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Abstract: Defect engineering in metal-organic frameworks is 
commonly performed by using thermal or chemical treatments. 
Herein, it is reported that oxygen plasma treatment generates 
structural defects on MIL-125(Ti)-NH2 leading to an increase of its 
photocatalytic activity. Characterization data indicates that plasma-
treated materials retain most of their initial crystallinity, while 
exhibiting somewhat lower surface area and pore volume. XPS and 
FT-IR spectroscopy reveal that oxygen plasma induces MIL-125(Ti)-
NH2 partial terephthalate decarboxylation and an increase of the Ti-
OH population. Thermogravimetric analyses confirm the generation 
of structural defects by oxygen plasma and allowed an estimation of 
the resulting experimental formula of the treated MIL-125(Ti)-NH2 
solids. SEM analyses show that the oxygen plasma treatment of 
MIL-125(Ti)-NH2 gradually decreases its particle size. Importantly, 
diffuse reflectance UV-Vis spectroscopy and valence band 
measurements demonstrate that oxygen-plasma treatment alters 
MIL-125(Ti)-NH2 band gap and, more significantly, the alignment of 
highest occupy and lowest unoccupied crystal orbitals. An optimal 
oxygen plasma treatment to achieve the highest efficiency in water 
splitting with or without methanol as sacrificial electron donor under 
UV-Vis or simulated sunlight was determined. The optimized 
plasma-treated MIL-125(Ti)-NH2 photocatalyst acts as truly 
heterogeneous photocatalysts and retains most of its initial 
photoactivity and crystallinity upon reuse.  

Introduction 

Metal organic frameworks (MOFs) are being increasingly used 
as photocatalysts for hydrogen generation and CO2 reduction.[1] 
Following the lead of TiO2,[2] Ti-containing MOFs, and particularly 
MIL-125(Ti) are among the preferred materials, since they 
combine structural robustness with high photocatalytic activity.[3] 

Recently, our group has reported the photocatalytic activity of 
MIL-125(Ti)-NH2 to promote overall water splitting under both 
UV-Vis or visible light irradiation.[4] The visible light response of 
the photocatalyst is introduced to the presence of the amino 
group on the terephthalate ligand. The highest occupied crystal 
orbital (HOCO, 2.40 eV) is located at the 2-aminoterephthalate 
while lowest unoccupied crystal orbital (LUCO, -0.05 eV) at the 

Ti 3d orbitals.[5] Therefore, MIL-125(Ti)-NH2 accomplish the 
thermodynamically requirements for H2O oxidation to O2 (1.23 
eV vs NHE) and H2O reduction to H2 (0 eV vs NHE) and allow to 
perform the overall water splitting under visible light irradiation.[6] 
Transient absorption spectroscopy and EPR measurements 
have provided evidence that upon photoexcitation with the 
appropriate wavelength, electron transfer from the organic ligand 
to the Ti(IV) metal nodes leading to the formation of a positive 
hole on the organic linker and a Ti(III) species takes place.[7] 
There is a continuous need in increasing the efficiency of the 
photocatalytic systems to reach the long standing goal of 
industrial application.  In this context, van der Voort and others 
have shown that defect engineering as a methodology to 
increase the photocatalytic activity.[8] Plasma treatment is a 
general technique to modify catalysts, generating defects in their 
structure.[9] For instance plasma treatment of graphenes 
increases their catalytic activity.[10] In one precedent of plasma 
treatment in MOFs, a low-temperature NH3-plasma treatment 
was applied to decompose a Ni-based MOF into Ni nanocrystals 
encapsulated in a thin overlayer of N-doped carbon and further 
applied for H2 evolution during water electrolysis in alkaline 
solution.[11] A milder treatment would be advisable to find the 
compromise between defect generation while maintaining MOF 
crystallinity.[1a] 
The present study reports the low-power, oxygen plasma 
treatment of well-known MIL-125(Ti)-NH2 photocatalyst, showing 
that just a few minutes treatment increases its photocatalytic 
efficiency for overall water splitting by a factor of 2. 
Characterization data indicates that plasma treatment causes 
terephthalate decarboxylation and these defects shifts to more 
negative potentials the LUMO energy, resulting in a stable and 
reusable optimized photocatalyst. 
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Results and Discussion 

3.1. Photocatalyst preparation and characterization 
As commented, the aim of this work is to study the influence of 
the defect-induced oxygen plasma treatment on pristine MIL-
125(Ti)-NH2 on the photocatalytic activity for the water splitting. 
After several trials, an optimized oxygen plasma treatment at 10 
W power was able to generate defects on MIL-125(Ti)-NH2 in 
relatively short times (min). Figure 1 shows that the oxygen-
plasma treated MIL-125(Ti)-NH2 solids retains their crystallinity 
after the plasma treatment at 5, 10 and 15 min.  

0 10 20 30 40 50 60
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Figure 1. XRD of MIL-125(Ti)-NH2 (a), MIL-125(Ti)-NH2-5m (b), MIL-125(Ti)-
NH2-10m (c), MIL-125(Ti)-NH2-15m (d).  

The density of defects induced by the oxygen plasma treatment 
was conveniently quantified by thermogravimetric analyses 
(TGA) of the plasma-treated MIL-125(Ti)-NH2 samples (Figure 
S1). The MIL-125(Ti)-NH2 treated for 5 and 10 min with oxygen-
plasma exhibits a decrease of the organic content with a 
concomitant increase of Ti content respect to the pristine MIL-
125(Ti)-NH2 material. In contrast, the MIL-125(Ti)-NH2 sample 
treated with oxygen plasma for 15 min shows a Ti content lower 
than pristine MIL-125(Ti)-NH2. TGA data was employed to 
estimate the experimental MIL-125(Ti)-NH2 formulae (Table 1) of 
the different samples under study and their deviation respect to 
the ideal one (Ti8O8) (OH)4(C6H3C2O4NH2)6.

[12] 
Isothermal N2 adsorption measurements of plasma-treated MIL-
125(Ti)-NH2 solids shows that plasma treatment decreases 
somehow the BET and pore volume values respect to the 
pristine MIL-125(Ti)-NH2 material (Table 1). SEM measurements 
also show the occurrence of morphological changes, especially 
the decrease of MIL-125(Ti)-NH2 average particle size as the 
plasma treatment time increases (Table 1 and Figures S2-S3).  
 

 

 

Table 1. List of MIL-125(Ti)-NH2 samples studied in this work including their 
experimental formula, [a] BET and pore volume[b] and average particle size[c]. 

 Experimental formula BET / 
pore 
volume 

MOF 
average 
particle 
size and 
standard 
deviation 
(nm) 

MIL-125(Ti)-
NH2 

(Ti8.1O8.74)(OH)3.83(C6H3C2O4NH2)
5.40 

1150 / 
0.53 

470 ± 219 

MIL-125(Ti)-
NH2 5 min 

(Ti9.37O5.16)(OH)0.831(C6H3C2O4NH
2)4 
 

956 / 
0.43 

408 ± 205 

MIL-125(Ti)-
NH2 10 min 

(Ti11.11O10.2)(OH)0,2(C6H3C2O4NH2

)3.52 
 

922 / 
0.42 

282 ± 86 

MIL-125(Ti)-
NH2 15 min 

(Ti6.66O6.11)(OH)3.19(C6H3C2O4NH2

)4.86 
914 / 
0.42 

242 ± 108 

[a] Based on TGA data from Figure S1. 

[b] Based on isothermal N2 adsorption. 

[c] Based on SEM measurements from Figure S3. 

 

In order to get some insight on the effect of the oxygen plasma 
treatment on structure of MIL-125(Ti)-NH2 solid, XPS and FT-IR 
analyses of the different samples under study were performed. 
Figures S4-S7 collect the corresponding XP spectra with the 
best fitting to each individual component present. The XPS C 1s 
peak of pristine MIL-125(Ti)-NH2 shows two bands centred at 
284.4 and 289 eV, corresponding to the aromatic carbons and 
the carboxylate groups of the 2-amino terephthalate organic 
ligand, respectively. In addition, O 1s XPS shows a broad signal 
that can be deconvoluted into two individual bands at 534 and 
529 eV characteristic of the titanol groups (Ti-OH) present in the 
metal nodes and the carboxylate oxygen atoms, respectively. N 
1s XPS show a main band at 399 eV corresponding to the 
amino group, accompanied by a smaller signal at 402 eV 
attributable to the partially protonated amino group. The Ti 2p 
XPS is constituted by two bands centred at 458 and 465 eV, 
characteristic of Ti 2p3/2 and Ti 2p1/2 of the Ti4+ ions at the 
metal node of the MOF. 
Comparison of the XP spectra of the pristine and oxygen-plasma 
treated MIL-125(Ti)-NH2 samples reveal a decrease of the 
relative intensities of the C 1s band at 289 eV and O 1s band at 
539 eV indicating that the oxygen plasma-treatment induces 
partial decarboxylation (Figure 2). In agreement with these 
observations, the XPS O 1s peak of the oxygen plasma-treated 
samples exhibits a relative higher proportion of Ti-OH groups 
respect to carboxylate O atoms that agrees with the occurrence 
of decarboxylation.  
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Figure 2. High-resolution XPS peaks of C1s (a), O1s (b), N1s (c) and Ti 2p (d) 
elements for MIL-125(Ti)-NH2 (a), MIL-125(Ti)-NH2-5m (b), MIL-125(Ti)-NH2-
10m (c), MIL-125(Ti)-NH2-15m (d). 

Comparison of FT-IR spectra of the MIL-125(Ti)-NH2 series 
clearly shows that the oxygen plasma treatment generates an 
intense band at 3.420 cm-1 attributable of the –OH vibration of 
the titanol groups formed in the decarboxylation process. FT-IR 
spectroscopy shows that the remaining carboxylate groups do 
not undergo any shift during the plasma treatment. 

4000 3500 3000 2500 2000 1500 1000 500
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Figure 3. FT-IR of MIL-125(Ti)-NH2 (a), MIL-125(Ti)-NH2-5m (b), MIL-125(Ti)-
NH2-10m (c), MIL-125(Ti)-NH2-15m (d). 

Overall, the characterization data indicates that the main effect 
of oxygen plasma treatment of MIL-125(Ti)-NH2 is the partial 
decarboxylation of terephthalate ligand, maintaining the crystal 
structure of the treated solid and with some decrease in the 
porosity. Figure 4 shows a simplified illustration of the ideal MIL-
125(Ti)-NH2 sample and defective MIL-125(Ti)-NH2 materials 
resulting by plasma treatment.  
 

  
 
 

Figure 4. Simplified illustration of ideal (a) and oxygen plasma treated (b) MIL-
125(Ti)-NH2 materials 

From the photocatalytic point of view it is relevant to determine if 
the generation of defects is reflected in variation on the energy 
levels of the highest occupied and lowest unoccupied crystal 
orbitals (HOCO and LUCO, respectively). These possible 
variations were addressed by analysing diffuse reflectance UV-
Vis spectra (Figure S8) and valence band energy determined by 
XPS (Figure S9). In general, diffuse reflectance UV-Vis spectra 
show one band centred at 280 nm due to the Ti-O ligand-to-
metal charge transfer together with a band at 390 nm related to 
the charge transfer from the 2-aminoterephthalate organic ligand 
to the oxo-titanium metal node. The Tauc plot was used to 
calculate the band gap for the series of solids, observing small 
differences in all samples, oxygen plasma treatment slight 
increasing its value. XPS was employed to estimate the valence 
band edge of the different materials.[13] Table 2 collects the band 
gap, HOCO and LUCO energy values estimated for the different 
MIL-125(Ti)-NH2 solids under study. Regardless the similar 
band gap values of the different samples, significant differences 
between HOCO and LUCO energies were determined. As it will 
be commented later the energy band alignment strongly 
influences the resulting photocatalytic activity for the water 
splitting. 

Table 2. Influence of the oxygen plasma treatment on the electronic alignment 
of the MIL-125(Ti)-NH2 solids. 

Sample Estimated band gap (eV) HOCO (eV) LUCO (eV) 

MIL-125(Ti)-
NH2 

2.64 2.34 -0.30 

MIL-125(Ti)-
NH2 5 min 

2.81 
 

2.18 -0.62 

MIL-125(Ti)-
NH2 10 min 

2.71 2.40 -0.31 

MIL-125(Ti)-
NH2 15 min 

2.76  1.85 -0.91 

 
  

a)                                                                 b)

c)                                                                  d)

a) b)
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3.2. Photocatalytic activity 
 
3.2.1. Photocatalytic overall water splitting 
 
Since it has been proposed that structural defects can influence 
positively the photocatalytic activity,[8] and considering the 
relevance of robust MIL-125(Ti)-NH2 as visible light 
photocatalyst, [4, 5b, 12, 14] it was of interest to experimentally 
address the possible influence of plasma treatment on the 
photocatalytic activity for overall water splitting. Aimed at this 
purpose, a systematic study of the photocatalytic activity of the 
series of MIL-125(Ti)-NH2 samples in overall water splitting 
under the same conditions was undertaken. Figure 5a shows 
that the oxygen plasma treatment gradually increases the 
efficiency of the overall water splitting for MIL-125(Ti)-NH2 under 
UV-Vis irradiation with an optimum for 10 min of treatment. 
Attempts to prolong the oxygen plasma treatment beyond 15 
min on MIL-125(Ti)-NH2 resulted in a decrease of photoactivity. 
It is remarkable that the optimized MIL-125(Ti)-NH2-10m sample 
exhibits double photocatalytic activity than pristine MIL-125(Ti)-
NH2. It should be noted that the photoactivity of MIL-125(Ti)-
NH2-10m is even higher than an analogous MIL-125(Ti)-NH2 
sample incorporating RuOx nanoparticles as co-catalyst (69 
mmol g-1 in 22 h) under analogous reaction conditions.[4] Worth 
noting is that the present results reconfirm the ability of MIL-
125(Ti)-NH2 to promote O2 generation from H2O. This point was 
further proved in an experiment using labelled H2

18O, whereby 
the formation of 18O2 (m/z 36 mau) was monitored by mass 
spectrometry as the only O2 species (Figure S12).  
The same trend of photocatalytic activity was observed under 
visible light irradiation (λ >450 nm) (Figure 5b) for the overall 
water splitting with the sample MIL-125(Ti)-NH2-10m being the 
most active. These experiments under visible light irradiation 
indicate that a large percentage of the observed photoactivity 
derives from the visible zone of the radiation spectrum. 
Importantly, the most active oxygen plasma treated MIL-125(Ti)-
NH2 sample exhibits good photocatalytic activity (Figure 5c) and 
reusability (Figure 5d) under simulated sunlight irradiation, 
maintaining its crystallinity as revealed by XRD (Figure S10). 
The heterogeneity of the reaction was confirmed that observing 
that once H2 and O2 gases are evolving from water, if the solid is 
removed by filtration and the system allowed react further under 
the same photocatalytic reaction conditions, no additional gas 
evolution occurs (Figure S11). 

  
 

Figure 5. Overall water splitting using MIL-125(Ti)-NH2 materials as 
photocatalysts under UV-Vis (a), visible (l> 450) and simulated sunlight 
irradiation for three consecutive cycles (c, d). General reaction conditions: 
photocatalyst (20 mg), H2O (20 mL), 35 ºC, irradiation source (Xe lamp 150 W 
equipped or not with 450 nm filter or solar simulator of 1 sun) reaction time 22 
h.  

The increase of photoactivity upon oxygen plasma treatment of 
MIL-125(Ti)-NH2-5m and MIL-125(Ti)-NH2-10m can be explained 
considering that the samples with slightly higher band gap 
values exhibit a more positive HOCO and negative LUCO values 
respect to the pristine MIL-125(Ti)-NH2 solid (Table 2 and Figure 
6). Furthermore, the smaller average particle size of the MIL-
125(Ti)-NH2 samples treated at 5 and 10 min should also be 
beneficial for light harvesting respect to the bigger crystals of 
pristine MIL-125(Ti)-NH2. In contrast, the MIL-125(Ti)-NH2-15m 
sample with the longer treatment affecting more pronouncedly 
the structure shows the lowest photocatalytic activity of all the 
samples in the series. This observation can be explained 
considering that MIL-125(Ti)-NH2-15m sample exhibits the less 
oxidizing HOCO and, thus, the thermodynamically and 
kinetically most difficult half-reaction H2O oxidation to O2 is less 
favoured. 

 

Figure 6. Energy levels of the MIL-125(Ti)-NH2 samples without (0 min) or 
with oxygen plasma treatment (5 min, 10 min and 15 min) under vacuum of 
NHE as reference 

3.2.2. Photocatalytic water splitting in the presence of methanol. 
 
A series of experiments of photocatalytic hydrogen generation in 
the presence of methanol as electron donor was also carried out 
comparing the efficiency of pristine and oxygen plasma-treated 
MIL-125(Ti)-NH2 samples. In this case, all the oxygen-plasma 
treated samples exhibited higher H2 production than the pristine 
MIL-125(Ti)-NH2 sample under UV-Vis irradiation (Figure 7a). 
This observation can be understood according to Figure 6 
considering that all the oxygen plasma treated MIL-125(Ti)-NH2 
samples exhibit lower LUCO values than pristine MIL-125(Ti)-
NH2. The highest H2 generation activity for MIL-125(Ti)-NH2-10m 
with less negative LUMO and higher particle size respect to MIL-
125(Ti)-NH2-15m can be explained considering the higher ability 

a)                                                                                   b)

c)                                                                                      d)
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of MIL-125(Ti)-NH2-10m to promote methanol oxidation than 
MIL-125(Ti)-NH2-15m and, thus, higher H2 evolution. 
 

 

 

Figure 7. Photocatalytic hydrogen generation in the presence of methanol 
using several MIL-125(Ti)-NH2 materials under UV-Vis irradiation (a), Visible 
light (l>450 nm) (b) and simulated sunlight irradiation (c) for several reuses (c). 
Panel d) shows the XRD of the fresh (1) and three times used (2) MIL-125(Ti)-
NH2-10m photocatalyst. General reaction conditions: photocatalyst (20 mg), 
H2O (20 mL), irradiation source (Xe lamp 150 W equipped or not with 450 nm 
filter), 35 ºC, reaction time 22 h 

Importantly, the higher photocatalytic activity of the optimized 
oxygen-plasma treated MIL-125(Ti)-NH2-10m for H2 generation 
in the presence of methanol also occurs under visible (λ >455 
nm) and simulated sunlight irradiation (Figure 7b). Furthermore, 
the MIL-125(Ti)-NH2-10m maintains its photoactivity under 
simulated sunlight irradiation after several reuses (Figure 7c) 
and retains its crystallinity as revealed by XRD (Figure 7d). 
To further support the higher activity of oxygen-plasma treated 
MIL-125(Ti)-NH2 samples to promote reduction reactions respect 
to pristine MIL-125(Ti)-NH2, methyl viologen (MV2+, E0 = -0.44 V, 
pH independent) was used as probe molecule. MV2+ is 
commonly used in photochemistry as electron acceptor 
rendering a visually observable blue coloured radical cation 
stable under inert atmosphere.[15] 
In the present case, it was observed that all the MIL-125(Ti)-NH2 
samples tested in this work promote MV2+ reduction to the 
coloured MV+· radical cation. Figure 8a illustrates the one 
electron reduction of MV2+ to MV+· using MIL-125(Ti)-NH2-10m. 
Interestingly, the photocatalytic activity of oxygen-plasma treated 
MIL-125(Ti)-NH2 samples follows for the photocatalytic MV2+ 
reduction the same trend respect to pristine MIL-125(Ti)-NH2 
than that previously observed in the photocatalytic water splitting 
or hydrogen generation (Figure 8b). Thus, it seems that the 
more negative LUCO reduction potential values of plasma-
treated MIL-125(Ti)-NH2 samples increases their ability to 
promote reduction reactions respect to pristine MIL-125(Ti)-NH2. 

  

Figure 8. a) UV-vis spectra and photographs of Ar-purged acetonitrile 
suspension of MIL-125(Ti)-NH2-10m containing MV2+ in ethanol before (grey 
line) and after (blue line) irradiation with a Xe lamp. The blue colour indicates 
to the presence of MV·+ formed by one electron reduction of MV2+. b) 
Temporal evolution of the concentration of MV•+ upon irradiation.  

3.2.2. Reaction mechanism / Photoelectrochemical 
measurements 
 
The previous results indicates the higher photocatalytic activity 
of MIL-125(Ti)-NH2-10m for the overall water splitting, H2 
evolution and MV2+ reduction. These results fit with the 
calculated changes in the HOCO and LUCO band energy 
alignment caused by plasma treatment. In addition, the MIL-
125(Ti)-NH2-10m sample has smaller average particle size than 
the pristine MIL-125(Ti)-NH2 solid, favouring diffusion and light 
harvesting. 
In order to further insights on the optimal photocatalytic activity 
of oxygen-plasma treated MIL-125(Ti)-NH2-10m sample respect 
to the pristine MIL-125(Ti)-NH2 solid, the photocurrent response 
of MIL-125(Ti)-NH2-10m on FTO electrodes was measured. [16] 
Figure 9 shows that the photocurrent intensity increases as the 
polarization voltage increases. Interestingly, the onset potential 
for MIL-125(Ti)-NH2-10m is somewhat smaller by 0.1 V respect 
to pristine MIL-125(Ti)-NH2 material (see insets of Figure 9). 
This observation agrees with the shift in the HOCO-LUCO band 
energy values measured by XPS and absorption spectroscopy 
upon plasma treatment. Furthermore, a higher photocurrent 
increase was observed upon addition of methanol when using 
MIL-125(Ti)-NH2-10m respect to pristine MIL-125(Ti)-NH2. This 
observation agrees with the higher photocatalytic H2 production 

a)                                                                                      b)

c)                                                                                             d)

N+

N+

N

N+
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measured for MIL-125(Ti)-NH2-10m respect to MIL-125(Ti)-NH2 
in the presence of methanol as sacrificial electron donor. 
 

  
Figure 9. Photocurrent intensity versus polarization potential measured for the 
pristine MIL-125(Ti)-NH2/FTO (a) or MIL-125(Ti)-10m/FTO (b) electrode in a 
deoxygenated TBAPF6 (0.1 M) acetonitrile solution in the absence (1, red line) 
or in the presence (b, blue line) of methanol upon 300 W Xe lamp illumination. 
The insets show a magnification of the photoresponse in the absence of 
methanol, with indication of the onset potential. 

Conclusion 

The present study shows that oxygen plasma treatment on the 
benchmark MIL-125(Ti)-NH2 material generates structural 
defects that induces electronic changes resulting in the 
formation of an optimized solid with enhanced photocatalytic 
activity. Characterization data by PXRD and isothermal N2 
adsorption reveal that plasma treated MIL-125(Ti)-NH2 solids 
retain crystallinity in a large extent, diminishing somewhat BET 
and pore volume. XPS, FT-IR and thermogravimetric analyses 
have shown that plasma treatment on MIL-125(Ti)-NH2 induces 
partial decarboxylation and concomitant Ti-OH formation. 
Diffuse reflectance UV-Vis spectroscopy and valence band 
determination shows the alteration of the band energy values. 
Importantly, optimized MIL-125(Ti)-NH2-10m solid exhibits 
superior photocatalytic activity for overall water splitting and 
hydrogen evolution in the presence of methanol as sacrificial 
agent respect to the pristine MIL-125(Ti)-NH2. In summary, this 
work provides evidence of the influence of structural defects on 
the photocatalytic activity proposed in theoretical studies and 
shows a strategy to further increase the photocatalytic activity of 
MOFs through defect engineering by plasma treatment.   

Experimental Section 

2.1. Materials 

All the chemicals and reagents used in this work were of analytical or 
HPLC grade and supplied by Merck. 

2.2. Synthesis of MIL-125(Ti)-NH2 

MIL-125(Ti)-NH2 was prepared by a solvothermal method as previously 
reported.[16] Briefly, 2-aminoterephthalic acid (1.43 g, 7.9 mmol) was 
dissolved in anhydrous N,N-dimethylformamide (DMF, 20 mL) and, then, 
anhydrous methanol (5 mL) was added to the flask. The system was 
sonicated for 20 min and, then, transferred to a Teflon-lined autoclave 
(50 mL). Subsequently, titanium isopropoxide (1.36 g, 4.8 mmol) was 
added and the autoclave was sealed and heated up to 110 °C for 72 h. 
The system was cooled down to room temperature and the resulting 
precipitate was recovered by filtration, washed with DMF at room 
temperature for 12 h under stirring and, then, washed with DMF at 
120 °C for 12 h. The same washing procedure was repeated using 
methanol as solvent. Finally, the solid was recovered by filtration and 
dried in an oven at 100 °C. 

2.3. Oxygen plasma treatment 

Oxygen plasma treatment of MIL-125(Ti)-NH2 was carried out using a 
commercially available, low-pressure plasma FEMTO (Diener) instrument. 
Briefly, a certain amount of sample (100  mg) weighed on a crucible was 
introduced in the plasma chamber. The chamber was firstly degassed 
under vacuum for 30 min and, then, an O2 flow was introduced achieving 
after 5 min a stable and constant pressure of 4 mbar. An optimized 
potential of 10 W was found to be appropriate to generate structural 
defects on the MIL-125(Ti)-NH2 material in relatively short times (5, 10 
and 15 min). Finally, the plasma chamber was submitted to vacuum for 5 
min and then, refilled with Ar until atmospheric pressure was reached. 

2.4. Catalyst characterization 

Powder X-ray diffractograms (PXRD) of plasma-treated MIL-125(Ti)-NH2 
samples were recorded in a Philips XPert diffractometer (40 kV and 45 
mA) using Ni filtered Cu Kα radiation. Diffuse reflectance UV-visible 
spectra of the solids were recorded in a Cary 5000 Varian 
spectrophotometer with an integrating sphere where the sample as 
compressed powder was placed in a sample holder. X-ray photoelectron 
spectra (XPS) were recorded using a SPECS spectrometer equipped 
with a MCD-9 detector using a monochromatic Al (Kα= 1486.6 eV) X-ray 
source. Spectra deconvolution was performed after Shirley subtraction of 
background with the CASA software using the C 1s peak at 284.4 eV as 
binding energy reference. Fourier-transform infrared (FTIR) spectra were 
recorded on compressed powders using a Bruker spectrophotometer in 
an attenuated total reflectance (ATR) cell. The morphology of the MOF 
samples was characterized using a scanning electron microscope (SEM, 
Zeiss instrument, AURIGA Compact). MOF particle size distribution was 
estimated for each sample by measuring more than 300 particles. 
Isothermal N2 adsorption measurements of the MIL-125(Ti) solids were 
carried out using an ASAP 2010 Micromeritics station.  

2.6. Photocatalytic water splitting experiments 

All the experiments were carried out at least in triplicate. The presented 
data points corresponds to the average of the independent 
measurements and the error bar corresponds to the standard deviation. 
The photocatalytic water splitting experiments were carried out in the 
absence or in the presence of methanol as sacrificial electron donor. 
Briefly, 20 mg of catalyst was dispersed in 20 mL of distilled H2O or a 
mixture of H2O (18 mL) and methanol (2 mL) using a quart reactor (51 
mL) and the system sonicated for 20 min to obtain a good solid 
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dispersion. Then, the system was purged with Ar for 1 h. The suspension 
under stirring was irradiated with a Xe lamp (150 W). In some cases a 
cut-off filter (λ >450 nm) was employed to ensure visible light irradiation. 
In other experiments irradiations were carried out under simulated 
sunlight irradiation (OrielTM, 1 sun power). 

 The evolved gases from the different experiments were analysed 
by withdrawing from the head space several aliquots at different reaction 
times. Then, the reaction aliquots were injected into an Agilent 490 Micro 
GC system (Molsieve 5 Å column using Ar as carrier gas). The 
temperature of the reactor was monitored and the pressure was analysed 
by means of a manometer. 

2.7. Methyl viologen (MV2+) experiments 

Photoinduced electron transfer measurements were carried out using 
MOF dispersions (0.2 mg/mL) in water/methanol mixtures (9:1 vol:vol) 
containing acetonitrile solution of MV2+ (0.15 mM). The MOF dispersions 
containing MV2+ were sonicated, placed in quartz cuvette capped with 
septa and bubbling Ar for 5 min prior irradiation. The cuvettes containing 
the MOF dispersions under Ar atmosphere were irradiated with a Hg-Xe 
lamp (150 W) for different times and measuring the UV-Vis absorbance 
with a Cary 50 Conc UV-Vis spectrophotometer. The photoinduced 
electron transfer measurements were followed by the increase of the 
absorption band centered near 400 nm and corresponding to the MV·+ 
radical cation. 

2.8. Photocurrent measurements 

Photocurrent measurements were carried out in a standard three-
electrode electrochemical cell using a transparent fluoride-doped tin 
oxide (FTO)-coated glass substrate coated with a thin layer of the 
corresponding MIL-125(Ti)-NH2 sample (FTO-MIL-125(Ti)-NH2). The 
FTO-MIL-125(Ti)-NH2 films were employed as working electrode, a 
platinum wire as the counter electrode and a standard calomel electrode 
(SCE) as the reference electrode. Prior to the measurement, the oxygen 
present in the cell was removed by bubbling an Ar stream through the 
electrolyte. The photocurrent was measured under dark and under 
illumination upon polarizing the working electrode at potentials from 1.4 
to -0.2 V. Irradiation was performed using an optical fibber connected to 
a 300 W Xe lamp. 
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