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Abstract: Carbon dioxide is the main gas responsible for the greenhouse effect. Over the last few
years, the research focus of many studies has been to transform CO; into valuable products (CO,
HCOOH, HCHO, CH30H and CHy), since it would contribute to mitigating global warming and
environmental pollution. Layered double hydroxides (LDHs) are two-dimensional materials with
high CO, adsorption capacity and compositional flexibility with potential catalytic properties to
be applied in CO; reduction processes. Herein, Zn-Cr LDH-based materials with different metal
ratio and interlayer anions, i.e., chloride (C17), graphene quantum dots (GQDs), sodium dodecyl
sulfate (SDS) and sodium deoxycholate (SDC), have been prepared by a co-precipitation method
and characterized by different techniques. The influence of the interlayer inorganic and organic
anions and the metal ratio on the application of Zn-Cr LDHs as catalysts for the photocatalytic CO,
reduction reaction under visible light irradiation is unprecedentedly reported. The catalytic tests have
been carried out with Ru(bpy);;2+ as photosensitizer (PS) and triethanolamine as sacrificial electron
donor (ED) at A = 450 nm. All LDHs materials exhibited good photocatalytic activity towards CO.
Among them, LDH3-SDC showed the best catalytic performance, achieving 10,977 umol CO g~!
at 24 h under visible light irradiation with a CO selectivity of 88%. This study provides pertinent
findings about the modified physicochemical features of Zn-Cr LDHs, such as particle size, surface
area and the nature of the interlayer anion, and how they influence the catalytic activity in CO,
photoreduction.

Keywords: Zn-Cr layered double hydroxides; metal ratio; interlayer anion; photocatalysis; CO,
photoreduction; CO selectivity

1. Introduction

In recent years, numerous efforts have been made to mitigate global warming and
air pollution originating from the increase in carbon dioxide levels, as well as to solve
the crucial social problem of dependence on non-renewable energy sources [1-4]. Among
other detrimental factors, global climate change is largely caused by the increase in at-
mospheric CO;, emissions originating from the burning of fossil fuels for energy pro-
duction, deforestation, and industrial processes. Therefore, the photoreduction of CO,
(COyPR) in high-added-value products has emerged as an environmental alternative to
mitigate the greenhouse effect and energy problems through CO, capture and air purifica-
tion [5-7]. Inspired by natural photosynthesis [8], the scientific community has developed
many biomimetic approaches to design photocatalytic systems capable of converting CO,
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molecules into valuable fuels (CO, HCHO, HCOOH, CH30OH and CHy) under visible light
irradiation [9,10]. Similarly to natural photosynthesis, CO,PR processing artificial photo-
synthesis systems (APSs) are initiated with visible light absorption by a light-harvesting
molecule or photosensitizer causing charge carrier generation. Subsequently, the photoin-
duced energy transfer assisted by the electron and hole charge separation promotes the
well-known photo-redox artificial photosynthetic reaction based on the CO, reduction of
chemical fuels as valuable C1 products and H,O oxidation to molecular O,. Regarding
CO,PR half-reaction, different catalysts have been used in these systems to increase the effi-
ciency and selectivity of the process toward carbon-based chemical energy carriers [11,12],
achieving good selectivity, as seen in other catalyzed CO;-based chemical transforma-
tions [13]. Moreover, reaching high selectivity to CO is considered very promising from an
industrial perspective, because it can serve as a valuable feedstock for the production of
high-value-added products. This platform molecule is part of the so-called synthesis gas
(syngas) composed of CO and H;, which is a gas fuel with a rich chemical reactivity [14,15].
Syngas has potential applications, including: (i) the obtention of long-chain hydrocarbons
(diesel-kerosene, gasoline, naptha. . .) used as synthetic fuels by the Fischer-Tropsch syn-
thesis (FTS) process [16], (ii) methanol synthesis at high temperature (250-300 °C) and
pressure (50-150 bar) [17], and (iii) hydrogen production by the water—-gas shift reaction
(WGSR) [18], among others.

In this current scenario, several materials have been studied as photocatalysts in
photosynthesis-mimicking systems, providing important advantages such as visible light
absorption, high mobility of photogenerated charge carriers, strong reduction capacity in
CO,PR and large surface area [19]. Layered double hydroxides (LDHs) are anionic clay
materials with layered structure [6,20], also denoted “hydrotalcites,” that have attracted
much attention as promising candidates for catalytic CO, conversion. LDHs present the
general formula (M, M (OH),] [A™ ¢ /n-mHyO, where M is the divalent cation and
M the trivalent one (i.e., Zn%*, Co?*, Mg2+, Cr3*, A13*, Fe3*), AN~ represents the interlayer
anion (i.e., CI7, CO52-, NOj37) and x indicates the molar metal ratio, which is variable
between 0.17 and 0.33 [21], obtained from M /(M + M™) ratio (Figure 1A). The structure
of LDHs is based on brucite-like layers with positive charge counterbalanced with inter-
layered anions [3,6,22,23]. Compositional flexibility of LDHs enables their use in different
prominent applications, such as photocatalytic [24] and electrocatalytic [25] CO, reduction,
CO; capture for environmental remediation [26], photocatalytic hydrogen production [27],
pollutant degradation [28], lithium—sulfur batteries [29], and adsorbents of atmospheric
pollutants (CO,, NOy, SO and volatile organic compounds (VOCs)) [30], among others.
The outstanding characteristics of LDHs, including their layered and tunable structure,
their high thermal and chemical stability, their easy and inexpensive synthetic procedures,
their optical features, their anion-exchange capacity and their high CO, adsorption capacity,
make them exceptional materials for CO,PR [6,31]. However, LDHs present inherent short-
comings, such as low specific surface area and deficient charge transfer [31], as well as poor
visible light absorption [6], which makes difficult the achievement of enhanced photocat-
alytic performance. Therefore, the tris(2,2’-bipyridine)ruthenium(Il) complex (Ru(bpy)32+)
has been commonly used as photosensitizer (PS) in photocatalytic tests due to its broad
absorption band in the visible light range (Amax = 450 nm) and a relatively long lifetime of
its excited state [32-35]. In addition, it is common to use triethanolamine (TEOA) or other
compounds as a sacrificial electron donor (ED) because it restores the natural state of the
PS [36]. The general mechanistic pathway for CO,PR using LDHs as catalyst is illustrated
in Figure 1B. Under visible light, the PS is excited and promotes an electron from HOMO
to LUMO orbitals. Following an oxidative quenching route, the photogenerated electron is
transferred to the LDH-based catalyst, and subsequently CO, is reduced to value-added
products using the protons from water. Finally, the PS is regenerated when the sacrificial
agent is oxidized [33].
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Figure 1. (A) LDH general structure. (B) General mechanism for visible light-driven CO,PR using an
LDH-based material as catalyst. ED: sacrificial electron donor. PS: photosensitizer.

The length and nature of the interlayer anion is considered one of the most relevant
modulable LDH factors owing to the effect produced into the layered structure, chemical
properties, and catalytic performance [28,37]. Anionic compounds intercalated between
LDH sheets can be easily adjusted when different metal salt precursors are used or diverse
anion exchange strategies are applied [28]. A fundamental parameter to study is the use
of different interlayer anions giving rise to a wide variety of interlayer spaces, which is
essential to obtain higher values of basal space for improvement in CO, adsorption [31]
and the accessibility to the catalytic active sites in photocatalytic reaction systems. Con-
cerning previous investigations, Iguchi et al. evaluated Ni-Al LDHs as catalyst in CO,
photoreduction under UV irradiation and showed an improvement in CO selectivity with
respect to Hy production, which is the main competitive process. The conclusion from
this work was the hole scavenger behavior of C1~ interlayer species in CO, photoreduc-
tion [10,38]. The electron-hole recombination was reduced due to the interaction of C1~
with photogenerated holes (h*) following these reactions [19]:

2C1™ +2h* — Cl, )
Cl, + H,O — HCIO + HCl @)
2HCIO +2H" + 2e~ — Cl, + 2H,0 3)

On the other side, carbonate ions inserted in the interlayer space can increase the
performance in CO,PR, because interlayer water molecules react with CO,, generating
H*, which are necessary for this reaction [39]. According to the literature, LDHs with
CO3%~ present higher CO, adsorption capacity than LDHs with C1~ [40] since carbonate
ion confers higher LDH surface area than C17, NO;~ and SO,4%~ [41]. Besides these
advantages, it also acts as hole scavenger for the hydrogen evolution reaction (HER) [42].
According to Ng et al. [19], CO32~ was regenerated, being available for reacting with
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photogenerated holes, which resulted in the formation of HCO3;™ or CO;52~. Moreover,
hydroxyl groups were consumed and the reverse reaction for water splitting was unlikely.
As a result, HER efficiency was improved [43], thus compromising the CO selectivity in
CO,PR. Considering this disadvantage, carbonate ion is not the best interlaminar anion
when using LDHs as catalysts for CO,PR. In the same way, Flores-Flores et al. stated
that the photocatalytic performance of LDH-based materials can worsen when NO3 ™ ions
occupy the active sites because this makes CO, adsorption difficult [44]. Thereby, N-doped
GQD/Co-Al LDH/g-C3Ny4 was synthesized by a hydrothermal treatment with urea and
tested as catalyst in CO,PR under visible light, achieving an excellent CHy selectivity (99%).
LDHs and g-C3Nj acted as light-harvesting semiconductors, while GQDs also worked as
light-absorbing molecule and as electron mediator and storage [45].

Furthermore, cationic metals and metal ratio are crucial structural factors, which
could affect crystallinity, light absorption, stability and reaction selectivity. The simple
tunability of these parameters by changing the precursor metal salts and the proportion
of divalent and trivalent cations can lead to the obtention of unique chemical properties
and layer charge density in the resulting LDH materials [37]. Likewise, both factors are
related to bandgap energy and CO, adsorption, which is based on the basicity of the metal
incorporated into the LDH structure. The CO, adsorption capacity of an LDH will be higher
as the basicity of the metallic cations increases. It is well known that LDHs composed
of Mg?* or Zn?* as divalent cations show optimal CO, adsorption [31,46]. Hong et al.
investigated different LDHs and g-C3Ny and concluded that Mg-Al LDHs had higher CO,
adsorption capacity [47]. The metal ratio also influences the thermal stability of Mg-Al
LDHs, which increases at a lower metal ratio [48]. Mg-Zn-Al LDHs with different metal
ratios were synthesized by Sakr and coworkers, who evaluated the influence of Zn?** metal
concentration on properties such as the particle size. The higher the Zn?* amount, the lower
the particle size was. Thus, the particle size was approximately 20 nm when the Mg:Zn
molar ratio was 1:3 [49]. Moreover, this material presented the highest CO, adsorption
capacity, which could be attributed to its optimal textural properties. Alternatively, Ni-Al
LDHs with different metal ratios were synthesized for CO,PR applications. The highest
CHy4 selectivity was obtained using the Ni.Al LDHs with metal ratio 2 as catalyst [50].
In a subsequent study, Co-Al LDHs with different Pd amounts were synthesized and
applied for CO, photoreduction to produce syngas from water. The LDHs catalysts did
not show any selectivity towards CO evolution, although it was possible to control the
CO/H; ratio depending on the Pd amount [51]. Zn-Cr LDHs have attracted particular
interest for photocatalytic applications due to two primary reasons: (i) the high catalytic
activity provided by their metal cations, and (ii) its capacity to absorb light in the visible
region [43,46]. Indeed, Zn-Cr LDH-based materials with different metal ratios (2:1, 3:1,
4:1) were obtained by a co-precipitation method and applied as catalysts in photocatalytic
hydrogen production [43]. The study revealed that the crystallinity and the hydrogen
evolution were higher when the material presented lower metal ratio. Concerning CO,PR,
Zn-Cr LDH/Cu;0 have been evaluated as catalysts for CO; reduction to CO under UV
irradiation. Zn-Cr LDHs acted as light-harvesting material whereas Cu,O provided the
catalytically active sites for the photocatalytic reaction [52]. Additionally, Pd(Zn-Cr LDH/g-
C3Ny) was synthesized by a hydrothermal treatment and tested as catalyst in CO,PR under
visible light, achieving high reduction efficiency to CHy4 [47].

Graphene is a promising material to form composites due to its excellent mechanical,
optical and electronic properties [53] such as conductivity and flexibility [54]. Specifically,
GQDs are a zero-dimensional graphene-based material with exceptional properties, such
as highly tunable photoluminescence and photostability properties in addition to those of
graphene [55]. Moreover, GQDs could be used for enlarging interlaminar space in the same
way as SDS and SDC. The formation of composites allows us to enhance the thermal and
catalytic stability [56] and improve textural properties with respect to bulk materials, thus
enhancing CO; adsorption [57], and could augment the photocatalytic performance, since
the resulting composites would have the advantages of both starting materials [58].
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Herein, the synthesis of several Zn-Cr LDH materials with different interlayer anions,
i.e,, chloride ion (CI™), graphene quantum dots (GQDss), sodium dodecyl sulfate (SDS) and
sodium deoxycholate (SDC), and distinct metal ratios is described. The prepared materials
have been characterized by different instrumental techniques and evaluated as catalytic
units of a three-component photocatalytic system for CO, reduction under visible light
(A =450 nm).

2. Results and Discussion

Zn-Cr LDHs with different interlayer anions and metal ratios have been prepared
by a conventional co-precipitation method at 60 °C and pH = 9.5 [59]. The nomenclature
used for these materials was LDHX-A, where X was the Zn/Cr metal ratio and A was the
incorporated interlayer anion. Zn and Cr contents in mmol/g and metal ratio values were
obtained by ICP-MS (Table 1). The experimental Zn/Cr ratios (X) of LDHX-A materials
were very close to the theoretical ones. Elemental analysis measurement revealed a carbon
content in LDH3-GQD of 6.3% C, mostly originating from GQDs.

Table 1. Zn and Cr compositions and Zn/Cr metal ratio measured by ICP-MS.

Sample (ng1:1 /g) (mnf(l;l Ig) Zn/Cr Molar Ratio
LDH2-C1 5.11 242 2.1
LDH3-C1 5.88 1.78 3.3
LDH4-C1 6.26 1.51 4.1

LDH3-GQD 5.64 1.68 3.3
LDH3-SDS 4.19 1.20 3.5
LDH3-SDC 2.64 091 3.5

The structural study of the synthesized LDHX-A was carried out by X-ray diffraction
(XRD). XRD patterns of LDH-based materials showed the characteristic diffraction peaks at
11.4°,22.9°, 33.6° and 59.7°, which corresponded to 003, 006, 009 and 110 diffraction planes,
respectively, typical from R-3m symmetry (Figure 2) [60]. When the interlayer distance
increased due to the intercalation of organic anions, the main diffraction peaks appeared
at lower angle values [5]. Then, the bands attributed to the 003 diffraction plane were
located at 7.3°, 3.5° and 2.6°, for LDH3-GQD, LDH3-5DS and LDH3-SDC, respectively. The
crystallite size (D, nm), basal space (dgp3-value, nm), cation—cation distance in the brucite-
like layer (2, nm) and the variable related to three times the distance between adjacent
brucite-like layers (c, nm) were parameters calculated and reported in Table 2. The value
dgos in LDHs with chloride as interlayer anion was 0.79 nm [61,62], whereas for GQDs,
SDS and SDC, it was 1.21 nm [63], 2.60 nm [64] and 3.27 nm [65], respectively (Figure 3).
Likewise, the ¢ parameter shifted to higher values in LDH3-GQD, LDH3-SDS and LDH3-
SDC with respect to LDH3-CI. Thus, the data obtained for C1~, GQDs, SDS and SDC were
2.34 nm [66], 3.65 nm, 7.74 nm [64] and 10.00 nm [59], respectively. The a parameter between
metal cations was similar in all samples due to the similar layer composition in terms of
metal identity. Moreover, an increase in the crystallite size D calculated using Scherrer
equation was observed with further expansion of the interlayer space. The presence of
zinc oxide (ZnO) was revealed in LDH3-Cl, LDH3-GQD, LDH3-SDS and LDH4-ClI by the
appearance of its three characteristic bands in the range of 30° to 38°. The formation of
this oxide is quite common in the synthesis of Zn-based LDHs [67]. In this sense, Tichit
et al. determined that the amount of ZnO could be reduced at lower temperatures of LDH
synthesis [68], which could be interesting for future synthesis processes and investigations.
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Figure 2. XRD patterns of the synthesized materials.
Table 2. Lattice parameter and crystallize size of synthesized materials.

Sample dooz (nm) 2 ¢ (nm) 2 a (nm) 2 D (nm) P
LDH2-Cl1 0.79 2.35 0.31 3.352
LDH3-Cl 0.78 2.34 0.31 4.157
LDH4-Cl 0.78 2.33 0.31 3.960

LDH3-GQD 121 3.65 0.31 5.417
LDH3-SDS 2.60 7.74 0.31 20.758
LDH3-SDC 3.27 10.00 0.31 41.497

2 Lattice parameter; ° crystallite size.

Raman spectroscopy was accomplished to identify the stretching vibration of the
LDHX-A. Raman spectra displayed in Figure 4a showed the presence of metal-oxygen
bonds and interlaminar anions from the LDH structure. The typical hydroxyl stretch-
ing bands and M-O symmetric vibrations of LDH compounds at 3570-3629 cm ! and
513-538 cm !, respectively, were observed in all materials [69,70]. LDH3-GQD exhibited
typical 1417 cm~! (Dband) and 1617 cm ! (G band) signals attributed to sp3 and sp2 carbon
domains in graphene-based materials, respectively [71]. In the case of LDHs prepared with
intercalated SDS, the peaks associated with CH3 symmetric stretching and CH, symmetric
stretching vibrations appeared at 2882 cm~! and 2851 cm ™!, respectively. In addition,
S=0 asymmetric and S=O symmetric stretching bands were identified at 1297 cm~! and
1064 cm ™!, respectively [72]. Regarding SDC-based compounds, the peaks observed at
2937 cm~! and 2869 cm ! were associated with CH; and CH, vibrational modes from the
SDC hydrocarbon chain. The bands at 1439-1453 cm ! in LDH3-SDS and LDH3-SDC were
related to CHs asymmetric bending [59].
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Figure 3. Schematic illustrations of different interlayer anion arrangement in Zn-Cr LDHs.
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Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
was performed to complement the results obtained by Raman spectroscopy. FTIR-ATR
spectra of synthesized LDHX-A illustrated in Figure 4b corroborated the LDH structure
and the presence of GQDs, SDS and SDC interlayer anions. All materials presented a broad
band between 3323 cm ! and 3442 cm ! attributed to OH stretching vibration and a narrow
peak at 509 cm ! ascribed to M-O lattice vibrations [73]. FTIR-ATR spectra of LDHX-CI
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showed a pronounced peak at 1349-1354 cm ! that was attributed to carbonate ion [60,74].
Although the precursor used for the synthesis of these materials was a chloride salt,
carbonate ions from the atmosphere were also incorporated as interlayer anions in the LDH
structure. In contrast, LDH3-GQD spectra exhibited the two characteristic bands of GQDs
at 1384 cm~! and 1561 cm~!,which were associated with C-O bond stretching and C=C
stretching vibrations from skeletal polycyclic aromatic hydrocarbons, respectively [75,76].
Conversely, infrared spectra obtained for LDH3-SDS displayed the typical peaks ascribed to
C-H stretching vibrations, appearing at 2849 cm ! and 2920 cm ™. The band at 1464 cm ™!
was related to CHj bending vibrations. Furthermore, the characteristic antisymmetric and
symmetric stretching vibrations of S=O of SDS interlayer anion presented at 1057 cm ™!
and 1198 cm ™!, respectively [77]. Analogously to the LDH3-SDS, C-H vibration modes
were also revealed for the LDH3-SDC at 2861 cm ™! and 2932 cm~!. In addition, the
symmetric and asymmetric stretching vibrations of carboxyl group were observed at
1544 cm~! and 1403 cm ™!, respectively. Lastly, C-H plane bending vibrations also appeared
at 1039 cm ! [65].

The microstructure and morphology of the samples have been analyzed by trans-
mission electron microscopy (TEM). Compositional analysis has been also performed by
chemical mapping using energy-dispersive X-ray spectroscopy combined with scanning
transmission electron microscopy (STEM-EDS). The morphology of the LDH3-CI sample
is illustrated in Figure 5a and was comprised of numerous nanosheets with an irregular
shape and very wide size distribution, from few dozen to several hundred nanometers.
In addition, these nanosheets were interconnected, forming agglomerated structures. The
bottom-right inset of Figure 5a shows an HRTEM image of one nanosheet and the corre-
sponding FFT pattern. It can be observed that the nanolayer was nicely orientated along the
<01-11> zone axis and the analysis provided interplanar distances of 0.14 nm, 0.19 nm and
0.25 nm ascribed to (110), (112) and (102) planes, respectively. These values were consistent
with those reported in the literature [78,79]. Selected area electron diffraction (SAED)
pattern involving many of these nanosheets, shown at the bottom-left inset Figure 5a.
Coherently, it corroborated the diffraction rings related to these planes.

0.14 nm
-~

Figure 5. (a) TEM images of LDH3-Cl. SAED pattern and HRTEM (with its corresponding FFT) are
also included. (b) EDS elemental mapping of LDH3-CL

Lattice parameters a and ¢ can be calculated using the relationship between interplanar
distance dj;; and Miller index for a hexagonal structure [80]:

1\%2 4/K+hk+ K> 12
R R O e ok e L 4
(dhkl> 3( a? ) e @)

Thus, using dq109 = 0.14 nm and dy; = 0.25 nm in Equation (4) we obtain 2 = 0.30 nm and
¢ = 0.58 nm. Since the LDH structure comprises five planes, i.e., four interplanar distances,
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then the LDH structure height ¢, should be calculated as ¢, = 0.58 nm X 4 = 2.32 nm. These
values are in good agreement with results obtained by XRD (vide supra). EDS elemental
mapping of LDH3-Cl is shown in Figure 5b. Quantification results are also indicated. It is
worth emphasizing that the Zn:Cr ratio was very close to the at% nominal 3:1 ratio. This
sample used Cl~ as interlaminar anion, and the Cl elemental map clearly showed that it
was fully embedded throughout the whole structure.

LDH2-Cl microstructure is shown in Figure Sla. The morphology and structure were
similar to the LDH3-Cl sample. SAED pattern provided same interplanar distance values.
Lattice parameter 2 and ¢ remained unaltered, as also confirmed by XRD measurements
(see Table 2). EDS quantification (Figure S1b) also confirmed the at% nominal 2:1 ratio for
Zn:Cr elements.

Repeatedly, similar TEM results were found for LDH4-Cl sample (Figure S2a). No
changes in the lattice parameter a and ¢ were observed by increasing the Zn:Cr ratio to
4:1. EDS corroborated this at% nominal ratio. In this sample, C1~ was also operating as
interlaminar anion. Unfortunately, in this sample, EDS mapping had to be performed in
other areas (Figure S2b) due to some instabilities that finally led to the fall of our TEM-
investigated agglomerate.

Figure 6a corresponds to the TEM analysis for LDH3-GQD sample. The SAED pattern
exhibited diffraction rings ascribed to (110) and (102) planes, providing interplanar dis-
tances of about 0.14 nm and 0.29 nm, respectively, so (110) interplanar distance remained
unchanged, and consequently, lattice parameter a preserved its value, as inferred from
Equation (1) and also confirmed the XRD measurements (see Table 2). However, it seems
that the presence of GQDs increased the (102) interplanar distance to 0.29 nm, leading to
a an LDH structure height c}, value close to 3.00 nm. This increase was also observed by
XRD providing a slightly higher value. Besides LDH diffraction rings, the SAED pattern
also showed a dotted diffraction ring coming from GQD (100) planes with an interplanar
distance of 0.21 nm in agreement with previously reported studies [81]. EDS elemental
mapping is shown in Figure 6b. In this sample, GQDs were acting as interlaminar anions.
Their elemental mapping revealed that GQDs were well distributed throughout the sample.
In addition, the Zn:Cr ratio was very close to the at% nominal 3:1 ratio.

Figure 6. (a) TEM images of LDH3-GQD including a SAED pattern and HRTEM imaging (with its
corresponding FFT). (b) EDS elemental mapping of LDH3-GQD.

Regarding TEM study for LDH3-SDS (Figure 7a) and LDH3-SDC (Figure 8a), a similar
lattice distortion was discerned. In both samples, the lattice parameter 2 remained unaltered,
since (110) interplanar distance was again 0.14 nm. However, (102) interplanar distance, which
was 0.25 nm for the LDH3-Cl sample, was now increased to an average value of about 0.29 nm.
It is important to point out that (102) diffraction ring became like a broad ring, making it
difficult to obtain an accurate value for lattice parameter c. Moreover, some fringes in both
LDH3-SDS and LDH3-SDC at higher magnification were observed, being more separated
in the later. This dark contrast in conventional TEM imaging could come from Zn and Cr
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elements, which have higher Z atomic number, and consequently from LDH layers. These
images are incorporated as insets in Figures 7 and 8. It was hard to make an estimation of
LDH structure height c}, since probably basal plane was not oriented perpendicularly to the
electron beam and then measurements would be underestimated. However, distance between
fringes was at least about 5 nm for LDH3-SDS and almost 10 nm for LDH3-SDC, in agreement
with XRD results. EDS quantification results provided an at% Zn:Cr ratio close to the nominal
3:1 for both LDH3-SDS and LDH3-SDC samples. Moreover, the S element was also present in
the LDH3-SDS sample due to SDS interlaminar anion.
0.5 at% g%
B

OF

g

»~

16.4 at%|= B 124at%

Figure 7. (a) TEM images of LDH3-SDS sample including an SAED pattern and HRTEM imaging.
(b) EDS elemental mapping.

77.3 at%

200 nm

;7 at%

£
0.14nm 029 nm

Figure 8. (a) TEM images of LDH3-SDC sample including an SAED pattern and HRTEM imaging.
(b) EDS elemental mapping.

Particle size distribution curves of LDHX-A samples are displayed in Figure S3. As
shown, the materials with lower particle sizes were LDH3-Cl, LDH4-Cl and LDH3-SDC
with the most abundant particle sizes being approximately 29 pm, 20 um and 46 um,
respectively. On the other hand, LDH3-SDS showed higher particle sizes, with a maximum
centered at 212 um. Larger particles promote less dispersibility of the materials and greater
light scattering in solution [82], thus negatively affecting photocatalytic activity. Therefore,
smaller particles in which more active sites are exposed would be desirable [83] in order to
affect the light scattering to a lesser extent during photocatalytic reaction.

The textural properties of synthesized materials were examined by analysis of the
nitrogen adsorption—desorption isotherms. BET surface area, pore diameter and pore
volume values for LDHX-A samples are given in Table 3. Nitrogen isotherms and pore size
distributions for the synthesized materials are shown in Figure 9. Most LDHs had rather
low specific surface area, particularly LDH2-CI, LDH3-Cl and LDH3-SDS, and displayed
type II isotherms, typical of non-porous materials [84]. LDH3-GQD exhibited type IV
isotherm [73,85] with very large pores and the largest surface area. LDH4-Cl and LDH3-
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Pore volume (cm® g™

SDC presented moderate surface areas. All of them showed a wide distribution of pore
sizes.

Table 3. Textural properties of the LDHX-A materials.

S Pore Pore
BET .
Sample (m2/g) Diameter Volume (cm®/g)
(nm)
LDH2-Cl 1 3.9 0.003
LDH3-Cl 5 4.0 0.005
LDH4-C1 54 44 0.059
LDH3-GQD 111 12.2 0.340
LDH3-SDS 4 8.9 0.008
LDH3-SDC 42 11.4 0.121
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Figure 9. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions determined
by a DFT method of LDHX-A materials.

The UV-vis diffuse reflectance spectra of LDHX-A are represented in Figure S4a. The
absorption bands at 410 nm and 560 nm arose from Cr3* d-d transitions 4A2g 4T2g(F)
and 4A2g 4T1g(F) [61,74,86]. The bandgap of each material has been calculated using the
Kubelka—-Munk function from the plots of (F(R)hv)? vs. hu (Figure S4b) [27] and was in
concordance with those values previously reported for Zn-Cr LDH-based materials [19].
Thus, bandgaps between 2.62 and 2.79 eV were obtained with LDHs, with intercalated
GQDs, SDS and SDC having a slight shift to higher values.

Photocatalytic reactions revealed that all synthesized LDHX-A materials were active in
the CO, photoreduction to CO under visible light (A = 450 nm) (Figure 10) using Ru(bpy)32*
and TEOA as photosensitizer and sacrificial electron donor, respectively. Firstly, photocat-
alytic tests of Zn-Cr LDHs samples with different metal ratio and chloride ion as interlayer
anion were performed (Figure 10a). The light-driven CO production was 7620 umol CO
g~ ! at 24 h using LDH4-Cl as catalyst, followed by LDH3-Cl and LDH2-CI with 7052 pmol
CO g~ ! and 4922 umol CO g~ !, respectively. Noteworthily, LDHs with a lower amount of
Cr3* resulted in a higher catalytic activity. However, LDHX-Cl with metal ratio 3 showed
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CO evolution (umol g™")

the highest CO selectivity (Figure 10c) and was chosen to study the influence of different
interlayer anions. Therefore, the ratio of metal cations in Zn-Cr LDH-based materials with
chloride as interlayer anion affected the photocatalytic performance and selectivity toward
CO evolution.
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Figure 10. CO evolution for the photocatalytic systems: (a) using different metal ratio and chloride as
interlayer anion, (b) using different interlayer anion and metal ratio of ca. 3 and (c) CO/H,; evolution
after 24 h of reaction and CO selectivity considering similar catalytic conversion.

Then, the photocatalytic performance of the Zn-Cr LDH-based compounds was evalu-
ated using different interlaminar anions (C1~, GQDs, SDS and SDC) while maintaining a
metal ratio of 3 (Figure 10b). The photocatalytic activity at 24 h decreased in the following
order: LDH3-SDC (10,977 umol CO g_l) > LDH3-Cl (7052 umol CO g_l) > LDH3-GQD
(6671 pmol CO g~1) > LDH3-SDS (5471 umol CO g~ !). The highest catalytic activity was
observed for LDH3-SDC, which had the largest basal spacing value, a moderate surface
area and low particle size, which improved the catalyst dispersibility and the access to the
active sites and minimize light-scattering effects. Although LDH3-Cl exhibited low surface
area and interlaminar spacing, the material achieved outstanding catalytic performance.
This enhanced catalytic behavior could be associated with the small particle size shown by
this material and the role of chloride ion as hole scavenger during CO,PR process [10]. It
is worth noting that the presence of GQDs did not significantly improve the conversion
and did not make the reaction possible without photosensitizer at 450 nm, despite leading
to a significant increase in surface area, pore diameter and pore volume. In this sense,
it is suggested that the active sites may be blocked and inaccessible to CO, molecules.
Additionally, LDH3-GQD consisted of particle agglomerates with a wide size distribu-
tion observed and corroborated by TEM and particle size measurements, which could
compromise the dispersibility and accessibility to the catalytic units. It could be thought
that the ZnO present in samples LDH3-Cl, LDH3-GQD, LDH3-SDS and LDH4-Cl would
be able to generate catalytic activity. Several authors have reported that ZnO catalyzes
the CO; photoreduction [87,88]. For example, Wang. et al. synthesized a material based
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on carbon co-doped ZnO that was tested as catalysts in a CO, photoreduction system
using Ru(bpy)sCl, (2.23 x 103 M) as photosensitizer. The catalytic carbon co-doped ZnO
material reached 1500 pmol CO g1, so it was capable of achieving certain activity [89]. In
our photocatalytic system, ZnO was not the main material responsible for CO,PR. Thus,
LDH3-SDC presented excellent photocatalytic activity in the absence of ZnO, whereas
LDH3-GQD and LDH3-SDS, which contained ZnO, gave lower values of photocatalytic
CO evolution. Consequently, our studied photocatalytic CO, reduction system integrating
Ru(bpy)3Cl, at low concentration (4.41 x 1074 M), 1 mg of LDHX-A material, mainly
containing LDHs, and a minor contribution of ZnO (in LDH3-Cl, LDH3-GQD, LDH3-SDS
and LDH4-Cl), evidenced a negligible contribution of ZnO in the resulting photocatalytic
performance.

The photocatalytic results in HER are displayed in Figure S6, where H, production
values between 860 and 1537 umol g~ ! at 24 h can be observed. CO selectivity was calcu-
lated for each material in the proposed photocatalytic system at similar catalytic conversion
(ca. 5000 umol CO g’l). The obtained values, as well as the CO/H; production at 24 h of
reaction, are shown in Figure 10c. CO selectivity decreased in the sequence LDH3-Cl (88%)
> LDH3-SDC (86%) = LDH3-SDS (86%) = LDH4-Cl (86%) > LDH2-Cl (85%) = LDH3-GQD
(85%). Therefore, the synthesized materials achieved similar CO selectivity at analogous
CO production. There were no significant changes in CO selectivity results at 24 h of
reaction. These values were 90%, 88%, 86%, 86%, 85% and 84% for LDH3-Cl, LDH3-SDC,
LDHB3-5DS, LDH4-Cl, LDH2-Cl and LDH3-GQD, respectively. Figure S7a,b give CO selec-
tivity at different times for the synthesized materials in the proposed photocatalytic system.
In addition, syngas ratios were determined for each material during the photocatalytic
reaction (Figure S7c,d). They were in concordance with the CO/Hj, ratios reported in the
literature [90].

Values of apparent quantum yield (AQY) were calculated and are shown in Table S1.
As expected, the obtained AQY corroborated the abovementioned results in photocatalytic
performance. The photocatalytic system with LDH3-SDC exhibited an outstanding AQY
(2.4%) compared to other CO, photoreduction systems using LDH-based materials as
catalysts [33]. LDH3-SDC photocatalytic performance and CO selectivity were compared
with other LDH materials reported in the literature when they acted as catalysts in CO,
photoreduction systems under visible light using Ru(bpy)sCl, as PS and TEOA as ED
(Table S2). Noteworthily, LDH3-SDC achieved excellent photocatalytic activity and ex-
hibited the highest CO selectivity reported so far for these photocatalytic systems under
similar experimental conditions using the same PS and ED components.

Control photocatalytic tests were carried out in the absence of photosensitizer, sacrifi-
cial electron donor and catalyst to elucidate the role of each component and the reaction
mechanism. Without photosensitizer and sacrificial electron donor, CO evolution was not
observed. The photosensitizer was required as light-harvesting unit due to the weak light-
harvesting ability of LDHs in the visible region [27,32]. Although their bandgap values
were included in the visible region, LDH-based materials did not act as semiconductors in
our CO,PR system. For its part, TEOA was indispensable because it provided the necessary
electrons to regenerate Ru(bpy)s>* and continue the photocatalytic CO, reduction cycle.
On the other hand, the control test without catalyst gave some activity towards CO due to
the intrinsic photocatalytic activity of the ruthenium complex [91], resulting in 3.2 umol
CO at 24 h of light irradiation. This activity was practically reached at 3 h of reaction, since
Ru(bpy);>* mainly degrades during the first 4 h under visible irradiation [92]. Despite the
requirement of the ruthenium complex in the photocatalytic system to harvest light, Zn-Cr
LDH-based material enabled the continuous CO production for up to 24 h, specifically
reaching 11.0 pmol CO (10,977 umol CO g~ 1) with LDH3-SDC. Consequently, these materi-
als exhibited improved photocatalytic performance with respect to the PS. An additional
control experiment was carried out under inert nitrogen atmosphere to corroborate that
CO came from reduction of bubbled CO, and not from adsorbed CO, or residual carbonate
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in the LDH interlayer. Our results demonstrated that there was no CO evolution when the
photocatalytic system was bubbled with Nj.

According to the literature [93], the proposed mechanism is initiated with the visible
light excitation of the photosensitizer component Ru(bpy);2*. Thus, an electron is promoted
from HOMO to LUMO orbitals of these ruthenium species. Based on PL measurements,
it is accepted that the ruthenium complex excited state, Ru(bpy);2*”, is quenched by the
Zn-Cr LDH-based catalysts [33], following an oxidative quenching pathway. Therefore, the
excited photosensitizer is oxidized to Ru(bpy)s;** by transferring an electron to the catalytic
entities. Subsequently, CO,, with protons from water is catalytically reduced to CO by
Zn-Cr LDH catalytic units. Finally, the oxidized sensitizer, Ru(bpy)3>* is regenerated to the
initial ruthenium complex state, Ru(bpy);2*, by the sacrificial electron donor, TEOA, which
is oxidized to TEOA™ [51] (Figure 11).

\ / \ _/
\ / \ _/

CO CO,+H,0
Figure 11. Schematic representation of the photocatalytic CO, reduction process. (*): PS excited state.

The stability of LDH3-SDC after 24 h of reaction was studied using different techniques.
TEM images (Figure S8a) revealed that 24 h-irradiated LDH3-SDC also consisted of irregular
and agglomerated sheets. The bottom-left inset of Figure S8a shows an HRTEM image
of one nanolayer and the top-left inset the corresponding SAED pattern. It exhibited
diffraction rings from (110) and (102) planes, providing interplanar distances of about
0.14 nm, 0.25 nm and 0.29 nm. It could be noted that 0.25 nm and 0.29 nm corresponded to
the presence of CO3%2~/Cl~ and SDC as interlayer anions, respectively (vide supra). EDS
elemental mapping (Figure S8b) corroborated a nominal at% Zn:Cr ratio of 3:1. Although
the at% of C (from SDC) in 24 h-irradiated LDH3-SDC (58.3%) was lower than in pre-
irradiated LDH3-SDC (77.3%), this material presented mainly SDC as interlayer anion and
a minor contribution of CO32~ /Cl~. FTIR-ATR spectra corroborated that LDH structure
was preserved by the appearance of the bands at 3318 cm ™! and 514 cm ™!, attributable to
OH stretching and M-O lattice vibrations, respectively. In addition, the spectra displayed
bands at 2943 cm~!, 2873 ecm ™1, 1435 cm~! and 1039 cm~! related to C-H and carboxyl
group vibrations of SDC (Figure S8c). Considering the structural and morphological
characterization, LDH3-SDC seemed to be photostable, but when it was used for three runs
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only, it reached 7033 pmol g’1 after 72 h of irradiation (Figure S8d). The decrease in its
catalytic performance cannot be ascribed to its photodegradation, but instead, it suggests
the influence of other factors, such as SDC loss and poisoning, among others.

3. Materials and Methods
3.1. Reagents and Materials

Citric acid monohydrate (Labkem, Barcelona, Spain), sodium hydroxide (Labkem
Barcelona, Spain), sodium dodecyl sulfate (Sigma Aldrich, >98.5%, St. Louis, Missouri,
USA), sodium deoxycholate (Sigma Aldrich, >98%, St. Louis, Missouri, USA), chromium
(II) chloride hexahydrate (Sigma Aldrich, >96%, St. Louis, Missouri, USA), and zinc
chloride (PanReac, Barcelona, Spain) were used as received.

3.2. Synthesis of LDHs

The synthesis of LDHs was carried out by a conventional co-precipitation procedure. It
consisted of mixing 0.0150 moles of ZnCl, and 0.0075, 0.0050 or 0.0038 moles of CrCl3-6H,O
(i.e., Zn:Cr ratio equal to 2, 3 and 4) in 150 mL of deionized water and then slowly dropping
it on 500 mL of deionized water at 60 °C under vigorous stirring for 2 h. At the same time,
1 M NaOH solution was also slowly added to keep pH = 9.5. The suspension obtained was
aged at 80 °C for 24 h. Then, it was filtered and the solid was washed with 2 L of deionized
water to obtain the materials denoted LDH2-Cl, LDH3-CI and LDH4-Cl.

LDHs with intercalated GQDs, SDS and SDC were synthesized using the previously
mentioned approach. The salt mixture (0.0150 moles of ZnCl, and 0.0050 moles of CrCl3-6H,0)
was slowly added to either a suspension, previously sonicated for 90 min, of 1.0 g GQDs, 5.0 g
of SDS (0.0170 moles) [77] or 4.1 g of SDC (0.1000 moles) [65] in 500 mL of deionized water.
The addition time was 2 h and the LDH synthesis was carried out at pH = 9.5. Three materials,
named LDH3-GQD, LDH3-SDS and LDH3-SDC, were obtained. GQDs were synthesized
pyrolyzing 2 g of citric acid at 200 °C during 30 min. Citric acid was liquefied, acquiring a
gel-like appearance and the color changed to orange [94]. GQD stability in water was studied
by zeta-potential distribution measurements in a Zetasizer ZSP analyzer (Malvern, UK). Zeta
potential of GQDs at pH 9-10 was ca. —15 mV (Figure S5).

3.3. Characterization

Zn and Cr contents and Zn/Cr ratio in LDHs were determined by inductively coupled
plasma mass spectrometry (ICP-MS) NexION 350X, Perkin Elmer (Waltham, Massachusetts,
USA). Elemental analysis results were obtained by combustion of 100 mg of material per-
formed on a LECO TRUSPEC CN carbon (Madrid, Spain). X-ray powder diffraction (XRD)
patterns were collected over the 26 range 1-80° in a Bruker D8 Discover A25 diffractometer
using Cu Ka radiation (Billerica, MA, USA). Crystallite size was calculated according to the
Scherrer equation, Dy = R (A/BcosB), where R is the Scherrer number (0.89), A is the inci-
dent X-ray wavelength (0.154 nm), 3 is the peak width at half height (rad) and 6 is the Bragg
angle. Raman spectra were acquired in a Renishaw Raman instrument (Wotton-under-Edge,
UK) with green laser light (532 nm) over the wavenumber range 150-4000 cm~!. FT-IR mea-
surements were carried out on a Bruker Tensor 37 ATR-equipped spectrometer (Billerica,
MA, USA) over the wavenumber range 500-4000 cm~!. TEM and HRTEM were performed
using a Thermo Fisher FEI Talos F200i S/ TEM microscope (Waltham, MA, USA) operating
at 200 kV. STEM mode using the high-angle annular dark field (HAADF) detector was
also carried out, providing Z contrast imaging. Moreover, elemental mapping was carried
out using energy-dispersive X-ray spectroscopy (EDS). Particle size data were obtained
in a Hydro 2000 sm laser diffraction analyzer (Malvern Instruments, Worcestershire, UK)
using water as dispersant. Nitrogen adsorption-desorption isotherms were obtained in
a Micromeritics ASAP 2420 system (Norcross, Georgia, USA) at —196 °C. Samples were
outgassed at 70 °C before the measurements. The Brunauer-Emmett-Teller BET method
was used for determining the specific surface area. Ultraviolet visible (UV-vis) diffuse
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reflectance spectra were obtained with a Scan UV-vis spectrophotometer, Perkin Elmer
Lambda 650 S (Waltham, MA, USA).

3.4. Photocatalytic Tests

All synthesized materials were tested as part of a three-component CO, photoreduc-
tion system using Ru(bpy)s;?* as photosensitizer and TEOA as sacrificial electron donor.
Reactions were carried out in a Penn PhD Photoreactor M2 equipped with an LED light
source at A = 450 nm. Catalysts (1 mg) were dispersed in a sealed vessel containing 2.85 mL
of TEOA/H;0 (2.14 mmol TEOA, triethanolamine) and 8.55 mL of [Ru(bpy);]Cl,-6H,O
(5.02:10~3 mmol) in CH3CN. Before irradiation, the solution was deoxygenated and satu-
rated with CO, by bubbling for 15 min. During the reaction, gas samples (100 uL) were
taken at different time intervals using a gas-tight syringe and CO and H; were quantified
by gas chromatography (Shimadzu GC-2010 Plus) (Kyoto, Japan), using a ShinCarbon ST
column (2 m X 2 mm i.d.) and a barrier discharge ionization detector (BID). Photocatalytic
tests were carried out independently in quintuplicate (n = 5) and results were expressed as
mean values with standard deviations. Another test was performed under N, atmosphere
to check if the produced CO came from the bubbled CO,. Selectivity toward CO was
calculated using the following equation [45,95]:

CO selectivity (%) = % x 100 (5)
co H,

where Nco and Ny, were CO moles and H; moles, respectively.
Apparent quantum yield (AQY) was calculated according to the following expres-
sion [33,45]:

o\ Number of CO molecules x 2
AQY(CO)(%) = Number of incident photons x 100 ©)

Light energy of Penn PhD Photoreactor M2, used to determine AQY values, was
measured using a StellarNet blue-wave spectrometer (Tampa, Florida, USA) equipped with
an optical fiber.

4. Conclusions

Novel Zn-Cr LDHs materials with intercalated C1—, GQDs, SDS and SDC and different
metal ratios have been successfully synthesized by a co-precipitation method. Those Zn-Cr
LDHs with GQDs, SDS and SDC as interlayer anions expanded the interlayer space. The
specific surface area increased in the samples intercalated with CI~ as the metal ratio
increased, being higher in LDH4-Cl. In LDHs with metal ratio 3, those intercalated with
GQDs and SDC stood out for their surface area. Pore volume varied analogously. LDH3-Cl,
LDH4-CI and LDH-SDC materials showed smaller particle size and better dispersibility.
All samples were evaluated as catalysts in a three-component system for CO, reduction
to CO under visible light (A = 450 nm) using Ru(bpy);2* as photosensitizer and TEOA as
sacrificial electron donor. To the best of our knowledge, LDHs containing both Zn and Cr
metal cations have never been assessed as catalysts for visible light-driven photocatalytic
CO, reduction processes. All Zn-Cr LDHs catalyzed the reduction of CO, to CO, exhibiting
remarkable photocatalytic activity and selectivity. While the photocatalytic CO production
was higher when using metal ratio 4 in Zn-Cr LDHs with chloride as interlayer anion
(7620 pmol CO g’l), the highest CO selectivity was achieved with LDH3-Cl (90%). As for
the study of interlayer anions, LDH3-SDC, which had the largest interlayer space (3.27 nm),
relatively low particle size (46 um) and moderate surface area (42 m? g~!) compared to the
rest of the LDHs, showed excellent performance. After 24 h of visible irradiation, the CO
evolved was 10,977 pmol CO g~ ! with a CO selectivity of 88%, the highest reported so far
for Zn-Cr LDH photocatalytic systems under similar experimental conditions using the
same PS and ED. Thus, CO evolution prevailed over H, production, both being competitive
reactions.
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The present results have shown that several factors influenced the photocatalytic
activity of Zr-Cr LDHs. Firstly, a higher metal ratio gave rise to a more efficient catalyst.
Secondly, textural properties played a key role, with higher surface area and smaller particle
size improving the catalytic performance. Finally, the nature of the interlayer anion in LDHs
was also decisive, since it could affect its structure and textural properties, but additionally,
it might impact adsorption and diffusion processes. All these factors, separately and
jointly, have to be further investigated in order to find more active Zn-Cr LDHs for CO,
photoreduction under visible light useful for leading to value-added products for the
energy sector and for reducing CO, levels to mitigate global warming.
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and H; evolution and CO selectivity in 3 runs [33-35].
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