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ABSTRACT Metal organic frameworks (MOFs) or Metal coordination polymers (CPs) with 12 

controlled structure on the micro/nano-scale have attracted intense interest for potential 13 

applications in a wide variety of fields, such as energy storage and conversion, chemical and 14 

biological sensing, and catalysis. Here, we report a new class of photocatalytic material, Ag(I) 15 

based nano-micro structured coordination polymer (Ag(I)-CP), which offer performance at a 16 

level competitive with known semiconductors in photocatalytic water oxidation and oxidation of 17 

organic compounds, such as dye/ organic pollutants present in contaminated water. The 18 

coordination polymer was synthesized by a wet-chemical route and has been characterized using 19 

powder X-ray diffraction, X-ray photoelectron spectroscopy and electron microscopy. The 20 
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Ag(I)-CP has notable semiconducting characteristics and charge transfer ability due to ligand 21 

centered charge transfer (LCCT) in combination with metal to ligand charge transfer MLCT 22 

(Ag-O cluster to ligand centre) as established from experimental absorption, luminescence and 23 

photoelectrochemical measurements alongside DFT calculations. Notably, Ag(I)-CP exhibits a 24 

highly reactive valance band potential +3.40 V vs NHE, composed of hybridized state of O 2p 25 

and C 2p through the organic linker and Ag 4d, this acts as an active center for the generation of 26 

reactive oxygen species (ROS) i.e., hydroxyl radical and h+ under photocatalytic conditions. 27 

Consequently, the photogenerated species facilitate effective oxidations of water and organic 28 

contaminants such as tartrazine, rhodamine B and 2, 4-dichlorophenol under UV light 29 

irradiation. Furthermore, our results suggest that the Ag(I)-CP could be used as a promising 30 

material for the development of heterostructure for variety of photo-assisted-redox catalysis.  31 

INTRODUCTION 32 

Photocatalysis finds important applications for the oxidation of organic pollutants in industrial 33 

water streams and for solar-energy conversion via water splitting. The pioneering work of 34 

Fujishima and Honda on TiO2 in 1972, led researchers engaged in the applications of 35 

semiconductor materials, such as TiO2, ZnO, CdS, etc. to turn to the field of photocatalysis.1, 2 36 

However, such classical semiconductor based materials are not suited to large-scale application 37 

in photocatalysis due to poor efficiencies resulting from limited surface area (low surface to 38 

volume ratios), short life time of the charge carriers and low charge conductivity. Hence, 39 

developing a new-generation heterogeneous photocatalysts became an important research task. 40 

Recently, metal coordination polymer (CPs)/ metal organic frameworks (MOFs) have offered 41 

new material design options to engineer structural and electronic properties in a flexible manner. 42 
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These materials have intriguing features such as uniform porous structures and tunable 43 

functionalities. MOFs are crystalline solids are built up from metal-oxide clusters interconnected 44 

by organic linkers and so provide a suitable platform for host-guest interactions.3,4Unlike 45 

classical semiconductors, charge transport phenomenon and the separation of active h+/e- in 46 

MOFs/CPs is greatly influenced by two discrete components (inorganic nodes and organic 47 

linkers) which offers the opportunity to tune the material properties.5 In particular, the work of 48 

Garcia et al.6 and Férey et al.7 on photoactive MOF-5 and MIL-125(Ti), respectively, revealed 49 

that these new-classes of semiconductor could be used in the field of photovoltaics/ 50 

photocatalysis. A sub-field of research has thus emerged with the aim of synthesizing new 51 

MOF/CP based semiconductor materials with tuned optical response produced by modifying the 52 

inorganic unit or the organic linker (length and chemical functionalization) through either 53 

synthetic and/or computational screening programmes.8,9Although interesting properties have 54 

been obtained the basic understanding of how the material composition and structure brings 55 

about the optical and semiconducting behavior is still a matter of debate. For example, the charge 56 

transfer process of MOF-5 is still controversial as Qiu et al. revealed it is LLCT10 rather than 57 

LMCT6 using relativistic density functional theory and time dependent DFT. So far, then, 58 

understanding of the mechanism of the charge separation process and semiconducting behavior 59 

of the MOF/CPs is at a relatively early stage. Hence, designing a new class of CPs/MOFs and 60 

investigating their band structure with respect to change of metal nodes by a combined 61 

experimental and computational approach would help to develop a more reliable understanding 62 

of the origin of photocatalytic properties.9, 11Notably, CPs containing Ag(I) can give a versatile 63 

class of materials distinct from transition metal-based materials through the characteristic 64 

features of the Ag(I) cation, such as coordination adaptability and metal-metal interaction.12, 65 
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13Usually, Ag(I) based semiconductors such as Ag2O, Ag3PO4, Ag3AsO4, etc. are found to be 66 

effective in photocatalysis.14, 15, 16 However, their low-lying hybridized 5s-5s states and/or 5s/5p-67 

4d states of silver in the conduction band minimum (CBM) facilitate the reduction of lattice Ag+ 68 

resulting in a high level of photo-leaching.14, 15 Additionally, low surface area and stability, 69 

prevent large-scale use of these simple compounds for photocatalytic applications.14,17 70 

CPs/MOFs of Ag(I) with suitable organic linkers can provide an alternative strategy to design 71 

highly active photocatalytic materials. Ag(I)-CPs can be formed using 1, 4-benzene dicarboxylic 72 

acid (H2bdc) as linker. H2bdc takes on a bidentate coordination mode in Ag(I)-CP, which should 73 

lead to improved stability of the Ag(I) species and so this approach has been used in our research 74 

to synthesize a Ag(I)-CP material and to investigate its photochemical properties. 75 

Herein we describe the synthesis of a nano-micro structured Ag(I) coordination polymer 76 

(Ag(I)-CP) using a H2bdc linker and experiments to explore the application of Ag(I)-CP as a new 77 

class of photocatalytic material for the oxidation of organic contaminants such as tartrazine, 78 

rhodamine B, and 2, 4 dichlorophenol in water. Detail investigation of the photochemical and 79 

photophysical properties of the Ag(I)-CP in combination with electronic structure calculated by 80 

density functional theory suggests that Ag(I)-CP exhibits semiconducting behavior and 81 

undergoes a ligand centered (LCCT) accompanied with metal to ligand (MLCT) charge transfer 82 

process. We find that a highly reactive hole with a potential +3.40 V vs NHE is generated after 83 

excitation in UV light and propose that either the hole itself, or hydroxyl radicals generated when 84 

this hole interacts with water, are responsible for the observed high photocatalytic activity. 85 

Noteworthy, our Ag(I)-CP photocatalyst is capable to oxidize tartrazine under simulated sunlight 86 

due to its UV active catalytic behavior in combination with sensitization of tartrazine from 87 

visible light region. 88 
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EXPERIMENTAL SECTION  89 

Chemicals and materials 90 

1, 4-benzenedicarboxylic acid (H2bdc) was obtained from Central Drug House (P) Ltd. (India).  91 

Silver nitrate was obtained from Sigma Aldrich. All other chemical reagents utilized in the 92 

present work were analytical grade, purchased from Merck Specialties Private Limited and used 93 

without further purification. Deionized water was used throughout. 94 

Synthesis of Ag(I)-CP 95 

Ag(I)-CP was synthesized using the required stoichiometric amount of the precursor. In brief, 96 

2 mmol of AgNO3 was mixed in 10 mL aqueous ammonia solution (10 M) and stirred for 1 h, a 97 

transparent solution formed following reaction (1). Meanwhile, 1 mmol of H2bdc was dissolved 98 

in 15 mL of water to form an aqueous solution to which 0.2 mL of 25% NH3 was added. The 99 

dissolved H2bdc was combined with the AgNO3 solution and the resulting mixture was 100 

continuously stirred for 2 h before the final solid product, Ag(I)-CP produced following reaction 101 

(2), could be collected by centrifugation. The product was washed with deionized water and 102 

ethanol several times. The recovered solid powder was dried in an oven at 60° C for 12 h. 103 

AgNO3 + 2NH4OH → [Ag(NH3)2]+ + NO3
- + 2H2O                                                        (1) 104 

[Ag(NH3)2]+ + H2bdc →     Ag(I)-CP↓ + 2NH4
+                                                                    (2) 105 

Synthesis of Ag2O, CuO, TiO2 and ZnO 106 

To allow comparison of the photocatalytic activity of Ag(I)-CP with well-known light active 107 

semiconductors Ag2O, CuO, TiO2, ZnO materials were prepared following literature reported 108 

procedures18, 19, 20 and further characterized by powder X-ray diffraction pattern as shown in 109 

Figure S4a. 110 

Characterizations 111 
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The Fourier Transform Infra-Red spectrum of the Ag(I)-CP was recorded with a Perkin-Elmer 112 

FT-IR spectrophotometer RXI. The X-ray diffraction (XRD) pattern of Ag(I)-CP was obtained 113 

using a BRUKER-AXS-D8-ADVANCE diffractometer with Cu Kα radiation (λ = 1.5418 Å) in 114 

the 2θ range 5°-90° at a scan rate of 0.5° min-1. X-ray Photoelectron Spectroscopy (XPS) was 115 

performed by Specs (Germany) to investigate the surface atomic composition and oxidation state 116 

of the elements present in the Ag(I)-CP. Electron Microscopy (FESEM) is used for 117 

morphological characterization of the Ag(I)-CP using a microscope accelerating voltage of 5 kV 118 

(NOVA NANOSEM 450). TEM images were obtained by JEOL JEM-2100 transmission 119 

electron microscopes, elemental mapping and dark field imaging is done in STEM mode with 120 

HAADF detector. TEM Samples were prepared by dropping a few samples dispersed in ethanol 121 

on carbon-coated 200 mesh copper grids. BET surface area and N2 sorption isotherms (77K) of 122 

the prepared Ag(I)-CP was carried out by using Micromeritics ASAP 2020. For adsorption-123 

desorption study the sample was degassed overnight and 50 mg was loaded in a 6 mm sample 124 

holder. Brunauer–Emmett–Teller (BET) calculations are performed for the analysis of surface 125 

area of the sample. UV–Vis diffuse reflectance spectra (UV–Vis DRS) were obtained by a Cary 126 

500 UV–Vis spectrophotometer using BaSO4 powder as an internal standard. Photoluminescence 127 

emission and excitation spectra of the prepared Ag(I)-CP and ligand were recorded by Horiba 128 

fluorolog-3 (solid state). In addition Ag(I)-CP sample before and after use in photocatalytic 129 

process were excited at 325 nm to investigate the change in recombination rate of hole and 130 

electron upon light irradiation.  131 

Photoelectrochemical measurements 132 

An electrochemical station is used to measure photocurrent using a three-electrode mode with 133 

0.5 M Na2SO4 solution (pH = 7.0) as the electrolyte. In brief, 10 mg of Ag(I)-CP was added to 1 134 
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mL of ethanol. The as-prepared solution was stirred for 30 min to ensure that the Ag(I)-CP was 135 

uniformly dispersed in the solution. 10 μL of the 10 mg mL−1 Ag(I)-CP solution was dropped on 136 

to the surface of Fluorine doped Tin Oxide (FTO) substrate, which had an exposed area of 1.5 × 137 

1.3 cm2, and then dried under vacuum conditions for 1 h at 60 °C. This step was repeated five 138 

times to get uniform exposure of Ag(I)-CP on FTO. The resulting Ag(I)-CP photo anodes were 139 

used as working electrodes; a Pt wire was used as a counter electrode. The Ag/AgCl electrode 140 

was chosen as the reference electrodes. A 300 W-@ 1 Sun light intensity Xe lamp was used as 141 

the light source (Solar simulator:  Bat Sol). The Mott–Schottky measurements were performed at 142 

frequency of 200-2000 Hz in the dark.  143 

Computational method 144 

The electronic structure of Ag(I)-CP was obtained using density functional theory (DFT) as 145 

implemented in Vienna Ab initio Simulation Package (VASP).21,22 The interaction between the 146 

valence electrons and the core nuclei was approximated with the projector augmented wave 147 

(PAW) pseudopotential method.23 In the calculations the valence electrons are expanded in terms 148 

of plane wave basis sets with an energy cutoff (Ecut) of 400 eV. The valence electronic 149 

configuration of the constituent atoms are as follows: Ag: [Kr] 4d10 5s1, O: [He] 2s2 2p4, C: [He] 150 

2s2 2p2 and H: 1s1. The Generalized Gradient Approximation (GGA) as parameterized by 151 

Perdew-Burke-Ernzerhof (PBE)24 was used to calculate the exchange-correlation energy. GGA 152 

generally underestimates the band gap of a semiconductor and so, for better comparison with the 153 

experimental data, the band structure was also generated using HSE06 hybrid functional25, 26 with 154 

a setting of 25% for the contribution from the short ranged Hartree-Fock exact exchange energy. 155 

The initial structure of the Ag(I) based polymer was taken from single crystal X-ray diffraction 156 

data (CCDC 198096). The unit cell of the Ag(I)-CP is composed of a simple monoclinic cell 157 
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with a total number of 36 atoms with composition Ag4C16H8O8, the structure is shown in Figure 158 

S18. The convergence criteria for energy and forces are taken to be ~ 10-5 eV and ~ 0.005 eVÅ-1, 159 

respectively. The Brillouin Zone (BZ) is sampled by a mesh of 3×3×3 k-points generated by 160 

Monkhorst-Pack method.27 The electronic structure has been smeared with a Gaussian of 161 

standard deviation 0.1 eV.  The electronic band structure is generated after sampling the first BZ 162 

along high symmetry path Γ (G)—Z—D—B—Γ (G)—A—E—Z—C2—Y2—Γ (G), according 163 

to the recipe provided by Hinuma et al.28 To estimate atomic charges Bader topological 164 

analysis29, 30, 31 was employed. 165 

In the Bader charge (BC) analysis, a surface is used to define the Bader region surrounding 166 

each atom of a compound from which charge density is assigned to that atom. The surface runs 167 

through the minima of the charge density in the location of the atom and the total charge for each 168 

atom is determined by integration of the electron density within the Bader region. The calculated 169 

Bader charges for the Ag(I)-CP are given in Table S1. 170 

Evaluation of photocatalytic activity 171 

Study on the water oxidation: 172 

  20 mg of the Ag(I)-CP catalyst and 10 mL of 0.01 M AgNO3 aq. were loaded into a 50 mL two 173 

necked Pyrex glass vessel containing Ar. The resulting mixture was irradiated with UV light 174 

from a source of 250 W Hg lamps with gentle stirring. Hg lamp covers entire UV region (Xe 175 

lamp emits selective lines in UV region) and hence the Hg lamp was chosen for the entire 176 

photocatalytic process. The gaseous product (10 mL) was collected using an airtight syringe of 177 

50 mL volume and analyzed by a GC (Thermo Fisher Scientific GC-Trace 1110) equipped with 178 

a TCD detector and a molecular sieve 5Å packed column. The reaction was also carried out 179 

without illumination (dark) keeping other experimental conditions unchanged. 180 



 9 

The photocatalytic oxidation of Tartrazine, RhB and 2,4 DCP were studied using the following 181 

methodology: 182 

  20 mg of the prepared catalyst was placed in a one necked Pyrex glass vessel (30 mL) with 183 

mouth opened, which was then placed inside a photo reactor setup (an indigenously designed 184 

reactor by Lelesil Innovative System, India), maintained at a distance of 25 cm from the light 185 

source (250 W Hg lamp). Before light irradiation, the reaction vessel was placed in the dark and 186 

stirred for 30 minutes to allow the adsorption-desorption equilibrium between the pollutants (20 187 

mL of 25 ppm) and Ag(I)-CP (1 mg/mL) to be established, thereafter the light was turned-on. 188 

During the progress of the reaction, 3 mL aliquots were collected at regular time intervals and 189 

centrifuged to remove the catalyst. The aliquots of tartrazine and 2,4 DCP were characterized by 190 

HPLC (Thermo Fisher Dionex UltiMate 3000 SD) using a diode array detector set to a 191 

wavelength of 452 nm for tartrazine and 284 nm for 2,4 DCP. The aliquots of tartrazine and RhB 192 

were also investigated separately using UV-Visible absorption spectroscopy (Thermo Scientific 193 

Evolution 201 UV−vis spectrophotometer). The degradation percentages for all the experiments 194 

are calculated using expression (1): 195 

Degradation (%) = (C0−Ct)/C0×100%                                    (1) 196 

Where C0 and Ct are the concentration of the aliquots illuminated for 0 and t min, respectively. 197 

For comparison a study of the degradation of tartrazine was carried out using prepared 198 

semiconductor materials including Ag2O, TiO2, ZnO, and CuO by keeping other experimental 199 

conditions as similar.  200 

Gas and Ion Chromatographic Details 201 
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The gaseous product (10 mL) from the degradation of tartrazine was collected by airtight 202 

syringe (50 mL) and analyzed by a GC (Thermo Fisher Scientific GC-Trace 1110) equipped with 203 

a FID detector and a molecular sieve 5Å packed column. 204 

The ions present in the aqueous phase after photocatalysis (for degradation of tartrazine) were 205 

analyzed by an ion chromatograph (Thermo Fisher, Dionex ICS-2100 connected with a Software 206 

Chromeleon 7) equipped with Anion column- AS11, KOH as an eluent, using a run time of 12 207 

min and Cation column - CS17, Methane Sulphonic Acid (MSA) as an eluent, using a run time 208 

of 20 min. 209 

The GC-MS (Thermo Scientific Trace 1300 Gas Chromatography and ISQ single Quadrupole 210 

MS) and the LC-MS (Agilent 1200 infinity series LC and 6120 single quadrupole MS) of the 211 

product in the degradation of tartrazine in different time interval was carried out, the reaction 212 

mixture was first filtered to separate out the catalyst, then the remaining filtrate was extracted in 213 

ethyl acetate and filtered over anhydrous Na2SO4 to absorb water molecules. The organic solvent 214 

(EtOAc) was evaporated to dryness by a rotary evaporator. The dried product was dissolved in a 215 

minimum amount of acetonitrile, and analyzed by GC-MS and LC-MS. 216 

 217 

RESULTS AND DISCUSSION 218 

We accessed a facile precipitation route to synthesize nano-microstructure Ag(I) based 219 

coordination polymers with the spacer H2bdc. Initially, possible binding modes of the 220 

organic linker bdc2- to Ag+ were evident from the FTIR spectra as shown in Figure S1a 221 

and it has been clear that the characteristic C=O stretching frequency was lowered from 222 

1692 cm-1 (for free ligand) to 1580 cm-1 when carboxylate oxygen atoms are taking part in 223 

the coordination to the metal centre.32 From the PXRD pattern (Figure 1a) of the prepared 224 
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sample, it was evident that the organic linker formed a binuclear species with the Ag(I) cation to 225 

give a monoclinic structure as the diffraction pattern of the sample is well indexed with the 226 

calculated pattern of binuclear Ag2bdc species (CCDC 198096)33. 227 

 

Figure 1. (a) PXRD pattern of prepared and simulated Ag(I)-CP (local structure of the CP shown 

in the inset) and (b) FESEM image, (c) TEM image of Ag(I)-CP with (d) STEM images and 

corresponding elemental mapping of (e) Ag, (f) C and (g) O. 

No other phases of Ag(I) such as Ag2O, Ag0 are identified in the XRD pattern as verified from 228 

the comparison of characteristics XRD pattern of Ag2O (JCPDS No: 41-1104), Ag0 (JCPDS No: 229 
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04-0783) (Figure S1b). The detailed structure further reveals that, Ag(I) is coordinated with T-230 

shaped geometry to the carboxylate oxygen atoms of the linker and that 1D chains are formed 231 

from the species through sharing bdc2- ligands in a head-to-tail fashion, whereas each 1 D chain 232 

is connected others by weak Ag-O bonds, forming a 2D wave-like layer. The layers are 233 

connected to each other by Ag–O bonds of the other linker carboxylate µ2–O of bdc2- and form a 234 

3D framework (Figure S2a and Figure S2b). In addition, an Ag-Ag interaction occurs in the 3D 235 

framework with a Ag-Ag distance of 2.9 Å (Figure S3b), which is significantly shorter than the 236 

Ag-Ag Van der Waals contact distance (3.40 Å).33 Field Emission Scanning Electron 237 

Microscopic (FESEM) image (Figure 1b) and Transmission Electronic Microscopic (TEM) 238 

image (Figure 1c) showed that the aqueous precipitation process used to prepare these samples 239 

gives nano to micro size Ag(I)-CP. Further from elemental mapping profile it is obvious that 240 

uniform distribution of Ag, O, and C in the structure of CP (Figure 1d-1g). BET measurements 241 

give a moderate surface area of 39 m2g-1 for the Ag(I)-CP materials and indicate a uniform pore 242 

size with average pore diameter of ~ 8.9 nm (Figure S4b). The chemical state of the elements 243 

present in the CP was verified using the XPS spectra shown in Figure 2a. The elements present 244 

in the CP are Ag, O, and C. The high resolution XPS spectra of Ag(3d) are shown in Figure 2b, 245 

and show the binding energies of 3d5/2 and Ag 3d3/2 states in these samples are 367.1 eV and 246 

373.1 eV respectively, which is in good agreement with the literature values for Ag in the +1 247 

oxidation sate.17 The presence of the organic spacer in the sample was confirmed by binding 248 

energies of C-C (283.5 eV), C-O (285.0 eV), and C=C/C=O (286.9 eV) groups in the C 1s 249 

(Figure 2c).34, 35 250 



 13 

 

Figure 2. XPS spectra of surface elements of the prepared Ag(I)-CP: (a) Survey spectrum, (b) 

Ag element, (c) C element, (d) O element of Ag(I)-CP. 

Solid state UV-visible absorption spectra of the free ligand H2bdc and Ag(I)-CP were obtained 251 

and are shown in Figure 3a. Both show strong absorption in the wavelength range of 200 - 360 252 

nm. However, the absorption of the free ligand in the region of 200-360 nm illustrate the 253 

feature of n→π* and π→π* transitions.36 A hypsochromic shift of λmax (~325 nm) assigned 254 

as a ligand centred transition was observed in the Ag(I)-CP due to loss of co-planarity of the 255 

phenyl ring and carboxylic moiety resulting from Ag-O bonding, as evidenced by the observed 256 

dihedral angle of ~ 22-23° for C3- C2- C1- O2 and O1-C1-C2-C4 (Figure S3a). In addition, a 257 

new weak shoulder peak located at 380 nm appeared in the low-energy region of the spectrum. 258 
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The Ag(I)-CP exhibits strong luminescence (Figure 3b) in the green region under irradiation by 259 

UV light which can be seen by the naked eye both in solid state and when the material is 260 

dispersed in water (Figure 3c). A solid-state luminescence study was carried out for the free 261 

ligand (λex ~ 330 nm) and for the Ag(I)-CP material (λex ~ 325 nm). 262 

Emission and excitation spectra of the free ligand and Ag(I)-CP are shown in Figure 3b, which 263 

shows a weak ligand centered emission (π* → π transition) at 390 nm (λex ~ 330 nm) in H2bdc,36 264 

for Ag(I)-CP an intense radiative emission in the region of 460-600 nm (λex ~ 325 nm) is 265 

observed. The emission in the higher wavelength region (460-600 nm) is expected due to a 266 

MLCT transition modified by metal-centered (d-s) states having Ag–Ag interactions.37, 38 267 

Figure 3. (a) UV-visible absorption spectra of free ligand (H2bdc) and Ag(I)-CP (inset showing 

Kubelka-Munk plot for the CP), (b) photoluminescence spectra of free ligand (H2bdc) and 

Ag(I)-CP upon excitation (λex~325 nm for CP and λex~330 nm for H2bdc), and (c) photographs 

of the CP in solid state (left) and in aqueous dispersion (right) under daylight (above) and UV 

light (below).  
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Figure 4. (a) Band structure, and (b) total density of states (black) and partial density of states 

(other colored area) of Ag(I)-CP using hybrid exchange-correlation HSE06. 

In order to obtain a detailed electronic structure for Ag(I)-CP, the band structure and the 268 

density of states (DOS) of the Ag(I)-CP were calculated using hybrid density functional theory 269 

(HSE06), as implemented in the Vienna Ab initio Simulation Package (VASP). The band 270 

structure (HSE06) calculated along high symmetry special k-points is shown in Figure 4a. Equal 271 

energy valence band maxima (VBM) are located at Y2 and in between the Γ and A points. The 272 

conduction band minima (CBM) are at B and D. This means that the smallest indirect band gap 273 

(Eg) occurs with a calculated energy of 4.0 eV between VBM and CBM. However, the direct 274 

band gap at B and D is only 0.1 eV greater at 4.1 eV. This small energy difference suggests that 275 
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the Ag(I)-CP would mostly behave as a direct band gap material giving it higher quantum 276 

efficiency than would be expected for an indirect band gap material. The partial density of states 277 

(p-DOS) over a broader energy range is given in Figure S5, this reveals that Ag 4d orbitals are 278 

mostly confined between -4 to 0 eV (relative to the Fermi level), C 2s orbitals between -25 to -9 279 

eV, while the 2s orbitals of O lie deep in the energy spectrum between -24 to -21 eV. The 280 

valence band maxima (VBM) is composed of an admixture of Ag 4d and O 2p orbitals with 281 

contribution from C 2p states (Figure 4b). On the other hand, the conduction band minima 282 

(CBM) have a majority of 2p states of C with some contribution from the corresponding 2p 283 

states of O (Figure 4b and Figure S5 and S6). Appearance of Ag 4d and 5s states at the CBM is 284 

also observed (as shown in Figure S6) as would be expected from the hybridization of Ag 4d and 285 

Ag 5s39,40,41enhanced by the short Ag-Ag contact (2.9 Å). However, the features for Ag 4d and 286 

5s are less intense than those of C 2p. The electronic band structure obtained from the hybrid 287 

functional indicates a direct band gap of 4.1 eV. Experimental diffuse reflectance spectroscopy 288 

(DRS) was also used to estimate the band gap using the Kubelka-Munk plot approach.  Figure 3a 289 

(inset) shows that the plot of [F(R)hν]2 vs hν for the Ag(I)-CP is nearly linear at the adsorption 290 

edge, indicating a direct transition, and extrapolation to the hν axis gives a band gap estimate of 291 

3.7 eV in close agreement with the band gap calculated from hybrid DFT. The band gap of 2.3 292 

eV obtained from PBE functional calculations (Figure S7a) differs from the experimental value 293 

due to the well-known underestimation of the band gap in GGA-DFT, however the composition 294 

(Figure S7b) of the calculated hybridized states of orbitals in the valance band and conduction 295 

band, agrees well with the more accurate results obtained from the hybrid HSE06 method.34 296 

The promising semiconducting properties of Ag(I)-CP prepared using the synthetic methods 297 

described earlier led us to test the photocatalytic performance of the material using, firstly, a 298 
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photoelectrochemical approach. An anode containing the CP was prepared following the 299 

procedure described in the methodology section. Figure 5a shows that, using the anode in an 300 

electrochemical cell, a photocurrent response was observed which followed the on-off cycle of 301 

illumination. 302 

 

Figure 5. (a) Photocurrent response (300 W Xe lamps) of Ag(I)-CP in each on-off cycle, and (b) 

Mott-Schottky plots of Ag(I)-CP at different frequencies in 0.2 aq. Na2SO4 solutions (pH ~ 7). 

This demonstrates that Ag(I)-CP is able to produce electron–hole pairs under light irradiation 303 

(300 W Xenon lamps). In general, Xe lamp emits light less in the region of UV. However a 304 

better photocurrent response could be achieved instead of Xe lamp if Hg lamp as light source 305 

would have used. The Mott-Schottky plot of reciprocal squared cell capacitance C-2 vs applied 306 

potential, E (Figure 5b) has a positive slope at all frequencies, which indicates that the as-307 

prepared sample behaves as a typical n-type semiconductor.42 The flat-band potential of the 308 

Ag(I)-CP is around -0.50 V vs. Ag/AgCl at pH 7, which is equivalent to -0.30 V vs. NHE at pH 309 

7. The valance band potential of the Ag(I)-CP calculated from the optical band gap and the flat 310 

band potential is +3.40 V vs. NHE at pH 7, which highlights the highly oxidative nature of the 311 
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material and suggests that Ag(I)-CP could find applications in challenging oxidation processes, 312 

such as the removal of dye compounds from contaminated water. 313 

The photocatalytic activity of the Ag(I)-CP was first assessed using the water splitting reaction 314 

using irradiation with a 250W Hg lamp. The production of O2 as a function of time using the 315 

Ag(I)-CP as a photocatalyst was monitored by GC (Figure S8a). Background O2 and N2, which 316 

were present at levels of a few hundred ppm in the reactor, could not be excluded; thus, initially 317 

the O2/N2 volume ratio was considered for reliable qualitative understanding of O2 generation.43 318 

As shown in Figure S8a, this ratio consistently increased with irradiation time, implying that O2 319 

was produced by the photocatalytic reaction of water under light irradiation. Whereas when a 320 

blank reaction (dark) was carried out, no change in the O2/N2 ratio was observed (Figure S8b). 321 

 

Figure 6. (a) Progress of photocatalytic O2 evolution with respect to reaction time, and (b) a 

chart showing production of O2 in dark and in presence of Ag(I)-CP, ZnO, Ag2O, and TiO2 

under UV light (250 W Hg lamp) irradiation. 

Further the quantitative estimation was done using calibration data in GC using mixture of 322 

standard gases (O2, N2 and H2) in TCD detector. Subtracting the background O2, the amount of 323 
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O2 produced in presence of Ag(I)-CP is estimated as shown in Figure 6a. 35 μmol of O2 is 324 

produced within 45 minute of UV light irradiation and in compare to prepared Ag2O, TiO2, ZnO, 325 

Ag(I)-CP shows better performance in O2 production efficiency.  326 

 

Figure 7. (a) Degradation plot (Ct/C0 vs. time) of anionic tartrazine in presence of (1) (dark + 

Ag(I)-CP), (2) UV-Light (No catalyst), and (3) H2bdc ligand, (4) AgNO3 salt (0.05 mmol) (5) 

CuO, (6) TiO2, (7) ZnO, (8) Ag2O, and (9) Ag(I)-CP catalyst under irradiation of UV light (250 

W Hg lamp), and (b) a chart showing their first-order rate constant value. (c) Effect of different 

quenchers and atmosphere on the photocatalytic degradation of tartrazine (Ct/C0 vs. time) in 

presence of Ag(I)-CP, and (d) a chart showing their first-order rate constant value.  

Notably, Ag(I)-CP shows 3 times better performance over Ag2O (12 μmol), TiO2 (11 μmol) and 327 

seven time better over ZnO (5 μmol) as presented in Figure 6b. To further test the oxidizing 328 

power of the photocatalytic system, we screen one model organic compounds: anionic tartrazine 329 
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azo dye (25 ppm) under UV irradiation (250 W Hg lamps). This represent important target 330 

compound for removal by oxidation as its presence in water causes hazardous pollution in the 331 

environment.15,44,45 Before light irradiation, the reaction vessel containing (20 mL of 25 ppm)  332 

tartrazine and prepared CP (1 mg/mL) was placed in the dark and stirred for 30 minute to 333 

achieve adsorption-desorption equilibrium and Ag(I)-CP. Thereafter the light was turned on. 334 

During the progress of the reaction, 3 mL aliquots were collected at regular time intervals 335 

and centrifuged to remove the catalyst. The HPLC chromatogram (Figure S9) and UV-visible 336 

spectra (Figure S9; inset) of the supernatant solution in the subsequent process shows a gradual 337 

decrease of absorbance/peak area monitored at 428 nm indicative of dye degradation. Figure 7a 338 

shows that almost full degradation of initial tartrazine takes place within 45 min using the 339 

irradiated Ag(I)-CP as catalyst. An intermediate with mono substituted aromatic rings is obtained 340 

during the degradation process and this was also monitored via absorption at 354 nm (Figure 341 

S9).45 Several intermediate molecules were identified by LC-MS and GC-MS during the 342 

degradation process as depicted in Figure S11, and Figure S12. Further, ion chromatographic 343 

and GC of the aqueous phase and gas phase reveals that the tartrazine is mineralizing into 344 

CO2, H2O, SO4
2-, and NH4

+ in presence of the CP photocatalyst (Figure S14-Figure S15; 345 

see supporting information Figure S13 for details of possible degradation pathways). To 346 

confirm that Ag(I)-CP does act as a photocatalyst for this reaction several additional tests were 347 

carried out and the results are included in Figure 7a. Firstly, tartrazine itself did not show self-348 

degradation upon irradiation by the same light source (see also Figure S10a). Secondly, no 349 

tartrazine degradation is observed when Ag(I)-CP is included in the solution but without 350 

illumination, so that Ag(I)-CP does not show catalytic performance in the absence of light. We 351 

also found a very low rate of decomposition if the linker (ligand) alone was added to the 352 
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tartrazine solution (H2bdc; ~0.2×10-2 min-1). Similarly, use of a simple silver salt 0.05 mmol of 353 

AgNO3(aq.), gave only a very slow degradation rate (0.65×10-2 min-1) under the UV light, 354 

revealing a small photosensitization effect. To compare with other common photocatalysts 355 

Figure 7a also includes time online plots for the semiconducting materials mentioned in the 356 

Methodology section. In addition the relative rates for these materials and for Ag(I)-CP are 357 

compared in Figure 7b. The highest rate of degradation (~8.7×10-2 min-1) was observed when 358 

Ag(I)-CP was employed as a photocatalyst, (Figure 7a, Figure 7b and Figure S10a). The 359 

calculated rate is found to be more than twice that of Ag2O (~3.5×10-2 min-1) and more than four 360 

times greater than alternative semiconductors not based on silver: ZnO (~1.8×10-2 min-1), CuO 361 

(~1.4×10-2 min-1), and TiO2 (~1.9×10-2 min-1). 362 

To check on the mode of operation of the Ag(I)-CP photocatalyst, a series of quenching 363 

experiments were performed (Figure 7c). In the presence of a hole scavenger or with the 364 

inclusion of ·OH scavengers significant decreases in the rate of tartrazine degradation 365 

compared to the unmodified system were observed (rate = 3.0×10-4 min-1 with Na2EDTA as 366 

hole scavenger and rate = 4.4×10-2 min-1 with isopropanol as ·OH scavenger). This suggests that 367 

photo generated h+ and ·OH are the main active species that facilitate the tartrazine degradation 368 

process. There were also slight decreases in the measured tartrazine degradation rates observed 369 

in presence of AgNO3 (e- scavengers, rate = 5.9×10-2 min-1), and benzoquinone BQ, (O2
.-370 

scavenger, rate = 6.2×10-2 min-1), respectively (see Figure 7c; Figure 7d and Figure S10b). 371 

Hence, in addition to the main active species (h+), electrons in the CBM (e-) may also play a 372 

secondary role. This may also explain why a slight reduction in the rate (6.9×10-2 min-1) was 373 

observed under a N2 atmosphere, whereas the rate of the reaction was accelerated under an O2 374 

atmosphere (rate = 9.8×10-2 min-1). Further, trapping experiments for hole and ·OH radical 375 
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were performed using TEMPO and coumarin as probes.17,44,46 TEMPO is EPR active and 376 

hence samples using this quenching agent were also characterized using EPR spectroscopy 377 

(Figure 8a). The intensity of the signal corresponding to TEMPO was seen to gradually decrease 378 

with exposure to UV light in the presence of Ag(I)-CP, which infers oxidation of the TEMPO 379 

due to photo-generated holes.17,46 The introduction of coumarin in another set of experiments 380 

gave a gradual increase of fluorescence intensity (Figure 8b), which can be attributed to the 381 

formation of ·OH adducts with the non-fluorescent coumarin molecules. This results in the 382 

generation of a fluorescent 7-hydroxy coumarin44 and so the fluorescence intensity is found to 383 

increase gradually with respect to irradiation time due to the photocatalytic generation of ·OH 384 

radicals.  385 

 

Figure 8. (a) Time dependent EPR spectra of TEMPO-h+, and (d) fluorescence spectra of 7-

hydroxy coumarin generated by ·OH radical adduct trapped by coumarin probe. 

Hence, these quenching experiments confirm that the species mainly responsible for 386 

photocatalytic degradation of tartrazine into mineralized products are h+ and .OH. CP is also a 387 

promising material for the photo-oxidation of cationic RhB dye and chlorinated organic 388 

pesticides. Figure S16 and Figure S17a show the time dependent HPLC chromatogram of 2,4-389 
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DCP and absorption spectra of RhB, respectively. Within 45 min, 84% of RhB is oxidized, with 390 

a calculated rate constant of 4.2×10-2 min-1. About 78% of 2,4-DCP is dechlorinated within 45 391 

min of starting the experiment, corresponding to a rate constant of 3.4×10-2 min-1 (Figure S17b 392 

and Figure S17c). 393 

In order to more fully understand the high photocatalytic activity of Ag(I)-CP, the 394 

electronic density at the valance band and conduction band edges was also plotted to allow 395 

discussion of the likely charge transfer process resulting from photoexcitation. It can be seen 396 

from Figure 9a that electronic density near the VBM is located on the 4d orbitals of Ag+ from the 397 

metal site and the 2p orbitals of O atoms and aromatic C atom in the linker molecules. While the 398 

electron density located at CBM is found on the carboxylate C atoms and on the C atoms in the 399 

aromatic region of the linker. This demonstrates that there is obvious charge transfer from Ag-O 400 

cluster from Ag2O4 unit of Ag2O4C8H4 species to π* of the ligand giving an M → π* transition, 401 

i.e. MLCT.47 However from Bader charges (shown in Table S1) for the atoms highlighted in the 402 

structure (Figure S18) revealed the Ag atoms in the structure have calculated Bader charges 403 

averaging ~ +0.75e, confirming the formal oxidation state assignment of Ag+. C1-C4 404 

(carboxylate carbon atoms attached to phenyl rings) have charges of +1.51e to +1.53e due to the 405 

strong bond polarization for C=O in carboxylate groups. Correspondingly, the charges calculated 406 

for the carboxylate O atoms (O1-O8) average –1.12 e. Aromatic carbon atoms (C5-C16) bear 407 

much lower charges (-0.06 to +0.15). Generally speaking, the more delocalized the electrons are 408 

in the covalent bond, the more conducive it is for charge transfer,48 hence C=C being more 409 

covalent in character compared to C=O, Ag-O, favours LCCT  π→ π* (process more efficiently 410 

rather than MLCT.  In addition, we cannot exclude a little contribution of hybridised Ag (d-s) 411 

states at the CBM which resulted from M-M interaction, which includes a little admixture of 412 
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metal centre charge transfer as it was evident from luminescence behaviour of the CP (Figure 413 

3b), however the majority of the CBM is formed by C 2p states. The nature of the Ag–O 414 

bonding, Ag-Ag interaction does not affect the characteristics of the CBM 415 

significantly.14,41,47Hence, ligand centred charge transfer (LCCT) with admixture of MLCT 416 

modified by d-s state in the CP resulted in a generation of electron and hole in the active site. 417 

Further, the dispersive nature of the CBM, favors high mobility, allowing photo generated holes 418 

to migrate away from their production sites, which is important to allow the efficient production 419 

of free electrons and holes required for photo activity.  420 

 

Figure 9. (a) Electron density at VBM (lower) and CBM (upper) of the Ag(I)-CP, and (b) UV 

light driven charge separation in the Ag(I)-CP and generated ROS responsible for OER and 

oxidation of model organic compounds such as tartrazine, RhB and 2,4 DCP. 

Accordingly Ag(I)-CP is able to generate ROS (·OH) from an aqueous system, as holes (h+) 421 

generated in the VB have a potential (+3.40V vs NHE) below the reduction potential for 422 

H2O/∙OH (+2.32V vs NHE at pH 7)15,17. This favours the production of oxidizing species 423 
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thermodynamically (Figure 9b). The position of the VBM edge of the CP (+3.40 V vs NHE is 424 

deeper than VBM (< +3 V vs NHE) of other common semiconductor systems such as TiO2
49, 425 

ZnO49, Ag2O44, and CuO49. Hence, this leads to the observed higher activity of Ag(I)-CP over 426 

the more conventional metal oxides. Nevertheless, the CBM is not low enough to produce H2 427 

from H2O (-0.42 V vs NHE at pH 7), but the production of O2
-. from O2 (-0.27 V vs NHE) is 428 

favorable, because of thermodynamically permeable conduction band edge potential (-0.30 V vs 429 

NHE) of the CP system.50, 51, 52 As we have shown, the generated hole (h+) and free hydroxyl 430 

radicals from water/O2
-.are able to oxidize organic compounds such as tartrazine, RhB and 2,4-431 

DCP to give mineralized products, following the steps (1-7) outlined below. 432 

Ag(I)-CP + hv→ Ag(I)-CP (h+ +e-)                                                                                               (1) 433 

Ag(I)-CP(s) → Ag(I)-CP (aq) → 2Ag+ (aq) + bdc2- (aq)                                                              (2) 434 

H2O + Ag(I)-CP (h+) → ·OH + H+                                                                                                                                               (3) 435 

OH· + Pollutants → Degraded products → CO2 (g)↑ + H2O                                                        (4)                     436 

Ag(I)-CP (h+) + Pollutants → Degraded products → CO2 (g) ↑ + H2O                                       (5) 437 

Ag(I)-CP (e-) + Ag+ (aq)→ Ag0 (s)                                                                                                (6) 438 

O2(g)+Ag(I)-CP(e-)→O2
.-+2H++2e-→ H2O2 + e- → .OH + -OH                                                   (7) 439 

 440 

CP could be recycled and gives a photocatalytic efficiency of 93% in the 4th cycle (Figure 10a) 441 

for the photocatalytic oxidation of tartrazine. A little admixture of Ag s state hybridized with Ag 442 

d state in the CBM favours the reduction of lattice Ag+ as observed in XPS (Figure 10b) and 443 

XRD pattern (Figure 10c) of used CP after photocatalysis.  444 
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Figure 10. (a) Recyclability test of the Ag(I)-CP for the degradation of 25 ppm tartrazine under 

UV light irradiation for 4th cycle. (b) Ag 3d XPS spectra of used Ag(I)-CP photocatalyst. (c) 

PXRD patterns of the used (after 4th cycle) Ag(I)-CP and fresh Ag(I)-CP. (d) DRS spectra, and 

PL spectra (inset) of the used (after 4th cycle) and fresh Ag(I)-CP. 

However, the states at the CBM are predominantly the π* orbitals of the organic linker and 445 

therefore, the reduction of atmospheric oxygen is preferred. Hence, the Ag(I)-CP exhibits less 446 

photo corrosion than other Ag based semiconducting systems as we have found the content of 447 

Ag0 estimated by deconvolution of Ag 3d peak in XPS from this used Ag(I)-CP material is only 448 
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5.8 atomic% (Figure 10b, Figure S17d and Table S2). XRD analysis (Figure 10c) shows that the 449 

photocatalysts even after the 4th cycle also retain its original Ag(I)-CP structure with a weak 450 

diffraction pattern corresponding to Ag0. Figure 10d depict the comparison of DRS spectra of 451 

fresh and used Ag(I)-CP samples. Noticeably, the small percentage of Ag0 deposited due to 452 

photo reduction of the Ag(I)-CP shows as a SPR band at around 440 nm (DRS spectra: Figure 453 

10d), which disfavors the recombination process (PL spectra: Figure 10d; inset) shifts the light 454 

harvesting efficiency from UV to UV-Visible light.13 Obviously, Ag(I)-CP is expected serve as  a 455 

photocatalyst for oxidation of tartrazine in presence of simulated sunlight. Comparative studies 456 

on oxidation of tartrazine by Ag(I)-CP catalyst were carried out under different light irradiation 457 

conditions (refer Figure S19), such as UV light (250 W Hg lamp), simulated sunlight (250 W 458 

sun-photo lamp), and visible light (250 W tungsten lamp, λ≥420 nm). Since, the tartrazine itself 459 

absorbs light at λ max = 428 nm and it could assist photocatalysis through self-sensitization 460 

process. However, the tartrazine degradation by our catalyst was minimum (~ 20%) under the 461 

visible light (shown in Figure S19). Overwhelmingly, the degradation efficiency of tartrazine by 462 

Ag(I)-CP was maximum (~ 98%) under the UV light irradiation. On contrary to the visible light, 463 

in presence of simulated sunlight the degradation efficiency of the dye had increased to moderate 464 

level (~ 42%), which is attributed by the combined effect of photocatalytic activity of Ag(I) CP 465 

(in UV light region) along with photo-sensitization of the dye (in visible region).  Hence, 466 

combination of Ag(I)-CP with other semi-conductive/metal doped materials or organic 467 

sensitizers (in optimized composition) could serve as efficient visible light/sun light active 468 

photocatalytic systems, which will be a progressive research-topic investigated in near future. 469 

 470 

CONCLUSIONS 471 
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In summary, we have presented nano-micro structured Ag(I)-CP as LCCT accompanied with 472 

MLCT based photocatalytic materials. Theoretical (hybrid DFT) and experimental evidence 473 

from DRS, PL and photoelectrochemical experiments support the behavior of Ag(I)-CP as new 474 

class of light active semiconductor. Ag(I)-CP was found to exhibit OER activity under UV light 475 

resulting from active hole generation from light induced charge separation. The material was 476 

successfully applied as a catalyst for the elimination of organic pollutants in aqueous solution. 477 

Ag(I)-CP could be readily recycled, maintaining high activity after four successive uses as a 478 

photocatalyst. The photocatalytic activity originates from the valance band position (hole) and 479 

conduction band position (e-) of the material, which are capable of directly activating organic 480 

substrates via photogenerated h+ or activating water and atmospheric oxygen, prompting 481 

oxidative elimination of the model compounds using .OH radical species. In future, the 482 

morphology and band energy of the photocatalytic system (the CP exploited in this work) could 483 

be further engineered by tuning linker ligands or incorporating different metals in order to gain 484 

higher photoactivities for executing wide varieties of photocatalytic/photo-redox reactions. 485 
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