. O’Hare, T. Zhang, 
Layered double hydroxide nanostructured photocatalysts for renewable energy 
production, Adv. Energy Mater. 6 (2016) 1501974, https://doi.org/10.1002/ 
aenm.201501974. 

[14] Y. Zhao, S. Zhang, B. Li, H. Yan, S. He, L. Tian, W. Shi, J. Ma, M. Wei, D.G. Evans, 
X. Duan, A family of visible-light responsive photocatalysts obtained by dispersing 
CrO6 octahedra into a hydrotalcite matrix, Chem. Eur. J. 17 (2011) 13175–13181, 
https://doi.org/10.1002/chem.201101874. 

[15] P. Kipkorir, L. Tan, J. Ren, Y. Zhao, Y.-F. Song, Intercalation effect in NiAl-layered 
double hydroxide nanosheets for CO2 reduction under visible light, Chem. Res. 
Chin. Univ. 36 (2020) 127–133, https://doi.org/10.1007/s40242-020-9096-3. 

[16] P. Li, X. Duan, Y. Kuang, Y. Li, G. Zhang, W. Liu, X. Sun, Tuning electronic structure 
of NiFe layered double hydroxide with vanadium doping toward high efficient 
electrocatalytic water oxidation, Adv. Energy Mater. 8 (2018) 1703341, https:// 
doi.org/10.1002/aenm.201703341. 

[17] X. Hao, L. Tan, Y. Xu, Z. Wang, X. Wang, S. Bai, C. Ning, J. Zhao, Y. Zhao, Y.- 
F. Song, Engineering active Ni sites in ternary layered double hydroxide nanosheets 
for a highly selective photoreduction of CO2 to CH4 under irradiation above 500 
nm, Ind. Eng. Chem. Res. 59 (2020) 3008–3015, https://doi.org/10.1021/acs. 
iecr.9b06464. 

[18] N. Baliarsingh, L. Mohapatra, K. Parida, Design and development of a visible light 
harvesting Ni–Zn/Cr–CO3

2− LDH system for hydrogen evolution, J. Mater. Chem. A 
1 (2013) 4236–4243, https://doi.org/10.1039/C2TA00933A. 

[19] K. Parida, L. Mohapatra, N. Baliarsingh, Effect of Co2+ substitution in the 
framework of carbonate intercalated Cu/Cr LDH on structural, electronic, optical, 
and photocatalytic properties, J. Phys. Chem. C 116 (2012) 22417–22424, https:// 
doi.org/10.1021/jp307353f. 

[20] D. Wang, Q. Li, C. Han, Q. Lu, Z. Xing, X. Yang, Atomic and electronic modulation 
of self-supported nickel-vanadium layered double hydroxide to accelerate water 
splitting kinetics, Nat. Commun. 10 (2019) 3899–3910, https://doi.org/10.1038/ 
s41467-019-11765-x. 

[21] G. Chen, T. Wang, J. Zhang, P. Liu, H. Sun, X. Zhuang, M. Chen, X. Feng, 
Accelerated hydrogen evolution kinetics on NiFe-layered double hydroxide 
electrocatalysts by tailoring water dissociation active sites, Adv. Mater. 30 (2018) 
1706279, https://doi.org/10.1002/adma.201706279. 

[22] J. Li, Y. Xu, Z. Ding, A.H. Mahadi, Y. Zhao, Y.-F. Song, Photocatalytic selective 
oxidation of benzene to phenol in water over layered double hydroxide: a 
thermodynamic and kinetic perspective, Chem. Eng. J. 388 (2020) 124248, 
https://doi.org/10.1016/j.cej.2020.124248. 

[23] C. Qiu, X. Hao, L. Tan, X. Wang, W. Cao, J. Liu, Y. Zhao, Y.-F. Song, 500 nm 
induced tunable syngas synthesis from CO2 photoreduction by controlling 
heterojunction concentration, Chem. Commun. 56 (2020) 5354–5357, https://doi. 
org/10.1039/D0CC00971G. 

[24] Z. Wang, S.-M. Xu, Y. Xu, L. Tan, X. Wang, Y. Zhao, H. Duan, Y.-F. Song, Single Ru 
atoms with precise coordination on a monolayer layered double hydroxide for 
efficient electrooxidation catalysis, Chem. Sci. 10 (2019) 378–384, https://doi. 
org/10.1039/C8SC04480E. 

[25] G. Liu, Z. Wang, T. Shen, X. Zheng, Y. Zhao, Y.-F. Song, Atomically dispersed Rh- 
doped NiFe layered double hydroxides: precise location of Rh and promoting 
hydrazine electrooxidation properties, Nanoscale (2020), https://doi.org/ 
10.1039/D0NR07157A. 

[26] C. Gao, Q. Meng, K. Zhao, H. Yin, D. Wang, J. Guo, S. Zhao, L. Chang, M. He, Q. Li, 
H. Zhao, X. Huang, Y. Gao, Z. Tang, Co3O4 hexagonal platelets with controllable 
facets enabling highly efficient visible-light photocatalytic reduction of CO2, Adv. 
Mater. 28 (2016) 6485–6490, https://doi.org/10.1002/adma.201601387. 

[27] C. Gao, S. Chen, Y. Wang, J. Wang, X. Zheng, J. Zhu, L.i. Song, W. Zhang, Y. Xiong, 
Heterogeneous single-atom catalyst for visible-light-driven high-turnover CO2 
reduction: the role of electron transfer, Adv. Mater. 30 (2018) 1704624, https:// 
doi.org/10.1002/adma.201704624. 

[28] Y. Li, C. Wang, M. Song, D. Li, X. Zhang, Y. Liu, TiO2-x/CoOx photocatalyst sparkles 
in photothermocatalytic reduction of CO2 with H2O steam, Appl. Catal. B: Environ. 
243 (2019) 760–770, https://doi.org/10.1016/j.apcatb.2018.11.022. 

[29] K. Zhao, S. Zhao, C. Gao, J. Qi, H. Yin, D. Wei, M.F. Mideksa, X. Wang, Y. Gao, 
Z. Tang, R. Yu, Metallic cobalt-carbon composite as recyclable and robust magnetic 
photocatalyst for efficient CO2 reduction, Small 14 (2018) 1800762, https://doi. 
org/10.1002/smll.201800762. 

[30] T. Wang, X. Meng, G. Liu, K. Chang, P. Li, Q. Kang, L. Liu, M. Li, S. Ouyang, J. Ye, 
In situ synthesis of ordered mesoporous Co-doped TiO2 and its enhanced 
photocatalytic activity and selectivity for the reduction of CO2, J. Mater. Chem. A 3 
(2015) 9491–9501, https://doi.org/10.1039/C4TA05892E. 

[31] S. Wang, B.Y. Guan, X.W. Lou, Rationally designed hierarchical N-doped carbon@ 
NiCo2O4 double-shelled nanoboxes for enhanced visible light CO2 reduction, 
Energy Environ. Sci. 11 (2018) 306–310, https://doi.org/10.1039/C7EE02934A. 

[32] S. Wang, W. Yao, J. Lin, Z. Ding, X. Wang, Cobalt imidazolate metal-organic 
frameworks photosplit CO2 under mild reaction conditions, Angew. Chem. Int. Ed. 
53 (2014) 1034–1038, https://doi.org/10.1002/anie.201309426. 

[33] J. Zhao, J. Chen, S. Xu, M. Shao, D. Yan, M. Wei, D.G. Evans, X. Duan, CoMn- 
layered double hydroxide nanowalls supported on carbonfibers for high- 
performance flexible energy storage devices, J. Mater. Chem. A 1 (2013) 
8836–8843, https://doi.org/10.1039/C3TA11452J. 

[34] J. Zhao, M. Shao, D. Yan, S. Zhang, Z. Lu, Z. Li, X. Cao, B. Wang, M. Wei, D. 
G. Evans, X. Duan, A hierarchical heterostructure based on Pd nanoparticles/ 
layered double hydroxide nanowalls for enhanced ethanol electrooxidation, 
J. Mater. Chem. A 1 (2013) 5840–5846, https://doi.org/10.1039/C3TA10588A. 

[35] S. Bai, Z. Wang, L. Tan, G.I.N. Waterhouse, Y. Zhao, Y.-F. Song, 600 nm Irradiation- 
induced efficient photocatalytic CO2 reduction by ultrathin layered double 
hydroxide nanosheets, Ind. Eng. Chem. Res. 59 (2020) 5848–5857, https://doi. 
org/10.1021/acs.iecr.0c00522. 

[36] C. Qiu, S. Bai, W. Cao, L. Tan, J. Liu, Y. Zhao, Y.-F. Song, Tunable syngas synthesis 
from photocatalytic CO2 reduction under visible-light irradiation by interfacial 
engineering, Trans. Tianjin Univ. 26 (2020) 352–361, https://doi.org/10.1007/ 
s12209-020-00265-5. 

[37] L. Wu, Layered double hydroxide based materials for the photocatalytic CO2 
reduction under long wavelength irradiation, Acta Phys. Chim. Sin. 36 (2020) 
2004005, https://doi.org/10.3866/PKU.WHXB202004005. 

[38] M. Zhu, Q. Ge, X. Zhu, Catalytic reduction of CO2 to CO via reverse water gas shift 
reaction: recent advances in the design of active and selective supported metal 
catalysts, Trans. Tianjin Univ. 26 (2020) 172–187, https://doi.org/10.1007/ 
s12209-020-00246-8. 

[39] P. Xin, J. Li, Y. Xiong, X. Wu, J. Dong, W. Chen, Y. Wang, L. Gu, J. Luo, H. Rong, 
C. Chen, Q. Peng, D. Wang, Y. Li, Revealing the active species for aerobic alcohol 
oxidation by using uniform supported palladium catalysts, Angew. Chem. Int. Ed. 
57 (2018) 1–6, https://doi.org/10.1002/anie.201712460. 

[40] H. Li, L. Wang, Y. Dai, Z. Pu, Z. Lao, Y. Chen, M. Wang, X. Zheng, J. Zhu, W. Zhang, 
R. Si, C. Ma, J. Zeng, Synergetic interaction between neighbouring platinum 
monomers in CO2 hydrogenation, Nat. Nanotechnol. 13 (2018) 411–417, https:// 
doi.org/10.1038/s41565-018-0089-z. 

[41] L. Lin, W. Zhou, R. Gao, S. Yao, X. Zhang, W. Xu, S. Zheng, Z. Jiang, Q. Yu, Y.-W. Li, 
C. Shi, X.-D. Wen, D. Ma, Low-temperature hydrogen production from water and 
methanol using Pt/α-MoC catalysts, Nature 544 (2017) 80–83, https://doi.org/ 
10.1038/nature21672. 

[42] Z. Chen, Q. Zhang, W. Chen, J. Dong, H. Yao, X. Zhang, X. Tong, D. Wang, Q. Peng, 
C. Chen, W. He, Y. Li, Single-site Au(I) catalyst for silane oxidation with water, 
Adv. Mater. 30 (2018) 1704720, https://doi.org/10.1002/adma.201704720. 

[43] H. Wei, X. Liu, A. Wang, L. Zhang, B. Qiao, X. Yang, Y. Huang, S. Miao, J. Liu, 
T. Zhang, FeOx-supported platinum single-atom and pseudo-single-atom catalysts 

C. Ning et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.cej.2020.128362
https://doi.org/10.1016/j.cej.2020.128362
https://doi.org/10.1002/anie.201810550
https://doi.org/10.1002/anie.201701370
https://doi.org/10.1002/anie.201701370
https://doi.org/10.1126/science.1239176
https://doi.org/10.1002/adma.201802894
https://doi.org/10.1002/adma.201802894
https://doi.org/10.1016/j.joule.2018.02.019
https://doi.org/10.1021/jacs.8b10692
https://doi.org/10.1002/adma.201703828
https://doi.org/10.1002/anie.201904246
https://doi.org/10.1126/science:1157581
https://doi.org/10.1016/j.mattod.2015.10.006
https://doi.org/10.1021/ja073668n
https://doi.org/10.1039/C4CS00160E
https://doi.org/10.1002/aenm.201501974
https://doi.org/10.1002/aenm.201501974
https://doi.org/10.1002/chem.201101874
https://doi.org/10.1007/s40242-020-9096-3
https://doi.org/10.1002/aenm.201703341
https://doi.org/10.1002/aenm.201703341
https://doi.org/10.1021/acs.iecr.9b06464
https://doi.org/10.1021/acs.iecr.9b06464
https://doi.org/10.1039/C2TA00933A
https://doi.org/10.1021/jp307353f
https://doi.org/10.1021/jp307353f
https://doi.org/10.1038/s41467-019-11765-x
https://doi.org/10.1038/s41467-019-11765-x
https://doi.org/10.1002/adma.201706279
https://doi.org/10.1016/j.cej.2020.124248
https://doi.org/10.1039/D0CC00971G
https://doi.org/10.1039/D0CC00971G
https://doi.org/10.1039/C8SC04480E
https://doi.org/10.1039/C8SC04480E
https://doi.org/10.1039/D0NR07157A
https://doi.org/10.1039/D0NR07157A
https://doi.org/10.1002/adma.201601387
https://doi.org/10.1002/adma.201704624
https://doi.org/10.1002/adma.201704624
https://doi.org/10.1016/j.apcatb.2018.11.022
https://doi.org/10.1002/smll.201800762
https://doi.org/10.1002/smll.201800762
https://doi.org/10.1039/C4TA05892E
https://doi.org/10.1039/C7EE02934A
https://doi.org/10.1002/anie.201309426
https://doi.org/10.1039/C3TA11452J
https://doi.org/10.1039/C3TA10588A
https://doi.org/10.1021/acs.iecr.0c00522
https://doi.org/10.1021/acs.iecr.0c00522
https://doi.org/10.1007/s12209-020-00265-5
https://doi.org/10.1007/s12209-020-00265-5
https://doi.org/10.3866/PKU.WHXB202004005
https://doi.org/10.1007/s12209-020-00246-8
https://doi.org/10.1007/s12209-020-00246-8
https://doi.org/10.1002/anie.201712460
https://doi.org/10.1038/s41565-018-0089-z
https://doi.org/10.1038/s41565-018-0089-z
https://doi.org/10.1038/nature21672
https://doi.org/10.1038/nature21672
https://doi.org/10.1002/adma.201704720


Chemical Engineering Journal 412 (2021) 128362

9

for chemoselective hydrogenation of functionalized nitroarenes, Nat. Commun. 5 
(2014) 5634–5641, https://doi.org/10.1038/ncomms6634. 

[44] S. Lv, X. Kong, L. Wang, F. Zhang, X. Lei, Flame-retardant and smoke-suppressing 
wood obtained by the in situ growth of a hydrotalcite-like compound on the inner 
surfaces of vessels, New J. Chem. 43 (2019) 16359–16366, https://doi.org/ 
10.1039/C9NJ04170B. 

[45] H. Zhang, S. Zhang, P. Stewart, C. Zhu, W. Liu, A. Hexemer, E. Schaible, C. Wang, 
Thermal stability and thermal aging of poly(vinyl chloride)/MgAl layered double 
hydroxides composites, Chin. J. Polym. Sci. 34 (2016) 542–551, https://doi.org/ 
10.1007/s10118-016-1778-4. 

[46] T. Li, X. Hao, S. Bai, Y. Zhao, Y.-F. Song, Controllable synthesis and scale-up 
production prospect of monolayer layered double hydroxide nanosheets, Acta 
Phys. Chim. Sin. 36 (2020) 1912005–1912021, https://doi.org/10.3866/PKU. 
WHXB201912005. 

[47] Z. Liu, R. Ma, Y. Ebina, N. Iyi, K. Takada, T. Sasaki, General synthesis and 
delamination of highly crystalline transition-metal-bearing layered double 
hydroxides, Langmuir 23 (2007) 861–867, https://doi.org/10.1021/la062345m. 

[48] H. Zhang, J. Wei, J. Dong, G. Liu, L. Shi, P. An, G. Zhao, J. Kong, X. Wang, X. Meng, 
J. Zhang, J. Ye, Efficient visible-light-driven carbon dioxide reduction by a single- 
atom implanted metal-organic framework, Angew. Chem. Int. Ed. 55 (2016) 
14310–14314, https://doi.org/10.1002/anie.201608597. 

[49] H. Duan, J. Dong, X. Gu, Y.K. Peng, W. Chen, T. Issariyakul, W.K. Myers, M.J. Li, 
N. Yi, A.F.R. Kilpatrick, Y. Wang, X. Zheng, S. Ji, Q. Wang, J. Feng, D. Chen, Y. Li, 
J.-C. Buffet, H. Liu, S.C.E. Tsang, D. O’Hare, Hydrodeoxygenation of water- 
insoluble bio-oil to alkanes using a highly dispersed Pd-Mo catalyst, Nat. Commun. 
8 (2017) 560–591, https://doi.org/10.1038/s41467-017-00596-3. 
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