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Novel 2D Layered Zinc Silicate Nanosheets with Excellent 

Photocatalytic Performance for Organic Pollutant Degradation 

and CO2 Conversion 
 

Lan Wang,* Detlef W. Bahnemann, Liang Bian, Guohui Dong, Jie Zhao, and Chuanyi Wang* 

 

Abstract: Two-dimensional (2D) photocatalysts are highly attractive 

for their great potential in environmental remediation and energy 

conversion. Herein, we report a novel layered zinc silicate (LZS) 

photocatalyst synthesized via liquid-phase epitaxial growth route 

using silica derived from vermiculite, a layered silicate clay mineral, 

as both lattice-matched substrate and Si source. The epitaxial 

growth of LZS is limited in the 2D directions, thus generating the 

vermiculite-type crystal structure and ultrathin nanosheet 

morphology with thicknesses of 8~15 nm and lateral size of about 

200 nm. Experimental observations and density functional theory 

(DFT) calculations evince that LZS has a superior band alignment 

for degradation of organic pollutants and reduction of CO2 to CO. 

These nanosheets exhibit efficient photocatalytic performance for 4-

chlorophenol (4-CP) degradation and CO2 conversion to CO, ca. 

2.9-fold and 3-fold higher than commercial P25 under UV-vis light, 

respectively. The present work gives the first example of clay-like 2D 

photocatalyst with strong photooxidation and photoreduction 

capabilities.  

Semiconductor photocatalysis is considered to be one of the 

most promising and practical solutions to address current and 

future energy and environmental concerns.[1] Since the 

discovery of water-splitting system based on titanium dioxide 

(TiO2) under light irradiation,[2] various inorganic materials have 

been explored as catalysts for photocatalysis, aiming to produce 

H2 and O2 from water,[3] produce hydrocarbon fuels through the 

conversions of CO2 with H2O,[1b, 4] and eliminate organic 

pollutants.[5] Among various inorganic photocatalysts, two 

dimensional (2D) nanosheet-shaped materials as novel 

photocatalysts, particularly those having layered structure, have 

been of great interest due to their diverse morphological 

advantages such as high surface-to-volume ratio, relatively short  

 

Scheme 1. Schematic illustration of liquid-phase epitaxial growth of LZS 

nanosheets in hydrothermal condition.  

travel distance of the photoexcited carriers, abundant surface 

active sites, and interlayer space for hybridization with other 

species[6], all of which are beneficial to photocatalytic reactions 

compared with the powdered photocatalysts. 

Layered silicates as typical 2D inorganic materials were 

widely used as catalyst supports as well as adsorbents, owing to 

their low cost and abundant reserves.[7] So far, however, the 

photocatalytic properties of these materials have been mostly 

ignored due to their photo-inert in nature. For natural layered 

silicates, such as clay minerals (e.g., vermiculite, montmorillonite, 

etc.), their crystal structure consists of layers made up of two 

silicon-oxygen tetrahedra sheets fused to an edge-shared 

octahedral sheet of either aluminum or magnesium hydroxide.[8] 

Indeed, they have no photocatalytic activity under UV irradiation. 

With the consideration that the synthetic layered silicates can be 

incorporated with transition metals in the octahedral position, 

metal silicates with layered structure will be envisioned as 

providing the opportunity of having silicate-based photocatalysts.  

ZnO as a wide band gap semiconductor has been widely 

used in the photocatalytic degradation. From a crystallographic 

point of view, Zn(II) can be incorporated into the octahedral 

framework of silicates.[9] Moreover, Zn-type layered double 

hydroxides (e.g. ZnAl LDH, ZnCr LDH and ZnTi LDH), a known 

class of anionic clays, have been used as photocatalysts for 

reduction of CO2,
[10] and degradation of organic dyes and 

pesticides,[11] respectively. We expect that the structure and 

performance advantages of LDH derived from zinc can be 

applied to the clay-type 2D layered silicates material.  

Accordingly, when the transition metal Zn(II) is present in well-

defined structural position, the obtained layered zinc silicate is 

expected to overcome the instability of ZnO in aqueous system 

and retain its photocatalytic activity. In many cases, however, 

the presence of non-homogenous nanometer-scale 

morphology and the high concentration of crystalline impurities 
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on the layered zinc silicate is likely the primary hindrance to 

being used as a photocatalytic material.[12] Thus, we envisioned 

that if the 2D silica (tetrahedral SiO4 units) derived from nature 

clay minerals could be used as the source of silicon, which 

would endow the obtained materials with excellent photocatalytic 

properties. 

Considering the toxic gradient of major pollutants, chlorinated 

phenolic compounds represent a serious threat to the aquatic 

ecological system due to their toxicity and resist biodegradation. 

Among the chlorinated phenolic compounds, 4-chlorophenol (4-

CP) is a kind of typical toxic chlorinated compound, which has 

direct effect on the environmental pollution and has been the 

subject of numerous recent studies,[13] thus it was selected as a 

model nondye organic pollutant. The present investigation is 

directed toward the synthesize of layered zinc silicate (LZS) 

nanosheets using activated silica derived from vermiculite as 

both substrate and silicon source via a epitaxial growth in 

hydrothermal condition (Scheme 1, experimental details are 

given in Supporting Information (SI) ). As-synthesized LZS 

exhibits high activities for the photocatalytic degradation of 4-CP 

and the photoreduction of CO2 to CO. To the best of our 

knowledge, it is the first time to show that crystalline LZS 

nanosheets were synthesized chemically to obtain highly active 

photocatalysts for organic pollutants elimination and energy 

conversion.  

Powder X-ray diffraction (XRD) pattern of LZS indicates the 

formation of layered phase (Figure 1a), which is similar to some 

other synthetic clay minerals.[12b, 14] Very broad XRD peaks in the 

range of 5-65° that could be indexed to the vermiculite structure 

zinc silicate. Reflections at 14.2 Å (6.2° 2θ), 7.1 Å (12.4° 2θ), 4.6 

Å (19.5° 2θ), 3.5 Å (25.4° 2θ), 2.7 Å (33.7° 2θ) and 1.5 Å (60.2° 

2θ) correspond to the (001), (002), (110, 020), (004), (130, 200), 

and (060, 330) plane of LZS, respectively. The position of the 

(060, 330) reflection at 1.5 Å confirms a trioctahedral structure 

for the layered silicate similar to natural vermiculite, and the 

(001) reflection at 14.2 Å signifies the special distance between 

two sheets. Chemical analysis indicates that the synthetic LZS is 

mainly Zn and Si in composition (Table S2). The calculated 

composition of the unit cell and the lattice parameters of LZS are 

shown in Table S3. LZS crystallizes in a monoclinic crystal 

system, space group C2/m, as shown in Figure 1b. Thus, it may 

be deduced from these data that the LZS is a vermiculite-type 

layered silicate.[15] The silicate layer of LZS is composed of zinc 

oxide octahedral sheet sandwiched between two tetrahedral 

sheets of silica. The layer negative charges originates from a 

minor fraction of isomorphic substitution of Al3+ for Si4+ in the 

tetrahedral sheets, which are compensated by interlayer cation 

Mg2+. Accordingly, the multilayered structure of LZS is stabilized 

by the interaction between the species in the interlayer space 

and the negatively charged layer, as well as hydrogen bonds 

from water molecules.  

Scanning electron microscopy (SEM) image of LZS film 

clearly shows that the nanoplates with high density are grown 

uniformly on the silica substrate (Figure 1c), whose ab-plane is 

almost perpendicular to the substrate. These LZS nanocrystals 

can desquamated automatically from substrate, and the 

resulting sample displays uniform plate-like nanocrystals with a 

lateral size of about 200 nm and an ultrathin thickness of about 

10 nm (Figure 1d). Further transmission electron microscopy  

  

Figure 1. (a) XRD pattern of LZS, and standard peak positions and intensities 

accordingly marked for vermiculite (JCPDS No. 16-0613). (b) Polyhedral 
models of the LZS structure as seen from the [100] and [001] directions. SEM 
images of (c) LZS epitaxial film grown on silica substrate, and (d) LZS 
nanosheets peeled from silica substrate in the reaction process. (e) TEM 
image of LZS nanosheets. (f) High-magnification view of (e) (ellipse lines mark 
the layered structure of upstanding nanoplates), and SAED pattern recorded 
along the [001] axis on a lying nanoplate indicated by the square region in f 
(inset).  

(TEM) analysis shows that the LZS has thin two-dimensional 

(2D) nature of the plate-like nanostructures (Figure 1e), where 

the near transparency to the electron beams indicates the 

ultrathin nature. A representative high-magnification image 

(Figure 1f) of the curled edge or upstanding platelets shows the 

LZS is composed of 5-8 layers with a thickness distribution of 8-

15 nm, a ~1 nm thickness of monolayer thickness, and an 

interlayer spacing of about 1.4 nm, which is in agreement with 

the result of XRD analysis. The selected area electron diffraction 

(SAED) pattern (Figure 1f, inset) was obtained from one lying 

platelet, where the hexagonally arranged spots confirm the 

single crystal nature and typical hexagonal structure, which is in 

good agreement with the typical hexagonal structure of 

vermiculite.[16] Obviously, the same silica phases of LZS and 

substrate imply that they are sufficiently lattice-matched to allow 

epitaxial growth of the LZS sheets on the silica substrate surface. 

The X-ray photoelectron spectroscopy (XPS) peaks for the 

O1s, Si2p and Zn2p states are provided in Figure S1. The O1s peak 

can be deconvoluted into three peaks: two main peaks at 532.5 

eV and 531.8 eV, and a small shoulder located at about 532.3 

eV. The former two peaks may be assigned to the Si-O-Si bond 

and O-Zn bond, respectively, and the latter is resulted from the -
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O-H bond on LZS.[17] The Zn2p3/2 signal of LZS shows a 

symmetric peak centered at 1022.4 eV, which is the same as 

that the reported earlier for zinc silicate (hemimorphite).[18] The 

Si2p binding energy in LZS is 103.1 eV, close to the value 

observed for a silicate.[19] However, the value is higher than that 

of the natural phyllosilicates,[20] which might correspond to the 

electron environments of zinc in the octahedral structural site. 
29Si MAS nuclear magnetic resonance (NMR) spectrum of LZS 

is displayed in Figure S2. The LZS shows a major peak at -96.4 

ppm with a shoulder at -86.8 ppm, corresponding to Q3 (0Al) 

units and Q3 (1Al), respectively.[14b, 21] Q3 means the associated 

number of units of sheet silicate structures, compatible with 

some structures of zincsilite and vermiculite.[12a, 21]  

UV-vis diffuse reflectance spectrum (DRS) shows that the 

absorption edge of the LZS is around 355 nm (Figure 2a). 

According to the Kubelka-Munck plot (Figure 2a, inset), the 

direct band-gap is estimated to 3.5 eV. To estimate that valence 

band maximum (VBM) position of LZS, the VB XPS analysis and 

Mott-Schottky experiment were performed (Figure S3). The VBM 

position of LZS was estimated to be 2.9 V. According to its 

optical band gap, the corresponding conduction band minimum 

(CBM) position was then estimated to be -0.6 V.[22] Based on the 

above two experimental results in combination, the band 

diagram of LZS is schematically expressed in comparison with 

the potentials for CO/CO2, O2
−•/O2 and H2O/·OH, respectively, in 

the NHE scale (Figure 2b). 

DFT calculation was performed to obtain insight into the 

electronic structure of LZS. The calculated electronic band 

structure, the total density of states (TDOS) and the partial 

density of states (PDOS) are displayed in Figure S4 and Figure 

2c. It was found that VBM and CBM of LZS are located at the 

same V point with a direct energy gap of about 3.9 eV, wider 

than the experimental values of 3.5 eV but within a 0.4 eV 

deviation. The DOS peaks show that the VB top is mainly 

composed of Zn 3d and O 2p orbitals, and the CB bottom is 

  

Figure 2. (a) UV-vis absorption spectrum (inset: plot of (αhν)
2
 vs hν) and (b) 

schematic band structure of LZS. (c) Total density of states (TDOS) and partial 

density of states (PDOS) for LZS. 

    

Figure 3. Time courses of 4-CP degradation (a) and CO evolution (b) by LZS, 

ZnAl-LDH, and P25 under simulated sunlight irradiation. (c) Reaction rate of 

photodegradation of 4-CP and CO evolution rate from the photocatalytic CO2 

reduction on photocatalysts. Stabilities of LZS during the photocatalytic 

degradation of 4-CP (d) and photocatalytic CO2 reduction (e). 

mainly constructed by O 2p and Zn 4s. In the bottom of the 

conduction band, impurity levels which mainly come from Mg 3s 

state appear. 

The photocatalytic performance of LZS was tested in two 

types of reactions: photocatalytic degradation of 4-CP, and 

photoreduction of CO2 under UV-visible light. ZnAl-layered 

double hydroxide (ZnAl-LDH, Figure S5) and commercial TiO2 

(P25) are employed as references for comparison. The pseudo-

first order rate constant shown in Figure 3c derived from the 

degradation data in Figure 3a is used to evaluate the 

photocatalytic oxidation activity. Obviously, LZS, with a large 

SBET of 185.4 m2·g−1, is more active than ZnAl-LDH and P25 

under UV-visible irradiation. The 4-CP degradation rate of LZS is 

2-fold of ZnAl-LDH and 2.9-fold of P25. Photocatalytic 

conversion of CO2 with H2O vapor was conducted under UV-vis 

light and the results are shown in Figures 3b and 3c. In addition 

to oxygen, CO was found to be the major reduction product, 

consistent with previous report.[23] LZS exhibits stable CO 

evolution at a rate of 126.7 μmol·g−1·h−1, whereas LDH and P25 

produce CO at 11.2 μmol·g−1·h−1 and 42.7 μmol·g−1·h−1 under 

the same conditions, respectively. Tables S4 and S5 summarize 

the performances of some widely used layered photocatalysts 

and typical TiO2 powder photocatalysts for the photocatalytic 

degradation of 4-CP and the photoreduction of CO2, respectively. 

These results suggest that LZS is extremely efficient for the 4-

CP removal and CO2 photoreduction without using noble metal 

co-catalysts such as Au or Pt. In this stability tests, LZS shows 

no obvious deactivation in photocatalytic activity for the 

degradation of 4-CP and CO production after 4 cycles (Figures 

3d and 3e). The crystal and morphological structures of LZS are 

very well kept after the photocatalytic reactions (Figure S6). The 

wavelength-dependent apparent quantum yield (AQY) (Figure 

4a) decrease with increasing the wavelength of incident light, 

which is consistent with the optical absorption of LZS, implying 

the chemical processes of photodegradation and photoreduction 

are primarily driven by the photoinduced carrier of LZS.[24] Thus,  
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Figure 4. (a) Wavelength-dependent apparent quantum yield (AQY) of 4-CP 

photodegradation and CO2 photoreduction over LZS at various incident light 

wavelengths. (b) Top view of the optimized structure of CO2 adsorption on LZS 

sheet. (c) Free energy diagram for the reduction of CO2 to CO on LZS (001). 

The local configurations of the adsorbates on the LZS sheet at initial state (IS), 

transition state (TS), and final state (FS) along the minimum-energy pathway 

are shown in the inserts, respectively. (C, O and H atoms of the adsorbates 

are represented by grey, light green and light blue spheres). 

we can conclude that LZS is a superior catalyst in both 

photocatalytic degradation of organics and CO2 photoreduction. 

Hydroxyl radicals (•OH) and superoxide radicals (O2
−•) are 

generally considered as important reactive oxygen species 

(ROS) in photodegradation of organic pollutants. Here, we 

employed the electron paramagnetic resonance (EPR) spin-trap 

technique (with DMPO) to confirm the generation of both •OH 

and O2
−• radicals (Figure S7).[25] DMPO-•OH with a typical EPR 

spectrum of four-line with intensity ratio of 1:2:2:1 and DMPO-

O2
−• with six characteristic peaks were obviously observed in the 

suspension of LZS under irradiation, whereas no such signals 

were detected for the samples without irradiation. The redox 

potential for O2/O2
−• is -0.16 V, and for H2O/•OH is 2.32 V.[26] The 

energy levels of the conduction band and the valence band were 

-0.6 and +2.9 eV for LZS, respectively. Apparently, in the case of 

LZS, the photoexcited holes in valence band and electrons in 

conduction band have sufficient energy to oxidize/reduce the 

oxygen containing species to form corresponding ROS.  

Hydroquinone (HQ), benzoquinone (BQ), 

hydroxybenzoquinone(HBQ), and 4,4-oxydiphenol have been 

found to be the main intermediates of the photocatalytic 4-CP 

degradation over LZS (Table S6), but no 4-chlorocatechol (4-

CC) product is observed, in part, which is different from that over 

P25.[27] The photodegradation pathways are proposed as shown 

in Figure S8. In the presence of LZS, BQ can be formed by the 

reaction of hydroxy phenyl radical (HPR) with superoxide 

radicals or by the oxidation of HQ, and then be oxidized to HBQ 

by hydroxyl radical. HBQ and 4,4-oxydiphenol then undergo 

further oxidation to induce ring cleavage to form aliphatic 

intermediates, and finally, they are degraded to CO2 and H2O. 

The mechanistic differences of photocatalytic reactions can also 

reflect the distinctions of chemical nature between LZS and P25 

in generating e- and h+, as well as reactive oxygen species. 

In addition, the conduction band edge is also reasonably well 

aligned with the CO2 to CO potential under UV-vis illumination. 

The potential for reducing CO2 vs NHE in water at a pH value of 

7 is given in equation 1. The standard reduction potential of CO2 

to CO occurs at -0.53 V.[1b, 28] The relative energies and the 

electrons required for this reduction reaction indicate that CO 

could be the preferred product of photoreduction of CO2, which 

can be attributed to the suitable electron reduction ability of the 

LZS.[29]  

   Eq. (1) 

To gain further insights into the catalytic mechanism for 

reducing CO2 to CO over LZS, we performed DFT calculation to 

determine the catalytic reactions associated with the LZS 

structure. It has been known that the CO2 reduction reactions 

usually occur on the surface of the photocatalysts.[23] The 

layered structure of LZS creates an ideal 2D architecture that 

allows engineered surface with active sites ratio approaching 

100%, thus surface oxygen can be suggested to be the active 

site for CO2 reduction. A similar result is also reported for the 

CO2 interaction with the (001) surface of anatase TiO2.
[30] DFT 

calculation based on the LZS structure model was employed to 

investigate the possible reaction pathway along with the local 

configurations (Figures 4b and 4c). It has been known that the 

adsorbed *COOH formation is usually a key step in the reduction 

process of CO2 to CO.[31] The corresponding free energy barrier 

of 1.01 eV for *COOH should be overcome in the present 

reaction over LZS, which is close to the value for other metal-

free system.[32]  

In summary, a novel layer-structured photocatalyst consisting 

of zinc silicate nanosheet (Mg0.1Zn6(Si7.9Al0.1)O20(OH)4•nH2O) 

has been successfully synthesized by liquid-phase epitaxial 

growth route for the first time, in which 2D silica serves as both 

Si source and 2D template with suitable lattice parameters for 

the formation of continuous zinc silicate films. These nanosheets 

are typical 2D nanomaterials with a vermiculite-type structure 

and platelet thicknesses of about 10 nm which corresponds to 

five reproducible stacking layers, exhibiting high photocatalytic 

activity and good stability for 4-CP degradation and the 

conversion of CO2 into CO in the presence of water vapor. 

Experimental and theoretical studies support that the excellent 

performance should be ascribed to the ideal 2D architecture 

allowing engineered surface with high active sites ratio, the large 

specific surface areas, the very positive VB and negative CB 

positions, which endows it with a highly strong photooxidation 

ability to produce •OH radicals and photoreduction ability. To our 

knowledge, it is the first report that clay-like 2D materials display 

two photocatalytic activities. This work not only demonstrates 

layered zinc silicate system could be a potential candidate for 

photocatalysis, but may also inspire the development of high-

performance 2D nanomaterials for catalysis, and other potential 

applications. 

 

+ - 0

2 2 redoxCO  + 2H 2e CO + H O,   0.53VE   
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