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Abstract 

Two synthesized zirconium-based Metal-Organic Frameworks (Zr-MOFs), using 2,6-naphthalenedicarboxylic acid 
(NDC) and amino-functionalized NDC (4,8-diaminonaphthalene-2,6-dicarboxylic acid, NDC-2NH2) as linkers, have 
been studied in photoelectrocatalytic disinfection processes. The Zr-based MOFs were deposited onto graphite paper 
and were deeply analysed to unravel their behaviour in electrocatalytic (EC), photocatalytic (PC) and 
photoelectrocatalytic (PEC) configurations under solar (Xe-arc lamp), visible (Xe-arc lamp + 400 nm cut-off filter) 
and 365 nm UV-LED irradiation. TPC results showed reproducible photocurrent response upon repeated on-off cycles 
and bandgaps were calculated to be 3.13 and 2.11 eV for Zr-NDC and Zr-NDC-2NH2, respectively. The highest 
photocurrent was obtained for 365 nm UVA in Zr-NDC and was similar for both UVA and solar irradiation in the case 
of Zr-NDC-2NH2. The Zr-MOFs catalytic electrodes were evaluated for their disinfection activity using a strain of 
Staphylococcus aureus and performance tracked by measuring colony forming units (CFU). The disinfection 
efficiency was higher in PEC than PC studies (> 2-log reduction or 99 % CFU inhibition) under 365 nm UVA 
irradiation, suggesting that the anodic bias potential effectively minimized the recombination of the photogenerated 
electron-hole pairs. A complete disinfection was reached after 60 and 20 min under irradiation of full Xe-arc (solar) 
spectrum in PC and PEC runs, respectively, for both Zr-MOFs. The high disinfection capacity under solar irradiation 
was attributed to the transfer of photoexcited electrons from ligand to cluster by high energy photons. 
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1. Introduction 

Microbial contamination is a challenging concern due 
to the health threat caused by infections and the 
outspreading of bacterial resistance to antibiotics [1], 
[2], [3]. Conventional disinfection methods, like 
biocide chemicals or ultraviolet irradiation, have 
numerous shortcomings that may include the generation 
of disinfection by-products, high energy consumption, 
resistance to disinfectants and insufficient residual 
effect [4], [5]. Although UV-assisted disinfection does 
not lead to halogenated by-products, constituting an 
appealing alternative to chlorination, its major 
shortcoming is the lack of remnant effect [6]. It has 
been reported that some antibiotic resistant bacteria can 
survive upon UV treatment and be reactivated in the 
darkness [7]. Regarding H2O2 disinfection, a powerful 
oxidant that decomposes in oxygen and water also 
avoiding by-products generation, the main disadvantage 
lies in the additional costs and hazards arising from its 
transport, storage and handling [8]. Therefore, the 
development of high-performance and environmentally 
friendly techniques for the removal of pathogenic 
microorganisms (e.g., bacteria, viruses, fungi, etc.) is a 

growing demand [9]. Photocatalysis is regarded as a 
promising and efficient alternative for the inactivation 
of a wide range of pathogens in water, air or on surfaces 
because of its high oxidative capability, and the fact 
that it is a sustainable and cost-effective method that do 
not lead to released chemicals [10], [11], [12], [13]. In 
the photocatalytic disinfection process, light irradiation 
triggers the generation of electrons and holes on the 
catalyst surface that give rise to a variety of reactive 
oxygen species (ROS) like hydrogen peroxide, 
superoxide and hydroxyl radicals, which are known to 
impair microorganisms by damaging cellular 
components including lipids, proteins and DNA [14], 
[15]. Nevertheless, the practical application of 
photocatalysis is generally limited by the fast 
recombination of photogenerated electron-hole pairs. 
Photoelectrocatalytic processes attempt to overcome 
this constraint by immobilizing the photocatalyst on an 
electrically conducting support to which a bias potential 
is applied while irradiating, thus continuously 
extracting photoexcited electrons and increasing their 
lifetime [16], [17], [18]. In electrochemically assisted 
photocatalytic disinfection numerous strong oxidants 
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including H2O2 (e. g., active chlorine, active bromine, 
O3, SO4

•- and HO•) can be in situ generated and 
inactivate pathogens in the bulk solution, adding to the 
direct oxidation at the electrode surface and 
overcoming the above limitations concerning 
insufficient residual effect and reagents handling [19]. 
Furthermore, it has been shown that the optimal applied 
potential in photoelectrocatalysis is lower than that 
required in electrocatalytic processes, thus reducing the 
energy consumption of the disinfection treatment [20]. 

Although wide band gap semiconductor materials such 
as TiO2 or ZnO have been extensively used as 
photoanodes, their activity is restricted to the UV 
region, which only accounts for 3-5% of the total solar 
spectrum [21], [22]. Consequently, the exploration of 
efficient and stable solar light-driven photocatalysts is 
urgently needed [23], [24], [25]. MOFs are porous 
crystalline inorganic-organic hybrid materials 
consisting of metal ions or clusters interconnected 
through organic linkers. The photogeneration of 
electron-hole pairs in MOFs has been evidenced, along 
with their ability to oxidize or reduce different 
compounds [26], [27]. MOF-based photocatalysts 
undergo a charge separation process similarly to 
inorganic semiconductors under light irradiation, so that 
photoinduced electrons migrate from the photoexcited 
organic linkers to the adjacent metal-oxo clusters 
(ligand-to-cluster charge transfer, LCCT) [28], [29], 
[30]. The most competitive advantage of MOFs over 
classical metal oxide semiconductors is their high 
tunability derived from the broad range of possibilities 
in the combination between metallic nodes and organic 
linkers [23], [31]. As the energy required to induce the 
LCCT transition depends on the level of conjugation of 
the aromatic system in the ligand and the metal, MOFs 
offer the opportunity to optimize the photocatalytic 
activity at the molecular level, as well as the absorption 
wavelength range, by engineering the organic linker or 
by using mixed-metal clusters or/and mixed-linkers 
[32], [33]. Thereby, ligands in MOFs can be replaced or 
functionalized allowing an effective utilization of solar 
energy with a subsequent enhancement of their 
photocatalytic performance [34], [35]. Other 
advantages of using MOFs as photocatalysts are their 
extremely large surface area and high porosity 
providing more active sites and extra pathways for the 
migration of photoinduced electrons, thus facilitating 
charge carrier separation [36], [37]. The feasibility of 
MOFs as photocatalysts in environmental applications 
depends on their chemical stability [38]. Zirconium-
based MOFs are becoming competitive catalysts for 
water treatment owing to their outstanding electronic 
properties and high chemical stability derived from the 
strong coulombic interaction between oxophilic Zr4+ 
and negatively charged termini of linkers [39], [40], 
[41]. 

In this work, two Zr-based MOFs were synthesized 
using naphthalene-2,6-dicarboxylic acid (NDC) and 
NH2-functionalized NDC (4,8-diaminonaphthalene-2,6-

dicarboxylic acid, NDC-2NH2) as organic linkers, and 
evaluated for their photoelectrocatalytic disinfection 
performance. Disinfection experiments used the gram-
positive pathogenic bacterium S. aureus in 
electrocatalytic, photocatalytic and 
photoelectrocatalytic conditions under solar, visible and 
365 nm UVA light irradiation. To the best of our 
knowledge, both Zr-NDC-2NH2 synthesis and the 
photoelectrocatalytic activity of these two Zr-MOFs are 
reported for the first time in the present study. This 
work offers new insights into the applicability of Zr-
based MOFs for solar light-driven disinfection 
processes. 

2. Materials and methods 

2.1. Synthetic procedure for Zr-NDC and Zr-NDC-
2NH2 

A mixture of ZrCl4 (69.9 mg, 0.3 mmol), naphthalene-
2,6-dicarboxylic acid (NDC, 64.86 mg, 0.3 mmol), 
benzoic acid (549.55 mg, 4.5 mmol, 15 equiv. with 
respect to the ligand) and H2O (21.68 μL) in 10 mL 
N,N-Dimethylformamide (DMF) was stirred for 1 h. 
The resultant solution was then transferred to a 45 mL 
Teflon-lined stainless-steel autoclave followed by 
heating at 120 °C for 48 h under autogenous pressure. 
The product was collected by filtration, washed with 
DMF and CH3OH. The purified product was dried at 
100 °C for 12 h. The obtained sample was denoted as 
Zr-NDC. Similar synthetic procedure was employed to 
prepare Zr-NDC-2NH2 except that the ligand 
naphthalene-2,6-dicarboxylic acid was replaced by 4,8-
diaminonaphthalene-2,6-dicarboxylic (NDC-2NH2, 
72.67 mg, 0.3 mmol) and the double amount of benzoic 
acid (1099.1 mg, 9 mmol, 30 equiv.) was used. 

The crystalline structure of the as-synthesized MOFs 
was assessed by X-ray diffraction (XRD, X’Pert PRO, 
PANalytical) with Cu Kα radiation. The chemical 
stability of the photocatalysts was evaluated by 
contacting the material with ultrapure water at 37 °C for 
24 hours and, subsequently, quantifying soluble Zr(IV) 
ions by Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES, PlasmaQuant® PQ 9000, 
Analytik Jena). Fourier transform infrared spectroscopy 
(FTIR, JASCO FT/IR-4600 spectrometer) was used to 
characterize the functional groups of the Zr-based 
MOFs in the 400-4000 cm-1 range. UV-vis Diffuse 
Reflectance Spectroscopy (DRS) of the powder samples 
were collected on an Agilent Cary 5000 
spectrophotometer and band gap values were 
determined using Planck-Einstein relation. The 
Photoluminescence (PL) properties were measured on 
solid samples using a LS50B Perking Elmer 
luminescence spectrometer at room temperature. 

2.2. Preparation and characterization of MOF-based 
electrodes 

MOF-based working electrodes were fabricated by 
spray-coating using a nozzle regulated airbrush (Elite 
Q5). Briefly, 0.1 mL of a 10 g L-1 suspension of the 
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catalysts in ethanol were deposited onto sanded and 
prewashed GP substrates (SIGRACELL® PV15, SGL 
Carbon). The procedure was repeated ten times, 
achieving a mass surface density of 1.04 mg cm-2. 
Finally, the coated substrates were dried at 50 °C 
overnight. Surface morphology of the photocatalytic 
films was investigated by Scanning Electron 
Microscopy (SEM, Zeiss DSM 950) at an accelerating 
voltage of 25 kV after gold coating. 

The photoelectrochemical properties of the MOF-based 
photoanodes were studied by Linear Sweep 
Voltammetry (LSV) and Transient Photocurrent (TPC) 
in the three-electrode cell configuration shown in 
Figure 1. LSV was recorded at a scan rate of 5 mV s-1 
in the absence and presence of light irradiation and TPC 
was performed at +1.0 V vs. Ag/AgCl with 50 s light on 
and 50 s off cycles using a Metrohm Autolab 
PGSTAT101. Ten consecutive LSV scans were 
conducted with the same electrode, five in the dark and 
five in the presence of light irradiation. 

 
Figure 1. Schematic representation of the 
photoelectrocatalytic cell (working volume: 75 mL). (1) 
MOF/GP working electrode (active area: 9.61 cm2), (2) Pt/Ti 
mesh counter electrode, (3) Ag/AgCl reference electrode, (4) 
potentiostat, (5) light source, (6) electrolyte (0.1 M phosphate 
buffer, pH 7.2), (7) magnetic stirring. 

2.3. Disinfection experiments and bioanalytical 
procedures 

The inactivation experiments of the gram-positive 
bacterium S. aureus (CECT 240) were carried out using 
the same three-electrode system reported for the 
photoelectrochemical characterization. The 
microorganisms were first re-activated in NB (Nutrient 
Broth, 5 g L-1 beef extract, 10 g L-1 peptone, 5 g L-1 
NaCl, at pH 7) while shaking at 37 °C. For each 
disinfection run, fresh inoculum was added into the 
electrolyte under magnetic stirring, reaching an initial 

bacterial density of 108 cells mL-1. Although Zr-NDC 
has been reported to exhibit stability and high dye 
adsorption performance in water with acidic and neutral 
conditions (pH range of 2 to 7) owing to its structured 
formed by 12-connected Zr6 clusters and S. aureus is 
capable to grow in a range of pH 4.0-10.0 with an 
optimum of 6.0-7.0, the isotonic and non-toxic 0.1 M 
phosphate buffer (pH 7.2) was used as electrolyte to 
provide a stable environment [42], [43], [44]. 

Disinfection runs were performed in electrocatalytic 
(EC, bias potential only), photocatalytic (PC, irradiation 
only), and photoelectrocatalytic (PEC, bias potential + 
irradiation) conditions. The external potential bias was 
set at +1.0 V vs. Ag/AgCl and Chronoamperometry 
(CA) curves were recorded during EC and PEC 
treatments. The cell was irradiated using (i) solar 
(Heraeus TQ Xe 150 Xe-arc lamp, 150 W m-2), (ii) 
visible (Heraeus TQ Xe-arc lamp with R3114 UV filter, 
< 3% transmission for light < 400 nm, 150 W m-2), (iii) 
365 nm UVA (Mightex LED BLS 13000-1, 150 W m-2) 
and (iv) 365 nm UVA(++) (Mightex LED BLS 13000-
1,  2500 W m-2) light irradiation. The emission spectra 
(Figure S1) and irradiance of the light sources were 
measured with a StellarNet BLUE-Wave Spectrometer. 

The experiments were conducted for 60 min and the 
number of viable bacteria was measured at 
predetermined time intervals (0, 5, 10, 20, 40 and 60 
min) using the plate counting method according to the 
standard ISO 22196. Briefly, 0.2 mL aliquots were 
collected from the bacterial reaction suspension and 
serially 10-fold diluted using phosphate-buffered saline 
(PBS) solution. 10 μL drops of each dilution were 
placed in triplicate on agar plates (2.5 g L−1 yeast 
extract, 5 g L−1 tryptone, 1 g L−1 glucose, 15 g L−1 agar 
powder), which were incubated at 37 °C for 24 h before 
counting CFUs. The results are the average of two 
replicates with at least two serial dilutions. 

The integrity and stability of the MOF-functionalized 
anodes was evaluated by SEM (Zeiss DSM 950). After 
each disinfection run, the working electrodes were 
removed from the reactor and submitted to a fixation 
process for 1 hour with glutaraldehyde 5% (v/v) in 0.2 
M sodium cacodylate buffer at pH 7.2, followed by 
dehydration with ethanol and acetone. The surfaces 
were gold-sputtered prior to observation. 

3. Results and discussion 

3.1. MOFs properties 

The crystalline structure of Zr-NDC MOF was obtained 
from the Cambridge Crystallographic Data Centre 
database (Deposition number: 1956175) and displayed 
in Figure 2a [45]. The structural topology of this 
material is similar to that described for UiO-66(Zr), and 
consists of Zr6O4(OH)4 metal clusters interconnected 
through twelve NDC linkers to form a 3D periodic 
structure with octahedral cages (14 Å) surrounded by 
eight tetrahedral cages (11 Å) [46], [47], [48], [49]. As 
shown in Figure 2b, the experimental Zr-NDC X-ray  
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Figure 2. Crystalline structure of Zr-NDC (Zr polyhedral, blue; H, white; C, grey; O, red) (a) and X-ray diffraction 
patterns of simulated Zr-NDC ■, experimental Zr-NDC ■ and experimental Zr-NDC-2NH2 ■ (b).

diffractogram was consistent with the simulated one, 
obtained using Mercury 4.3.0 software (built around the 
Cambridge Structural Database, CSD), and previous 
reports [49], [50]. The presence of two amino groups in 
the linker led to the formation of an isoreticular MOF, 
as indicated by the obtained diffraction pattern, 
meaning that the framework structure was 
formed.Chemical stability of MOFs is essential for 
photoelectrocatalysis since reactions take place in 
aqueous electrolyte. For that reason, the concentration 
of Zr(IV) ions released from the photocatalytic powders 
into Milli-Q water at 37 °C was measured. Zr(IV) 
soluble ions were below detection limit (1 ng L-1) 
confirming the excellent stability of these Zr-based 
MOFs in water, in agreement with previous studies 
[49]. 

FTIR spectroscopy of Zr-NDC and Zr-NDC-2NH2 was 
performed to further prove the successful 
functionalization of the NDC ligand in Zr-NDC-2NH2 
(Figure 3). Both samples exhibited similar peaks at 
1360 and 1610 cm-1, which belonged to C=C and C=O 
stretching of the organic linkers in the MOFs, 
respectively [51]. Likewise, the peaks appeared at 
around 1420 and 1570 cm-1 were attributed to the 
carboxylate groups (O-C-O) in the ligand [30]. The 
peaks at around 550, 640, 780 cm-1 were ascribed to the 
triplet of Zr-O2 [30]. Compared with the FTIR spectrum 
of Zr-NDC, new peaks at 3450 and 3350 cm-1 were 
observed for Zr-NDC-2NH2, corresponding to the 
asymmetrical and symmetrical stretching vibration of 
the amine groups of the ligand functionality [52], [53]. 
Moreover, Zr-NDC-2NH2 spectrum displayed two 
weak peaks around 1640 and 1246 cm-1, which were 
associated with N-H bending vibration and C-N 
stretching vibration of aromatic amines, respectively 

[48], [54]. Therefore, FTIR results confirmed that 
amine functionalization in Zr-NDC-2NH2 was achieved 
and the structure remained unchanged, in agreement 
with the obtained XRD patterns. 

 
Figure 3. FTIR spectra of Zr-NDC ■ and Zr-NDC-2NH2 ■. 

The optical properties of Zr-NDC and Zr-NDC-2NH2 
were investigated by UV-Vis DRS and PL 
spectroscopy. The results are shown in Figure 4. Both 
solids showed a different absorption shape, Zr-NDC 
presented mostly UVA absorption, with an edge located 
at approximately 400 nm, while Zr-NDC-2NH2 
exhibited wider absorption range (200-600 nm)  

with maximum in the UVC and, overall, higher 
intensity. The band gap values calculated according to 
the Planck-Einstein relation were 3.13 and 2.11 eV for 
Zr-NDC and Zr-NDC-2NH2, respectively. This band 
gap decrease has been previously reported [49], [55] 
and related to the larger electron redistribution derived 
from the attachment of -NH2 electron-donating groups 
to the NDC linker. 
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Figure 4. Normalized UV-vis absorption (-, -), excitation (⋯) and emission (---) photoluminescence (PL) spectra of 
Zr-NDC (a) and Zr-NDC-2NH2 (b). For emission spectra, the excitation wavelength was 365 nm. 

 

Figure 5. SEM images of sanded graphite paper (a), Zr-NDC (b) and Zr-NDC-2NH2 (c) functionalized anodes.

The absorption bands of Zr-NDC could be related to the 
linker states. Specifically, the two bands at 365 and 300 
nm can be ascribed to the (S0→S1) and (S0→S2) 
transitions in the π-conjugated naphthalene system, 
respectively [46]. The significantly enhanced 
absorption in visible light region observed with the 
incorporation of two -NH2 groups to the linker can be 
attributed to the introduction of a filled band with the N 
2p electrons of the NDC-2NH2 linker [56]. 

Regarding photoluminescence, upon excitation at 365 
nm (3.40 eV), the emission spectrum of Zr-NDC 
displayed an unique and well defined red-shifted band 
at 425 nm (2.92 eV) similar to that previously reported 
[46], [55], [57] and assigned to excimer formation due 
to the electronic coupling of neighbouring naphthalene 
ligands [49], [57], [58]. Contrarily, the formation of the 
excimer seems to decrease the emission of Zr-NDC-
2NH2, which consisted of a two-third lower intensity 
doublet located at minor energy (2.25-2.15 eV, 550-575 
nm, respectively) than that of Zr-NDC. The excitation 
at longer wavelengths showed the same emission 
spectra for Zr-NDC while no response was obtained by 
Zr-NDC-2NH2 indicating no activation of NDC-2NH2 
linkers. Meanwhile, the excitation spectra of Zr-NDC 

and Zr-NDC-2NH2, kept unaltered at the different 
emission wavelengths, which can be explained by a 
common ground-state origin (S0) of the emitters [57]. 

3.2. Characteristics of MOF-based anodes 

MOF particle size and film thickness influence the 
diffusion of photoexcited electrons from the 
photocatalyst surface to the conductive substrate and, 
therefore, determine the development of the potential 
gradient [59]. Nanostructured electrodes with high 
surface roughness, such as vertically aligned TiO2 
nanotube array films, have been reported to exhibit an 
efficient charge carrier separation and thus improved 
photocatalytic activity when applying and anodic bias 
[60]. Moreover, thin films generally exhibit a decreased 
charge carrier recombination despite their lower light 
absorption as compared to thicker films [61]. Figure 5 
shows top-view SEM images of sanded graphite paper 
and MOF-functionalized anodes. MOF nanoparticle 
aggregates were distributed over the entire surface of 
the GP substrate with a diameter in the submicron scale 
and surface density of 1.04 mg cm-2. No noticeable 
morphological differences were detected between Zr-
NDC and Zr-NDC-2NH2 MOFs. 
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The exploration of solar light-driven photocatalysts 
with high activity and stability is challenging for 
practical applications as UV region constitutes only 3-
5% of the total solar spectrum [23], [62]. Therefore, the 
photoelectrochemical response of Zr-NDC and Zr-
NDC-2NH2 functionalized electrodes was investigated 
under solar, visible and 365 nm UVA light irradiation. 
Figure 6a and c show LSV curves at 5 mV s-1 in the 0.1 
M phosphate buffer (pH 7.2) electrolyte. Both MOF-
based anodes displayed anodic photocurrent (difference 
between current response under irradiation and in the 
dark) with increasing current density from 0 to +1.0 V 
vs. Ag/AgCl, proving that photoinduced electron-hole 
pairs were generated and effectively separated by 
anodic bias promoting photoexcited electrons from the 
MOF to the counter electrode (cathode) through the 
external circuit. It can be emphasized that higher 
capacitive current density (dark) was obtained in the 
case of Zr-NDC-2NH2 MOF, probably due to an 
enhanced electron mobility caused by the introduction 

of the amino groups. To further evaluate the charge-
separation efficiency of the Zr-NDC and Zr-NDC-2NH2 
photoanodes, the transient photocurrent response was 
measured under chopped light irradiation (Figure 6b 
and d). A steady and reproducible photocurrent 
response was observed during several on-off 
illumination cycles (500 s), which demonstrated the 
high photo-stability of these Zr-MOFs. Upon 
irradiation, a gradual increase of photocurrent density 
was observed, which can be attributed to traps being 
filled with photogenerated charge carriers and the 
recombination suppression as number of filled traps 
increases [63]. The photocurrent density value for Zr-
NDC followed the order: 365 nm UVA(++) > 365 nm 
UVA > solar > visible, in agreement with the UV-Vis 
absorption, excitation PL spectra, and photocurrents 
obtained from LSV measurements. On the other hand, 
Zr-NDC-2NH2 displayed higher photocurrent density 
under solar and visible light irradiation but lower under 
UVA 

 

Figure 6. Linear sweep voltammetry (LSV) curves at 5 mV s-1 and transient photocurrent (TPC) responses at +1.0 V 
vs. Ag/AgCl of Zr-NDC (a, b) and Zr-NDC-2NH2 (c, d) anodes in 0.1M phosphate buffer (pH 7.2) in the absence of 
irradiation ■ and in the presence of visible ■, solar ■, 365 nm UVA ■, and 365 nm UVA(++) ■ light irradiation. The 
fifth LSV scan is displayed 
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Figure 7. Colony-forming units (CFU) reduction of S. aureus for photocatalytic (PC) and photoelectrocatalytic (PEC, 
+1.0 V vs. Ag/AgCl) disinfection treatments using Zr-NDC (a, b) and Zr-NDC-2NH2 (c, d) anodes in 0.1M phosphate 
buffer (pH 7.2) in the absence of irradiation ■ and in the presence of visible ■, solar ■, 365 nm UVA ■, and 365 nm 
UVA(++) ■ light irradiation.

compared to Zr-NDC. The lower photocurrent value 
obtained for Zr-NDC-2NH2 under 365 nm UVA 
illumination can be explained by the possible slowing 
down of the charge transfer process in this MOF as 
suggested by the diminished PL signal due to electron 
injection from -2NH2 to NDC linkers [55]. As can be 
seen, the presence of high energy photons from UV 
light in the solar spectrum significantly improved 
photocurrent in comparison to visible light irradiation; 
likewise the higher UV light intensity dose, UVA(++), 
also led to an increment of the photocurrent value. 

3.3. Disinfection performance 

The photoelectrocatalytic disinfection performance of 
Zr-NDC and Zr-NDC-2NH2 anodes was assessed 
against S. aureus and the logarithmic inactivation 
efficiency during 60 min exposure is shown in 
Figure 7a-d. Likewise, photolytic experiments were 
carried out, leading to neglected bactericidal activity 
and ∼ 2.5-log reduction within 60 min for 365 nm 

UVA and solar light irradiation, respectively (Figure 
S2). Both MOF-based anodes did not exhibit CFU 
reduction in darkness, even at the anodic bias potential 
of +1.0 V vs. Ag/AgCl (electrocatalytic treatment, EC) 
within 60 min. Moreover, the bactericidal reaction was 
also insignificant under visible light irradiation in all 
cases despite the apparent absorbance of Zr-NDC-
2NH2, which correlated with the low photocurrent 
density obtained. In contrast, although negligible 
inactivation of S. aureus was obtained under 365 nm 
UVA irradiation for PC treatments, > 99.7% inhibition 
(∼ 2.6-log reduction) for Zr-NDC and > 99.4% 
inhibition (∼ 2.2-log reduction) for of Zr-NDC-2NH2 
were achieved within 60 min for PEC disinfection 
process regardless of UV light intensity. As can be 
observed, complete disinfection was reached after 60 
min of PC treatment under solar light irradiation for Zr-
NDC-2NH2 electrode. Zr-NDC exhibited similar PC 
disinfection activity under solar illumination, exceeding 
that obtained under 365 nm irradiation despite its lower 
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photocurrent under full-spectrum irradiation and its 
lower visible light absorption. The best results were 
obtained for PEC treatment under solar light irradiation, 
reaching complete inactivation after only 20 min using 
either Zr-NDC or Zr-NDC-2NH2 functionalized 
photoanodes. Therefore, PEC disinfection outperformed 
PC and EC processes, suggesting that the anodic bias 
potential effectively minimized the recombination of 
the photogenerated electron-hole pairs upgrading ROS 
production [17], [20]. CA curves were recorded during 
PEC disinfection treatments at +1.0 V vs. Ag/AgCl for 
Zr-NDC and Zr-NDC-2NH2 anodes in 0.1M phosphate 
buffer (Figure S3). In accordance with LSV and TPC 
results, Zr-NDC exhibited a stable photocurrent 
response following the order: 365 nm UVA(++) > 365 
nm UVA > solar > visible. Zr-NDC-2NH2 displayed a 
considerably higher current density and with a slight 
tendency to decrease during solar and UV irradiated 
runs. 

The structure stability and integrity of active films was 
studied using SEM images of Zr-NDC and Zr-NDC-
2NH2 electrodes after PC and PEC disinfection 
treatments in dark conditions and in the presence of 
visible, solar and 365 nm UVA light irradiation (Figure 
S4). A comparison is provided with the original 
functionalized electrodes that showed no apparent 
morphological differences, thereby demonstrating 
structural stability of the electrodes. 

MOFs are known to keep some characteristics of 
inorganic semiconductors and some of molecular 
catalysts. Under irradiation MOFs undergo electronic 
transitions upon promotion of photoexcited electrons, 
but rather than a transference between delocalized 
valence and conduction bands, the electrons are 
promoted from the highest occupied crystal orbital 
(HOCO) to the lowest unoccupied crystal orbital 
(LUCO). These orbitals present different contributions 
from linker and node states. For the particular case of 
Zr-MOFs with the structure of UiO-66(Zr), the charge 
transfer from linker to node is relatively inefficient due 
to the poor overlap between the empty d-states in 
Zr6O4(OH)4 cluster nodes, and the π*-orbital of the 
ligand [64], [65]. The consequence is a gap of ∼ 1 eV 
between the excited linker states and the energy 
required for an effective LCCT [66]. Therefore, the 
energy required for LCCT would not be accessible to 
365 nm UVA irradiation in PC runs, and would require 
higher energy photons, that are only provided by the 
UVB part of the Xe-arc lamp with solar spectrum (see 
Figure S1). The irradiation with 365 nm was capable to 
reduce over two orders of magnitude (> 2-log or > 
99%) the number of viable CFU, but only when 
working in PEC mode because in this case the bias 
applied reduced the energy required for LCCT. 
Noteworthy, the filter retaining wavelengths < 400 nm 
leads a visible radiation without disinfection activity, 
either in PC or PEC modes (see Figure 7). Zr-NDC has 
been known to exhibit photoinduced LCCT with 
electrons and holes generation upon excitation with 355 

nm photons [41], [55]. In this process, the organic 
linker acts as photoantennae that activate the metal 
cluster, which would receive the photogenerated 
electrons [67]. 

Increasing the π-conjugation by adding aromatic rings 
to the ligand backbones has demonstrated to enhance 
the optical response of MOFs due to an effective charge 
transfer been related to its resonance effect [38]. A band 
gap reduction from 4 eV to 3.3 eV was achieved by 
replacing BDCs in MOF-5 with1,4-
naphthalenedicarboxylic acid and 2,6-
naphthalenedicarboxylic acid [68]. In the current study, 
replacing BDCs in UiO-66 with more conjugated NDCs 
has reduced the band gap from 3.78 eV to 3.13 eV 
(Figure S5 a), confirming the positive effect of 
additional π-conjugation. Moreover, as displayed in 
Figure S5 b, this replacement not only led to an 
increased light absorption, but also improved the 
photocatalytic performance towards disinfection under 
solar light irradiation. Nevertheless, the inclusion of 
amino groups in the linker leads to higher photocurrent 
under solar light irradiation but does not improve the 
disinfection performance of PC and PEC processes. 
BET surface area and pore size of Zr-NDC have been 
previously reported to be 1340-1720 m2 g-1 and 0.53-
0.67 cm3 g-1, respectively [47], [48], [49]. The 
incorporation of a single amino group to the ligand in 
Zr-NDC-NH2 decreased BET surface area from 1340.0 
to 1053.6 m2 g-1 [48]. It is clear that the surface area 
and the inherent porosity of Zr-NDC diminish as the 
number of functional groups increases, so it is expected 
to be lower for Zr-NDC-2NH2. Zr-NDC-2NO2 and Zr-
NDC-2SO3H exhibited a decreased BET surface area of 
811.5 m2 g-1 and 701.7 m2 g-1, respectively, as 
compared to the 1391.5 m2 g-1 obtained for Zr-NDC 
[47]. Although the lower surface area of Zr-NDC-NH2 
may provide less catalytic sites, it should be noted that 
amine groups would increase surface charge positivity 
and, thus, the interaction between the catalyst and the 
negatively charged bacteria, balancing the disinfection 
performance [69]. Therefore, this result might be due to 
the limited collaborative mechanism of electron 
injection from -NH2 to NDC [55], combined with a 
possible higher recombination rate after the inclusion of 
a new HOCO state due to the amine group with higher 
energy and, thus, the lower oxidative potential of this 
new HOCO state in the organic linker of Zr-NDC-2NH2 
[65]. This study agrees with the LCCT mechanism in 
which the photoinduced electron-hole pairs leads to the 
generation of ROS. Specifically, the energy of the 
upper states of UiO-66, which corresponds to the 
cluster nodes, is located at about −0.53 V vs. NHE, 
which is enough to reduce dissolved oxygen to 
superoxide radical anion [70]. 

4. Conclusions 

Isoreticular Zr-based MOFs were successfully 
synthesized using NDC (2,6-naphthalenedicarboxylic 
acid) and 2NH2-functionalized NDC (4,8-
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diaminonaphthalene-2,6-dicarboxylic acid) as organic 
linkers, as confirmed by XRD and FTIR analyses. 
MOF-based electrodes were fabricated by spray-coating 
onto graphite paper, achieving homogeneous layer with 
1.04 mg cm-2, which consisted of aggregates with 
diameter in the submicron scale. The excellent water-
stability of the MOFs and the integrity of the as-
prepared electrodes were demonstrated by IPC-AES 
and SEM measurements. 

These catalytic electrodes were studied in PC and PEC 
processes. LSV and TPC measurements were 
conducted under solar (Xe-arc lamp), visible (Xe-arc 
lamp + <400 nm cut-off filter) and 365 nm LED-UVA 
irradiation, showing that photoinduced electron-hole 
pairs were generated and effectively separated. As 
compared to Zr-NDC, Zr-NDC-2NH2 displayed higher 
photocurrent density under solar irradiation. The 
relatively low photocurrent under 365 nm UVA, could 
be attributed to the lower excitation capacity, 
insufficient electron transfer in the linkers, and a faster 
charge carrier recombination. 

The disinfection performance of the MOF-
functionalized anodes was assessed against S. aureus in 
EC, PC and PEC conditions. The bactericidal reaction 
was insignificant for EC and the processes carried out 
under visible light irradiation. Negligible inactivation 
was also obtained under 365 nm UVA irradiation for 
PC treatments, but > 99.7% inhibition was observed for 
Zr-NDC and > 99.4% for of Zr-NDC-2NH2 after 60 
min in PEC treatments. The disinfection performance 
was very high for PC and PEC processes performed 
under solar irradiation, which contained small 
contribution of wavelengths < 350 nm. 

The improved activity obtained under 365 nm UVA in 
PEC and the high disinfection capacity (up to 8-log in 
20 min) observed in PC and PEC processes under solar 
irradiation were attributed to the enhancement of LCCT 
process due to high energy UVB photons, which would 
be capable of exciting electrons to the Zr6-oxo cluster. 
The incorporation of -NH2 groups to the linker had no 
effect on PC and PEC activity towards disinfection 
despite the increased visible light absorption and 
photocurrent. This work provides a better 
understanding of the behaviour of Zr-based MOFs as 
photocatalysts and photoelectrocatalysts and 
demonstrates their potential use for solar disinfection 
processes. 
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