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ABSTRACT 15 

The emission of nitrogen dioxide (NO2) has caused severe air pollution and threatened 16 

the safety of the environment and people’s health. Various techniques have been 17 

intensively explored for the abatement of NO2, mostly on the basis of catalytic 18 

reduction at elevated temperature, but few have shown satisfactory NO2 removal 19 

efficiency at ambient conditions. The use of solid porous adsorbents is a promising 20 

approach for NO2 removal due to their high capacity and low energy penalty for 21 
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regeneration. Here, we report the un-calcined transition metal-based layer double 22 

hydroxides (TM-Al-CO3 LDHs) as ambient NO2 adsorbents. The dynamic 23 

breakthrough experiments demonstrated that Ni-Al-CO3 LDH showed a superior NO2 24 

adsorption capacity above 5.3 mmol/g and the lowest NO generation ratio (~31.7% of 25 

the total NO2 input) among the four TM-Al-CO3 adsorbents. The in-situ diffuse 26 

reflectance infrared Fourier transform spectroscopy disclosed the reactive adsorption 27 

mechanism between NO2 and LDHs via acid-base interaction. The reversibility of 28 

active adsorption sites in Ni-Al-CO3 LDH could maintain over 80% after three 29 

adsorption-desorption cycles, suggesting a decent regenerability of Ni-Al-CO3 as NO2 30 

adsorbent.  31 

KEYWORDS: NO2 capture, LDHs, NO2 adsorption mechanism 32 

1. INTRODUCTION 33 

Nitrogen dioxide (NO2), the most prevalent form of nitrogen oxides (NOx), is a 34 

major air pollutant that brings enormous damage to the environment and human being’s 35 

health.1, 2 NO2 contributes to the formation of photochemical smog, fine particulate 36 

matter (PM2.5), acid rain, as well as many human diseases, such as asthma and 37 

emphysema.3, 4 In particular, NOx can promote the conversion of SO2 to sulfate and 38 

accelerate haze formation, which is a pressing environmental problem faced by 39 

metropolitan cities all over the world.5, 6 Thus, the abatement of NO2 is urgently 40 

required to meet the stringent emission regulations and improve environmental quality. 41 

Currently, the most mature technology in the industry is the selective catalytic reduction 42 

(SCR), which uses ammonia to chemically reduce NOx to nitrogen and water with the 43 
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aid of a catalyst.7 Although SCR can achieve the high destruction or removal efficiency 44 

(~90%) for NOx,
2 the reaction process highly relies on high reaction temperature 45 

because the representative catalysts, e.g., TiO2-supported V2O5-WO3, V2O5-MoO3, and 46 

small-pore zeolites of copper-form, exclusively operate at the temperature range of 250-47 

600 oC; 2, 8, 9 hence NO2 emitted from the low-temperature (< 200 oC) exhaust gas, such 48 

as from the vehicle cold-start emission on the roadside,7 is unable to be effectively 49 

removed. Such escaped or “excessive” emissions NO2 are not trivial (totalling 4.6 50 

million tons) and associated with about 38,000 PM2.5- and ozone-related premature 51 

deaths globally in 2015,10 especially via intensive exposure at ambient environmental 52 

hot spots, such as roadside, tunnels, and other semi-confined places. Therefore, it is of 53 

great importance to develop novel and effective technology to achieve the abatement 54 

of ambient NO2 emissions.   55 

Gas adsorption by solid adsorbents, which is based on the host-guest interactions, is 56 

one promising approach for NO2 removal at ambient conditions.2 Compared with the 57 

conventional SCR catalysts, the benefits of using adsorbents are their versatility at low 58 

temperature, endowing great opportunity for adsorption technology.2 The critical factor 59 

deciding the NO2 removal efficiency by adsorption is the characteristics of adsorbents. 60 

Typical porous solid adsorbents, such as silica,11 carbon materials,12 metal oxides,13 61 

zeolites,14, 15 and metal-organic frameworks (MOFs) 1, 4, 16-19 and their composites,3 62 

have been attempted for NO2 capture applicable for ambient conditions. However, very 63 

few adsorbents simultaneously displayed high NO2 capacity, satisfactory selectivity, 64 

and good regenerability due to the highly reactive nature of NO2 molecule. For example, 65 
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NO2 often readily reacts with metal-organic frameworks probably the most promising 66 

and widely studied adsorbents, via breaking coordination bonds and causes the 67 

framework degradation and decomposition.8 In addition, NO2 adsorption process often 68 

inevitably generates nitric oxide (NO), another form of toxic and notorious NOx, due to 69 

the disproportionation reaction.3, 16 High emissions of NO substantially poses additional 70 

environmental pollution problems. Thus, the exploration of novel adsorbents with the 71 

merits of both high NO2 removal efficiency and low NO release amount is highly 72 

desirable. 73 

Layer double hydroxides (LDHs), also known as hydrotalcite-like compounds,20, 21 74 

are typically porous materials widely examined in the applications of catalysis,22, 23 75 

adsorption,24-27, and photosynthesis,28 etc. LDHs are commonly described by the 76 

general formula of [M2+
1−xM

3+
x(OH)2] [A

n−]x/n·zH2O (where M2+ = Mg2+, Ni2+, Co2+, 77 

and Cu2+, etc.; M3+ = Al3+, Fe3+, and Cr3+; and An− = CO3
2-, NO3

-, and Cl-, etc.).29, 30 78 

Compared with bulk metal hydroxides or metal oxides showing the stacked structure, 79 

the LDHs show a peculiar layered structure with more exposed adsorption sites, 80 

specifically Brønsted basic sites, which endow them and their derivatives upon 81 

calcination (termed mixed metal oxide, MMO) great potential as versatile gas 82 

adsorbents.29, 31 The major factors limiting the adsorption performance of LDHs are the 83 

relatively low surface area, which is caused by the conventional synthesis method of 84 

co-precipitation procedure in water.32 Accordingly, an aqueous miscible organic solvent 85 

treatment (AMOST) method was developed for the synthesis of LDHs, resulting in 86 

desirable material properties, e.g., the greatly improved surface area (more than ten 87 
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times), the improved Brønsted basicity with more exposed adsorption sites, and 88 

uniform dispersity.24, 25, 30, 33 These advantages allowed for LDHs to exhibit great 89 

potential in the adsorption of some acidic gas, such as SO2 and CO2.
8 For instance, we 90 

investigated the CO2 adsorption with three M (Mg/ Ni/ Cu)-Al-CO3 LDHs synthesized 91 

by AMOST and identified Ni-Al-CO3 LDH as the optimal adsorbent.24 O’Hare’s group 92 

further systematically studied the solvent effects on the CO2 capture performance using 93 

LDHs and their derived MMO.33 Yoshioka and co-workers developed CO3·Mg-Al 94 

LDH as an adsorbent for the removal of SO2, etc.26 The high affinity of LDHs to these 95 

acidic gases is based on the strong acid-base interaction,8 enabled by tunable basic 96 

adsorption sites, i.e., hydroxide (-OH) and metal-oxygen site (M-O2-). Given the 97 

structural characteristics of LDHs, the high density of basic sites and layered porous 98 

structure will afford great potential for LDHs to remove NO2. Although some derived 99 

oxides of LDHs, such as Mg-Al, MnxMg3-x-Al, and Co-Mg/Al mixed oxides, have been 100 

studied in the adsorption and storage of NOx at elevated temperatures (90-400 oC) as 101 

part of a high-temperature NOx catalytic process in motor vehicles,31, 34-36 un-calcinated 102 

(or fresh) LDHs have not been examined as NOx removal adsorbent at ambient 103 

conditions. The LDHs are more competitive as ambient NO2 adsorbent than their 104 

derived oxides thanks to their more facile preparation (by omitting the calcination step) 105 

and their comparable density of Brønsted base sites. 106 

In this work, we for the first time systematically studied the un-calcinated LDHs as 107 

ambient NO2 capture adsorbents and further explored the NO2 adsorption mechanism 108 

to demonstrate the great potential of LDHs as ambient NO2 adsorbents to help mitigate 109 

https://www.sciencedirect.com/science/article/pii/S0169131719304077#!
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air pollution. Given different metal sites would give rise to varying binding affinity, the 110 

tunable transition metal (TM) LDHs (TM-Al-CO3) were prepared with four types of 111 

TM, i.e., nickel (NiII), cobalt (CoII), copper (CuII), and zinc (ZnII), as they are easily 112 

accessible and some of these TMs-containing oxides have been demonstrated to show 113 

the high potential in the adsorption or storage of NO2.
34, 36. Dynamic column 114 

breakthrough experiments evaluated the NO2 adsorption capacity accompanied with 115 

NO release concentration of the four TM-Al-CO3 LDHs using 500 ppm 116 

NO2/Helium/Air gas mixture and corroborated their practical NO2 abatement potential. 117 

The characteristics of adsorbents were investigated with powder X-ray diffraction 118 

(XRD), nitrogen adsorption-desorption experiments, scanning electron microscopy 119 

(SEM), transmission electron microscopy (TEM), and inductively coupled plasma optical 120 

emission spectroscopy (ICP), etc. The adsorption mechanism of NO2 on LDHs was 121 

explored by in-situ diffuse reflectance infrared Fourier transform spectroscopy 122 

(DRIFTS) and thermogravimetric analysis (TGA). The newly developed TM-Al-CO3 123 

LDHs would be promising NO2 adsorbents applicable to the abatement of NOx at 124 

ambient conditions.  125 

2. EXPERIMENTAL SECTION 126 

2.1 Materials 127 

Ni(NO3)2·6H2O ( ≥ 98.5%), Co(NO3)2·6H2O( ≥ 98%), Cu(NO3)2·2.5H2O (98%), 128 

Zn(NO3)2·6H2O (98%), Al(NO3)3·9H2O (≥ 98%), NaOH (≥ 97%), and acetone 129 

(99.8%) were purchased from Sigma-Aldrich. Na2CO3 (≥99.5%) was purchased from 130 

Alfa Aesar. Mill-Q water was used throughout the experimental process. All chemicals 131 
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were used without further purification. 132 

2.2 Synthesis of TM-Al-CO3 LDHs 133 

In this study, the AMOST method30 with some modifications was adopted to 134 

synthesize four TM-Al-CO3 LDH instead of the conventional co-precipitation method. 135 

Here, the synthesis of AMOST Ni-Al-CO3 LDH was taken as an example to 136 

demonstrate the preparation process. Firstly, 37.5mmol (10.9 g) of Ni(NO3)2·6H2O and 137 

12.5 mmol (4.68 g) of Al(NO3)3·9H2O were dissolved in 20 mL Milli-Q water by 138 

magnetic stirring as Solution A. 25 mmol (2.65 g) of Na2CO3 was dissolved in 50 mL 139 

of Milli-Q water by magnetic stirring at room temperature as Solution B. 200 mmol of 140 

NaOH (8 g) was dissolved in 50 mL of Milli-Q water as Solution C. Then, Solution A 141 

was added dropwise into Solution B with continuous stirring. At the same time, the pH 142 

of the solution was maintained around 9~10 by adding Solution C to the above mixture. 143 

After Solution A was entirely added to Solution B, the mixture was stirred for another 144 

30 minutes at 800 revolutions per minute (rpm). Next, the sample was separated by 145 

centrifugation (5000 rpm for 5 min) and washed with Milli-Q water for 7 times. Later, 146 

the solid was washed with acetone and separated by centrifugation (5000 rpm for 5 min) 147 

for 3 times. After that, the obtained sample was dispersed in 300 mL of acetone with 148 

continuous stirring overnight. Finally, the product was recovered by a rotary evaporator to 149 

remove the remaining acetone and the solid powder can be obtained as Ni-Al-CO3 LDH. As for the synthesis of another three TM-150 

Al-CO3 LDHs, Co-Al-CO3, Cu-Al-CO3, and Zn-Al-CO3, similar procedures were followed with the only difference of using 37.5 151 

mmol Co(NO3)2·6H2O, Cu(NO3)2·2.5H2O, or Zn(NO3)2·6H2O, respectively, instead of Ni nitrate salt. 152 

2.3 Characterization of TM-Al-CO3 LDHs 153 
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Powder XRD (X′Pert3 Powder, PANalytical) was carried out to determine the crystallinity of 154 

the as-synthesized TM-Al-CO3 LDHs. The diffractometer was equipped with a Cu anode of 1.5406 Å λ 155 

radiation and the operating voltage was 40 kV. Diffraction patterns were recorded within the range of 2θ from 5o to 70o. The 156 

scan step size and scan speed were set to 0.02o and 0.095 o/second, respectively. Nitrogen adsorption experiments 157 

were performed at -196 oC with liquid nitrogen to measure the Brunauer-Emmett-Teller (BET) surface area and determine porous 158 

properties, including the total pore volume (single pore volume at p/p0=0.99) and Barrett-Joyner-Halenda (BJH) pore size 159 

distribution, using a Micromeritics 3Flex. All the samples were pre-activated before the analysis with a VacPrep 061 Sample Degas 160 

System at 120 oC in vacuum overnight, followed by in situ activation at 120 oC for another 2 h to thoroughly remove the surface 161 

adsorbed moisture or solvents. FTIR was carried out to investigate the chemical bonds and 162 

functional groups of samples using IRAffinity-1 Shimadzu. The spectra were collected 163 

in the range of 400-4000 cm-1 with a resolution of 4 cm-1 for 32 times and corrected 164 

with background noise. TGA (METTLER TOLEDO TGA/DSC 1) was used to evaluate the difference in weight loss of 165 

TM-Al-CO3 LDHs before and after NO2 adsorption. The experiments were conducted in the nitrogen 166 

atmosphere at a flow rate of 50 mL min−1. 5-10 mg sample powder was heated from 25 to 900 oC with a ramping rate of 10 oC 167 

min−1. SEM was performed using the Hitachi S-4800 instrument to examine the crystal morphologies of TM-Al-CO3 168 

LDHs at an accelerating voltage of 5.0 kV. The sample powder was coated with gold by sputtering before the measurement to 169 

avoid charging. TEM (Philips CM100) was used to observe the morphologies of the TM-Al-CO3 LDHs. The samples for 170 

characterization were dispersed in ethanol and sonicated for 10 min. A droplet of the above solution was deposited on an ultrathin 171 

carbon film which was coated on a 300-mesh Cu grid. The basic site density of the TM-Al-CO3 LDHs were 172 

quantified by adsorption of non-reactive acrylic acid whose uptake was determined by 173 

Ultraviolet-visible (UV-Vis) spectrophotometer (Biochrom Libra S12). 10 mg of the pre-activated (heating at 174 

120 oC in vacuum overnight) LDH powder was added in six different stoppered bottles. 175 
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Acrylic acid solution of different concentrations (from 0 to 1000 ppm) was prepared by 176 

mixing acrylic acid with cyclohexane. Then 10 mL of each acrylic acid solution was 177 

respectively added into six bottles and sealed, followed by shaking in a thermostatic 178 

bath for two hours at 35 oC to attain the adsorption equilibrium. The final concentration of acrylic 179 

acid was determined spectrophotometrically using the UV-Vis. The decrease in the concentration of acrylic 180 

acid is due to its adsorption onto the basic sites of LDH adsorbents. Thus, the basic site 181 

density can be determined by the consumption of acrylic acid. ICP-OES (Optima 8000, Perkin 182 

Elmer, USA) was used to analyze the composition and TM/Al elemental ratio of the products. 10 mg sample powder was dissolved 183 

in aqua regia and followed by microwave digestion at 120 oC for 2 h. Then the solution 184 

was diluted and analyzed by the instrument. 185 

2.4 NO2 adsorption of TM-Al-CO3 LDHs 186 

The NO2 adsorption performance of four TM-Al-CO3 adsorbents was evaluated by the 187 

dynamic column breakthrough experiments at ambient conditions. The setup (Scheme 188 

1) mainly comprises three gases, i.e., 1000 ppm NO2 balanced in Helium (He), 189 

compressed air as a carrier gas, and argon (Ar) as inert gas for sample activation, and 190 

mass flow controllers (MFCs), a fixed-bed column (internal diameter 6.25 mm, length 191 

22 cm ) loaded with powder adsorbents, and a NOx detector (Multiple-Gas Monitor 192 

RAE system). Note that the detection limit of NO2 and NO for the detector was 20 ppm 193 

and 250 ppm, respectively, and thus the real adsorption capacities of these adsorbents 194 

were underestimated. The measured NO2 and NO breakthrough curves on a weighed 195 

time scale (min g-1) can be used to calculate the adsorbed NO2 capacity (mmol g-1) and 196 

the released NO as byproduct capacity during the dynamic adsorption process. The 197 

javascript:;
javascript:;
javascript:;
javascript:;
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equation for calculating the NO2 capacity is as follows:19 198 

𝑛𝑁𝑂2 =  
𝑄

22.4∗𝑤
 (∫ (𝐶0 − 𝐶)𝑑𝑡

𝑡𝑠

0
)        ( 1 ) 199 

Where 𝑛𝑁𝑂2 is the specific adsorption capacity of NO2 in mmol/g, Q is the total flow rate of the gas component in standard 200 

cubic centimeters per minute (sccm), ts is the breakthrough time (at C0 = 20 ppm) in minutes of adsorbent during the NO2 adsorption 201 

process. C0 is the concentration of NO2 in the feed gas, C is the outlet concentration of NO2 at time t, and w is the weight of adsorbent 202 

after activation in gram. 203 

The equation for calculating the released NO capacity is as follows:19 204 

 𝑛𝑁𝑂 =  
𝑄

22.4∗𝑤
 (∫ (𝐶𝑁𝑂)𝑑𝑡

𝑡𝑠

0
)              ( 2 ) 205 

Where 𝑛𝑁𝑂  is the amount on NO released in mmol/g and 𝐶𝑁𝑂  is the concentration of released NO at time t. Other symbols 206 

have the same meaning as in the above quotation ( 1 ). 207 

 208 

Scheme 1 The breakthrough experiment setup for NO2 adsorption. 209 

Apart from the breakthrough experiments to quantify the NO2 removal capacity of 210 

our adsorbents, the in-situ diffuse reflectance infrared Fourier transform spectroscopy 211 

(DRIFTS) (Thermo Nicolet 6700) was carried out to elucidate the adsorption 212 

mechanism of NO2 on the representative TM-Al-CO3 (Ni-Al-CO3) adsorbent. Before 213 

the in-situ DRIFTS experiment, the adsorbent was activated at 120 oC overnight in the 214 

atmosphere of He at a flow rate of 20 sccm. The IR of Ni-Al-CO3 LDH was conducted 215 
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in both NO2 adsorption (1000 ppm NO2/He with a flow rate of 5 sccm) and desorption 216 

(He with a flow rate of 20 sccm) process. The background of IR spectra was deducted 217 

by scanning the pre-activated Ni-Al-CO3 under He. In the NO2 adsorption process, the 218 

IR spectra scanning time interval was set to 1 min within the initial 5 mins to observe 219 

the subtle changes at the very beginning of NO2 adsorption. Then, bigger scanning time 220 

intervals were set to 5, 10, 15, and 20 mins, from t =5 to t = 60 min, to study the 221 

relatively slow intensity changes for the formed new species. In the NO2 desorption 222 

process, only one time interval was set to 10 mins from t = 0 to t = 30 min to observe 223 

the changes of formed species in the IR spectra intensity during desorption. The spectra 224 

changes were scanned for 64 times with a resolution of 4 cm-1 using an MCT/A detector 225 

cooled by liquid nitrogen. 226 

3. RESULTS AND DISCUSSION 227 

3.1 NO2 removal performance of TM-Al-CO3 LDHs at ambient conditions 228 

To assess the potential of our LDHs adsorbents for NO2 removal at ambient conditions, 229 

the NO2 adsorption capacity of the four TM-Al-CO3 LDHs was evaluated by the NO2 dynamic 230 

breakthrough experiments at room temperature. The target gas is a mixture of NO2/He 231 

and air, which is close to the practical applications. The measured NO2 and NO 232 

breakthrough curves are shown in Figure 1a and b. At the initial period, the NO2 in the 233 

inlet stream is captured by our adsorbents and thus the NO2 concentrations at the outlet 234 

of the column are all zero, suggesting a complete removal of NO2 from the gas mixture. 235 

Subsequently, NO release can be observed (Figure 1b), suggesting the reduction of NO2 236 

occurred on the surface of LDHs. NO is a common byproduct during NO2 adsorption, 237 
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resulting from the disproportionation of NO2.
16 A lower ratio of NO formation is desired 238 

for good NO2 adsorbents. As shown in Figure 1c, the NO2 breakthrough time (C0 = 20 239 

ppm) is significantly longer in the case of Ni-Al-CO3 and Co-Al-CO3 LDHs with a NO2 capacity 240 

of 5.37 and 5.65 mmol/g, respectively, than that of Cu-Al-CO3 and Zn-Al-CO3 LDHs with the NO2 241 

capacity of 2.64 and 3.10 mmol/g, respectively. By comparing our LDH adsorbents with a few representative materials, 242 

including some LDH-derived mixed metal oxides and MOFs, under similar NOx dynamic adsorption condition, we confirm our 243 

LDHs has the highest NOx adsorption capacity (Table S1). In addition, although the NO release amount 244 

of the four LDHs are slightly higher than some other NO2 adsorbents, e.g. MOFs (Table 245 

S1), the released NO concentrations of Ni-Al-CO3 and Co-Al-CO3 are distinctly lower than that 246 

of Cu-Al-CO3 and Zn-Al-CO3 LDHs, which indicate less amount of unfavorable NO is formed or 247 

eluted from the column when using Ni-Al-CO3 and Co-Al-CO3 adsorbents. While the NO2 adsorption capacity 248 

of Co-Al-CO3 is slightly higher than that of Ni-Al-CO3, the NO generation percentage on Ni-Al-CO3 is lower than that on Co-Al-249 

CO3 (Figure 1 d). A lower ratio of NO generation is desired as NO is also a toxic NOx gas. So the Ni-Al-CO3 are identified to 250 

be the best NO2 adsorbents among the four TM-Al-CO3 LDHs with both high NO2 adsorption capacity and low NO generation. 251 

Additionally, we compared the NO2 adsorption performance of the top-performers in our study, i.e., 252 

Ni and Co-Al-CO3 LDH, with a commercial activated carbon (AC), which is a well-known 253 

material generally used as the adsorbent for toxic gases removal. The NO2 adsorption 254 

capacity of these two LDHs (5.37 and 5.65, respectively) is over 44% higher than that 255 

of the AC (2.26 mmol/g) (Figure S1), and the NO release amount of the former is much 256 

lower than that of the AC, suggesting that our TM-Al-CO3 LDHs have the great 257 

potential to be used as NO2 adsorbents in real applications.  258 
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 259 

Figure 1. (a) NO2 breakthrough curves, (b) NO release curves, (c) NOx adsorption capacity, and (d) released NO of total NO2 input for the four 260 

TM-Al-CO3 LDHs. 261 

3.2 The characteristics of adsorbents that affect NO2 adsorption 262 

To establish the relationship between NO2 removal performance and the properties of our adsorbents, the four TM-Al-CO3 LDHs 263 

adsorbents were well characterized and investigated. Firstly, the crystal structure and phase purity of TM-264 

Al-CO3 LDHs synthesized using the AMOST method were studied by powder XRD. 265 

In Figure 2a, the diffraction patterns for the four TM-Al-CO3 show typical peaks 266 

corresponding to (003), (006), (012), and (015) of hydrotalcite layered double 267 

hydroxide. Peaks appearing in this pattern can be well indexed to the reference sample 268 

Ni-Al-CO3 (JCPDS No. 48-0594), Co-Al-CO3 (JCPDS No. 51-0045), Cu-Al-CO3 269 

(JCPDS No. 37-0630), and Zn-Al-CO3 (JCPDS No. 38-0486) LDH, respectively, 270 

suggesting that pure phase of TM-Al-CO3 LDHs was obtained successfully using the 271 

AMOST method. Note that the Ni-Al-CO3 and Co-Al-CO3 LDH show relatively 272 
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broader and weaker peaks than Cu-Al-CO3 and Zn-Al-CO3, indicating lower 273 

crystallinity of the former two materials. The reason is that the Cu2+ and Zn2+ could 274 

achieve rapid precipitation (pH below 8) at the synthesis condition (pH = 9~10),37, 38 275 

and readily form well stacked LDH structure with high crystallinity before the organic 276 

solvent acetone treatment. The fixed pH (9~10) is somehow too high to allow for exfoliation 277 

involving Cu2+ and Zn2+ because they have already almost completed the precipitation before 278 

the acetone treatment and would no longer to be easily exfoliated. It is not easy to implement 279 

further delamination using the AMOST method upon finishing precipitation with 280 

corresponding metals. While in the case of the Ni-Al-CO3 and Co-Al-CO3 LDHs, the 281 

Ni and Co cations start to precipitate at higher pH values above 9,39, 40 which means the 282 

precipitation of these two cations is accompanied with the exfoliation by acetone, and thus 283 

being exfoliated to a larger extent by acetone than the other two LDHs. It is well 284 

established that the well-exfoliated LDHs could only be obtained when a LDH is still 285 

being formed without complete precipitation.41 The calculated layer stacking numbers 286 

of the four LDHs (supporting information) also indicate that the Ni and Co-Al-CO3 287 

have a much higher degree of exfoliation with less layer stacking numbers (10 and 14, 288 

respectively) than their counterpart Cu and Zn-Al-CO3 LDHs (25 and 22, respectively). 289 

The more effective delamination in Ni-Al-CO3 and Co-Al-CO3 LDHs contribute to 290 

richer porous layered structures of the adsorbent, as evidenced by the following porosity 291 

analysis. 292 

The subsequent nitrogen adsorption experiment at -196 oC was carried out to 293 

determine the porosity of four TM-Al-CO3 LDHs (Figure 2 b). The typical hysteresis 294 
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loop indicates the presence of mesopores in these TM-Al-CO3 LDHs. The pore size 295 

distribution calculated by BJH method (Figure S2) further show that all the four LDH 296 

adsorbents have mesopores while only Cu and Zn-Al-CO3 LDHs have macropores, all 297 

of which should result from their highly packed layers rather than intrinsically formed 298 

structural pores. The previous studies show that LDHs synthesized by conventional co-299 

precipitation methods usually exhibit very low surface area, e.g., in the range of 14-110 300 

m2/g.29, 42, 43 In this study, the Ni-Al-CO3 and Co-Al-CO3 LDHs show the greatly 301 

improved BET surface area of 205 and 233 m2/g, indicating exceptional exfoliation of 302 

stacked LDH layers is achieved in these two LDHs, which is also evidenced by the 303 

above powder XRD patterns. However, the elevation in surface area is not significant 304 

in the cases of Cu-Al-CO3 and Zn-Al-CO3 with a BET surface area of 49 and 41 m2/g, 305 

respectively. The total pore volume of TM-Al-CO3 LDHs is in the order of Co-Al-CO3 > 306 

Ni-Al-CO3 > Cu-Al-CO3 > Zn-Al-CO3. The analysis of porous properties along with 307 

XRD results suggests that LDHs with a lower crystallinity show a higher surface area 308 

and pore volume, which benefits the NO2 gas molecule diffusion and adsorption. The 309 

BET surface area of our Ni-Al-CO3 and Co-Al-CO3 is approximately four times higher than that of Cu-Al-CO3 and Zn-310 

Al-CO3, thus greatly boosting the NO2 adsorption capacity. It was reported that the NO2 adsorption capacity 311 

of UiO-67 was significantly higher than that of UiO-66 because the surface area and 312 

pore volume of the former were about 40% higher than those of UiO-66.17  313 

In addition to the porous properties of adsorbents, the specific chemistry would also 314 

affect the NO2 adsorption. FTIR absorbance spectra of TM-Al-CO3 LDHs are given in 315 

Figure 2 c to examine the functional groups on the materials. The FTIR spectra of TM-316 
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Al-CO3 LDH exhibit the absorption bands at 3730~2900, 1642, 1512, and 1373 cm-1, 317 

corresponding to the -OH stretching vibrations, -OH (of water) bending vibrations, 318 

C=O symmetric vibrations, and C=O anti-symmetric stretching vibration of CO3
2- ions 319 

in the interlayer, respectively. The absorption bands below 900 cm-1 are assigned to the 320 

transition metal-oxygen stretching and bending vibrations in the hydrotalcite-like 321 

lattice.44-46 As anticipated, the TM-Al-CO3 LDHs possess rich -OH functional groups 322 

and M-O2- termed as common Brønsted basic sites, which are the major adsorption sites for 323 

NO2. Although no much difference in -OH strength could be directly observed among four LDHs, 324 

it was previously reported that the basicity of OH- in Ni-Al-CO3 and Co-Al-CO3 was stronger than that in Cu-Al-CO3 and Zn-Al-325 

CO3 LDHs,47, 48 which endow Ni/Co-Al-CO3 with greater affinity toward NO2 than the other two LDHs. In addition, compared 326 

with Cu-Al-CO3 and Zn-Al-CO3, lower carbonate amounts are present in Ni-Al-CO3 and Co-Al-CO3 with the evidence of weaker 327 

respective peaks in FTIR, corroborating that most of the CO3
2- ions are replaced by acetone solvent during 328 

synthesis and a better exfoliation is achieved. As a result, a much higher NO2 adsorption capacity is achieved by Ni-Al-CO3 and Co-329 

Al-CO3 adsorbents.  330 

The basic site density in the four LDHs could be another deciding factor for their trend in NO2 adsorption capacity. To quantify 331 

the accessible basic site density of four TM-Al-CO3 LDHs, the surface basicity were determined on the basis of the irreversible 332 

adsorption of acrylic acid (pKa = 4.2), a specific nonreactive acid.49 The adsorption of acrylic acid on LDHs follows a Langmuir 333 

adsorption isotherm (Figure S3 and Table S2) and was determined using a UV-Vis spectrophotometer.50 The 334 

adsorption capacity of acrylic acid on Ni, Co, Cu, and Zn-Al-CO3 are 10.6, 10.2, 8.0, and 9.0 mmol/g, respectively, suggesting that 335 

the amount of accessible surface basicity site in the Ni and Co-Al-CO3 LDHs is slightly higher than that of Cu and Zn-Al-CO3 LDHs.  336 

ICP-OES was then used to determine the chemical composition of TM-Al-CO3 LDHs. In Table 1, the contents of 337 

TM and Al are showed in the weight percentage (wt %) of the four samples. It is clear 338 
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that the experimentally obtained values for TM2+/Al3+ molar ratio of all four TM-Al-CO3 339 

LDHs are in good agreement with the theoretical value of 3 used in the preparation. 340 

The elemental analysis suggests that the formula of TM-Al-CO3 should be 341 

[TM6Al2(OH)16][CO3
2−]·zH2O as anticipated. 342 

 343 

Figure 2. (a) XRD patterns, (b) nitrogen adsorption-desorption isotherms at -196 oC, and (c) FTIR spectra of as-synthesized Ni-Al-CO3, Co-Al-CO3 344 
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Cu-Al-CO3, and Zn-Al-CO3 LDH using AMOST method. 345 

 346 

 347 

Table 1 The composition of the as-synthesized Ni-Al-CO3, Co-Al-CO3, Cu-Al-CO3, and Zn-Al-348 

CO3 LDH tested with ICP-OES. 349 

Sample TM content (wt %) Al content (wt %) TM/Al molar ratio 

Ni-Al-CO3  41.6 6.4 3.0 

Co-Al-CO3 42.0 6.4 3.0 

Cu-Al-CO3 50.8 7.6 2.8 

Zn-Al-CO3 50.4 6.8 3.1 

 350 

The remarkably higher NO2 uptake on Ni and Co-Al-CO3 LDHs than that on their 351 

Cu and Zn counterparts is attributed to their higher surface area and stronger surface 352 

basicity. The difference in surface area of these LDHs results from the different extent 353 

of exfoliation using the AMOST method, while the extent of exfoliation should also 354 

affect the morphology of the adsorbents. Accordingly, we turn to examine the 355 

morphology of different TM-Al-CO3 LDHs by SEM and TEM. As shown in Figure 3, 356 

all the four LDHs display nanoplatelets structure, which is consistent with that typically 357 

observed for LDH adopting a brucite-like structure.24, 30 The particle size of the four 358 

materials varies significantly, indicating the different delamination degree of the 359 

layered structure during synthesis. Ni-Al-CO3 and Co-Al-CO3, have smaller particle 360 
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size than that of Cu-Al-CO3 and Zn-Al-CO3 LDHs. In terms of the integral structure, 361 

the former two presents as the uniform flower-like sphere, while the latter two exhibits 362 

randomly packed nanosheets. These structural properties are highly correlated to the 363 

surface area and pore volume as discussed above. Ni-Al-CO3 and Co-Al-CO3 have a 364 

more porous structure than Cu-Al-CO3 and Zn-Al-CO3 LDHs. Additionally, the TEM 365 

images of TM-Al-CO3 LDHs further disclose the constituents at the magnification scale. 366 

Similar to the morphology provided by SEM, Ni-Al-CO3 and Co-Al-CO3 show distinct 367 

flower-like nanoplatelets in TEM images and the thickness of these nanosheets is 368 

approximately 5-10 nm. Although Cu-Al-CO3 and Zn-Al-CO3 show nanoplatelet like 369 

morphology, the particle dispersion is relatively poor and the thickness is around 15-25 370 

nm, much larger than the former two. The morphology observed via SEM and TEM 371 

confirms that the smaller particle size in the case of the Ni-Al-CO3 and Co-Al-CO3 372 

allows for exposing more accessible active sites and thus higher NO2 uptake than their 373 

counterpart Cu and Zn LDHs. As a side, the nano flower-like particles of Ni-Al-CO3 374 

and Co-Al-CO3 readily interleave with each other to form a porous network,25, 30, 51 375 

which could help reduce the gas diffusion limitation and improve mass transfer.38 As 376 

seen from the breakthrough profiles of NO2 adsorption, the Ni-Al-CO3 and Co-Al-CO3 377 

show markedly shorter breakthrough time (from C=0 to C0= 20 ppm) (Table S3) and 378 

much steeper breakthrough curves (Figure 1a) than those of Cu-Al-CO3 and Zn-Al-CO3 379 

LDHs, indicating a faster adsorption kinetics occurring in the case of the former two 380 

adsorbents.52, 53 381 
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 382 

Figure 3. SEM and TEM images of (a) and (b) Ni-Al-CO3, (c) and (d) Co-Al-CO3, (e) and (f) Cu-Al-CO3, (g) and (h) Zn-Al-CO3 LDH synthesized 383 

using AMOST method. 384 

3.3 NO2 adsorption mechanism 385 

To elucidate the NO2 adsorption mechanism on TM-Al-CO3 LDH, the in-situ 386 

DRIFTS was conducted to understand the interaction between NO2 and adsorbent by 387 
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analyzing the new species formed in the adsorption process. The change in diffuse 388 

reflectance spectra of a representative LDH, Ni-Al-CO3, was recorded in two processes, 389 

i.e., the adsorption (Figure 4a) and desorption (Figure 4b) process. During the NO2 390 

adsorption process, a distinct vibration band corresponding to adsorbed NO2 is 391 

observed at 1685 cm-1, which shows a blue shift in contrast to the spectra of free gas 392 

phase NO2 (1617 cm-1).54 Simultaneously, the new bands at 1092, 1214, and 1636 cm-393 

1 appear and increase in intensity upon NO2 dosing, which correspond to the symmetric 394 

and antisymmetric stretching (νsym(NO2) and νasym(NO2), and the N=O stretching mode 395 

((ν(NO)).34, 55 These new bands can be assigned to the bridging bidentate nitrite (NO2
-, 396 

1214 cm-1) and nitrate (NO3
-, 1092 and 1636 cm-1) species,34, 56 resulting from the 397 

reaction between NO2 and the functional groups on Ni-Al-CO3 LDH. Moreover, it is 398 

interesting to see the negative peak of -OH becomes increasingly pronounced as a 399 

function of adsorption time, which is attributed to the acidic NO2 gas interacting with 400 

the hydroxide on LDHs, giving rise to a great depletion of OH- on the adsorbent.1  401 
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 402 

Figure 4. In-situ DRIFTS of Ni-Al-CO3 as a function of (a) NO2 loading (adsorption), (b) He sweeping (desorption). 403 

Accordingly, a two-step pathway (Scheme 2) could be deduced from the in-situ 404 

DRIFTS of NO2 adsorption. Firstly, the NO2 is adsorbed on the surface of LDH and 405 

interacts with the hydroxide groups, i.e., M-OH (Ni-OH or Al-OH), via acid-base 406 

interaction forming the M-O2- and M-NO2
- (NO2

- source). Secondly, the NO2 can 407 

further interact with M-O2- and disproportionate to NO and NO3
-.34 The stronger 408 

adsorption spectra of NO2
- than that of NO3

- in the early stage unambiguously discloses 409 

the sequence of reactive NO2 adsorption pathway, i.e., acid-base interaction followed 410 

by disproportion reaction. The formed nitrite and nitrate species could partially destruct 411 

the layered structure of LDH, resulting in reduced porosity (Figure S4) and crystallinity 412 

(Figure S5). The respective reaction equations are shown below. 413 
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NO2 + 2M-OH- → M-NO2 + M-O2- + H2O         (1) 414 

3NO2 + M-O2- → NO + NO3
- + M-NO3

-          (2) 415 

 416 

Scheme 2 The proposed reactive adsorption pathway of NO2 on Ni-Al-CO3 LDH adsorbent. 417 

During the desorption process of NO2, the physically adsorbed NO2 can be removed 418 

along with the sweeping of He at room temperature, but the NO2
- and NO3- species are 419 

not easily removable evidenced by the persistent peaks following prolonged inert gas 420 

sweeping in DRIFTS. The quantity of this proportion of bridging adsorbed species 421 

could be determined by the weight loss before and after NO2 adsorption from TGA 422 

curves (Figure S6). The results indicate the amount of the irreversible species on Ni-423 

Al-CO3 LDH adsorbent is 8.2 wt %, higher than that of Co-Al-CO3 (3.0 wt %) but lower 424 

than that of Zn-Al-CO3 (10.3 wt %) and Cu-Al-CO3 (12.3 wt %) LDHs, demonstrating 425 

the superior reversibility of Co and Ni LDHs over the Cu and Zn LDHs. It is well 426 

acknowledged that good reversibility is a highly desirable property of adsorbents. Note 427 

that the observed partially irreversible NO2 adsorption herein is only valid in the regime 428 

of physisorption, while it does not necessarily mean the adsorbent cannot be recovered 429 

by other methods. We will discuss more about this point in the next section. Overall, 430 

the strong acid-base interaction is proven to be the main adsorption mechanism between 431 
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TM-Al-CO3 and NO2.  432 

3.4 NO2 adsorption for regeneration performance 433 

To investigate the reversibility of TM-Al-CO3 LDH adsorbents, the cyclic NO2 434 

adsorption and desorption/regeneration experiments were conducted using 435 

representative Ni-Al-CO3 LDH. The adsorbent was facilely washed with Milli-Q water 436 

following each cycle of adsorption to remove the formed NO2
- and NO3

- species before 437 

being reactivated at 120 oC under inert gas atmosphere, ready for the next cycle of NO2 438 

adsorption. The NO2 adsorption capacity of Ni-Al-CO3 is 5.07 mmol/g in the second 439 

run (Figure 5), approximately 94% of the initial capacity. Delightedly, the regeneration 440 

performance of our Ni-Al-CO3 LDH is better than another ambient NO2 adsorbent, 441 

Mn3O4/γ-Al2O3, when being regenerated using a similar method to ours, which 442 

displayed a regeneration degree of 86% of its initial capacity.5 Importantly, the NO2 443 

capacity is maintained at 3.99 mmol/g after six adsorption-desorption cycles (74% 444 

regeneration degree), indicating plenty of regenerable adsorption sites could be 445 

recovered for NO2 on LDHs. The regeneration results demonstrate that Ni-Al-CO3 446 

LDH is a promising NO2 adsorbent with a decent regeneration performance. Besides, 447 

the NO generation amount remains constant around 30-33% of the total NO2 input in 448 

each cycle, suggesting a relatively stable disproportionation ratio of NO2 occurring on 449 

the adsorbent. 450 

 451 

 452 
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 453 

Figure 5. The NO2 and NO breakthrough curves (a) and NO2 adsorption capacity and NO 454 

generation amount of Ni-Al-CO3 LDH during six regeneration cycles. 455 

4. Environmental implications 456 

The development of solid porous adsorbents for the abatement of ambient NO2 is of 457 

great importance for mitigating air pollution – a grand environmental challenge facing 458 

us today. In this study, we developed the un-calcinated transition metal-based layer 459 

double hydroxides using the AMOST method as promising NO2 adsorbents to work in 460 

the real conditions, i.e., 500 ppm NO2/Helium/Air gas mixture at ambient temperature. 461 

Our work builds on the utilization of intrinsic Brønsted basicity of TM-Al-CO3, serving 462 

as strong adsorption sites toward acid gases. Both the dynamic breakthrough 463 

experiments and the in-situ DRIFTS of TM-Al-CO3 helped demonstrate the great 464 

potential of this adsorbent for NO2 removal. The cyclic adsorption experiments verified 465 

the durable NO2 removal efficiency. Although a slight decrease in NO2 capacity after a 466 

few cycles may still require periodic renewal of adsorbents in long-term NO2 capture 467 

applications, the relatively high capacity and significantly improved life-cycles over 468 

other counterpart NO2 adsorbents render our LDHs adsorbents to be highly promising 469 

in capturing NO2 from environmental hotspots,3, 8, 57 such as tunnels, semi-confined car 470 
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parks, and other health-sensitive sites, given the environmental NO2 concentration is 471 

still very low respect to the adsorbent capacity. Future work would be attempted to 472 

improve the regeneration method to achieve a longer lifetime of our adsorbents. Our 473 

work represents a new demonstration of using low-cost, efficient, and recyclable solid 474 

materials as ambient NO2 adsorbents aiming at solving environmental problems.  475 
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