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Abstract: MOFs (metal-organic frameworks) are versatile materials 
for a number of applications dealing with environment, energy and 
health topics. A novel synthesis route is presented in this work with 
the objective of enhancing the production of MOFs. This is triggered 
by hydrogen peroxide (H2O2) to promote the synthesis of 
terephthalate-based MOFs of MIL-53 and MIL-68 types, specifically 
those made from Fe3+ and Al3+ and mixtures of both. The different 
characterization techniques (TGA, XRD, SEM, TEM, N2 porosimetry 
and Raman, mass and NMR spectroscopies) allowed to gain insight 
into the H2O2 effect on the MOF synthesis. Reaction yield was 
significantly improved (the highest yield being 74% for MIL-53(Al)), 
while crystallinity and N2 adsorption properties were mostly 
maintained for phases based on Al and Al/Fe. Furthermore, a 
reaction mechanism was envisaged from the mass spectroscopy 
analysis of the synthesis solutions, suggesting for H2O2 a role of µ-
hydroxo bridge promoter, favoring the link between terephthalate 
ligands and aluminum containing species to give rise to the µ-
carboxylate bridges, leading to a faster growth of the final MOF, and 
offering a novel MOF synthesis approach.  

The efficient synthesis of MOFs is a decisive point for the 
industrial use of these materials, which are effective in several 
key applications related to gas separations and storage,[1] 
selective membranes,[2] catalysis,[3] encapsulation[4,5] and 
medicine,[6] among others. The commonest synthesis method is 
the solvo- or hydrothermal, in which the precursors, i.e. a metal 
salt and an organic ligand, are dispersed in an organic solvent or 
water.[7,8] The mixture can be heated up at high temperature 
(working under autogenous pressure) for relatively long reaction 
times.  
Several methodologies are reported as alternative to the classic 
solvothermal synthesis. The most studied are the microwave[9] 
and the sonochemical[10] assisted syntheses, which require a 
more complicated setup. These methods increase nucleation 
through the perturbances that they create in the media. 

Consequently, they affect crystallization and growth, differently 
to the basic solvothermal method.[8] Other remarkable methods, 
the mechanosynthesis and high pressure driven synthesis, i.e. in 
absence of solvents, have been proved useful, but only with a 
few MOFs.[8,11]  
Alternatively to external physical modifications, in situ chemical 
variations have been successfully described, such as the 
coordination modulation approach,[12,13] the use of some 
additives[14–16] and the application of reactive gas 
atmospheres.[17] In liquid phase, to modulate the synthesis, a 
monodentante ligand is added to the media, such as 
monocarboxylate or amine ligand, that typically improves the 
crystallinity of the MOF and can modify its shape.[12,13,18] Other 
chemicals can influence the size, shape or surface of MOF 
particles, such as surfactants[14,15] and blocking agents.[16] 
Regarding the modification of the reaction atmospheres, CO or 
O2 at high pressure have been used to improve the crystallinity 
and to accelerate the synthesis, allowing the creation of 
bimetallic MOF particles with different profiles of metal 
composition.[17] 
Hydrogen peroxide (H2O2) is a common reactant and a strong 
oxidant used in a wide variety of applications such as water 
treatment, pulp and textile bleaching, and chemical synthesis, 
among others.[19] In water and soil treatment, it is well-known the 
Fenton reactions to boost hydroxyl radical formation thanks to 
the reaction of H2O2 with iron ions[20,21] to remove persistent 
organic pollutants, promoting their oxidation.[19] Representative 
Fenton reactions are as follows: 
H2O2 + Fe2+ → ·OH + Fe3+ + OH- (1) 
H2O2 + Fe3+ → HO2

· + Fe2+ + H+ (2) 
with respective k values of 51 M-1s-1 and 0.01 M-1s-1, in aqueous 
media at room temperature.[22] Equation (2) is disfavored 
compared to (1), although (2) is favored in high concentrated 
solutions of Fe3+.[23] In bleaching, hydrogen peroxide removes 
the organic components. In chemical synthesis, H2O2 role can 
turn complex. For example, it can promote, in presence of Fe2+, 
the hydroxylation of tartaric acid[20] and terephthalic acid,[24] or 
the epoxidation of alkenes.[25,26] 
Considering previous results reported by our group in which the 
crystallization of MOFs was accelerated in oxidant gas 
atmospheres,[17] it was hypothesized the use of H2O2 as a MOF 
synthesis promoter. Specifically, it has been proven effective on 
the synthesis of terephthalate-based MOFs with trivalent metals  
(Fe3+ and Al3+), which, to the best of our knowledge, has not 
been previously described in the synthesis of hybrid 
microporous materials. Firstly, we performed reference 
experiments to observe the effect of stablished conditions on the 
final obtained MOF (see Figs. 1 and S1 and S2, Tables 1 and 
S1), considering that the basis conditions studied here are not 
the same as those reported.[27–30] The addition of H2O2 (x1 and 
x2 equivalents or molar proportion with respect to the reactants) 
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Figure 1. Final phases obtained with Fe3+, Al3+ or an equimolar blend of both for 1.25 h, their respective diffraction patterns (A1a, A2a 
and A3a) compared with the simulated (A1b, A2b and A3b, CIFs 220475, 778931 and 222072), [27,28,31,32] and the SEM images of 
each phase (B1-B3). No H2O2 was used in these runs 
 

Table 1. Reaction conditions for the three sets of experiments at 90 ºC. Molar 
ratios of metal ions, terephthalic acid and solvent for all runs were 2M3+ (M=Al3+, 
Fe3+ or Al3+/ Fe3+, equimolar):2H2BDC:129DMF, without H2O2, and with H2O2 at 
molar proportions 1 and 2 (x1 and x2). 
 

M(s) Molar ratio Run 
(0x H2O2) 

Run 
(x1 H2O2) 

Run 
(x2 H2O2) 

Time 

Al 2Al:2H2BDC 1.1 2.1 3.1 1.25 h 
1.2 2.2 3.2 2.25 h 

Fe 2Fe:2H2BDC 1.3 2.3 3.3 1.25 h 
1.4 2.4 3.4 2.25 h 

Al/Fe 1Al:1Fe:2H2BDC 1.5 2.5 3.5 1.25 h 
1.6 2.6 3.6 2.25 h 

 
to the synthesis media of MIL-53(Al) produced an important 
increment of the reaction yield (Table 2), being more remarkable 
for 1.25 h, when the yield increased from 5% to 49% (runs 1.1, 
2.1 and 3.1). The highest yield of 74% (Table 2) was obtained 
for 2.25 h and a H2O2 molar ratio x2 (run 3.2). As shown in Fig. 
S3, the XRD intensities corresponding to the samples obtained 
in presence of H2O2 appear at the same 2·theta values than in 
both the simulated and the blank experiments (no H2O2) patterns. 
Besides, the peaks in the diffraction patterns appeared wider in 
the runs with increasing amount of H2O2, suggesting a loss of 
crystallinity or changes in crystal size. However, BET areas 
remained similar for all experiments (the highest value of 1245 
m2/g obtained in run 2.2 with a H2O2 molar ratio x1), and close to 
the reported values for MIL-53(Al) (1140 m2/g).[27] Particle size 
was maintained ca. 100 nm (see SEM and TEM images in Figs. 
S4 and S5). The BET specific surface area values and the XRD 
patterns suggest that in case of MIL-53(Al) a H2O2 molar ratio x1 
was the optimum. 
Regarding the MIL-53(Al) XRD patterns, Fig. S3 shows that the 
main peak at 8.7º shows a shoulder at 9.3º, and a peak at 12.5º 
also appeared with low intensity for some samples (runs 1.1 and 

3.1 and 3.2, with no H2O2 and the largest amount of it, 
respectively). This is in agreement with the presence of a part of 
the material in the hydrated form, as can be inferred from the 
comparison with the simulated pattern of the hydrated or lt form, 
in which water molecules are bound by hydrogen bonds to 
adjacent carboxylates of terephthalate that narrow the pores and 
give rise to different diffraction patterns.[27] Raman spectroscopy 
highlights these different configurations (Fig. S6 and Table S2). 
Significant shifts of the carboxylate bands were observed, as 
hydrogen bonds are lacking, compared to the Raman spectrum 
of MIL-53 lt, while the vibrations corresponding to aromatic 
stretching and deformations are mainly kept. The band at 179 
cm-1 of MIL-53(Al) synthesized here is also a remarkable 
difference, the network in the open pore form shows a lattice 
vibration (contraction and expansion) of the network (as it is 
displayed for carbon nanotubes in the radial breathing mode).[33]  
 
Table 2. Yield and BET area values for synthesis of MIL-53(Al), MIL-68(Fe) 
and MIL-68(Al/Fe) in different conditions (see Table 1).  

 x0 H2O2 x1 H2O2 x2 H2O2 

t(h) Run % 
BET 
area 

(m2/g) 
Run  % 

BET 
area 

(m2/g) 
Run % 

BET 
area 

(m2/g) 
MIL-53(Al) 

1.25 1.1 5.0 - 2.1 27 824 3.1 49 1072 
2.25 1.2 39 1145 2.2 40 1245 3.2 74 1025 

MIL-68(Fe) 

1.25 1.3 4.1 - 2.3 0.5 - 3.3 18 - 

2.25 1.4 6.2 186 2.4 4.7 - 3.4 36 53 
MIL-68(Al/Fe) 

1.25 1.5 18 1189 2.5 31 1077 3.5 39 396 
2.25 1.6 30 1235 2.6 48 1139 3.6 56 947 
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In addition, since the solid 13C-NMR spectra  were almost 
identical for common MIL-53(Al) and that obtained in presence 
of H2O2, the chemical environments of the carbon atoms (three 
different types of C atoms corresponding to the three main 
peaks in Fig. S7) showed no differences, even though the pore 
configuration was different for each sample.  
 All in all, for MIL-53(Al) syntheses a clear increase in yield was 
observed, as well as a preservation of textural properties and 
generation of similar particles (TEM images Fig. S54) with 
broadening diffraction peaks. H2O2 exhibited a clear promoter 
role on the synthesis, affecting the crystallization dynamics. 
Firstly, to explain the mechanism behind, the chemical 
modification of the ligand by hydroxylation (given the oxidant 
function of H2O2) of the aromatic ring of the terephthalic acid to 
form 2-hydroxyterephthalic acid was discarded from the Raman 
spectra. The shifts for the final phase of MIL-53(Al) treated with 
H2O2 showed the same band pattern of para-substituted 
aromatic ring, as the reference MIL-53(Al) obtained without H2O2 
(Fig. S6 and Table S2). 
Moreover, the reaction was studied by liquid 1H- and 13C-NMR, 
with and without H2O2, in order to understand why MIL-53(Al) 
formation evolves differently in presence of hydrogen peroxide. 
For these studies, an aliquot was taken after 45 min of reaction 
in both cases. For 1H-NMR analysis, 0.5 mL of the studied 
solution was mixed with some drops of CDCl3. Even if DMF 
(reaction solvent) and partially deuterated DMF (formed in the 
analysis mixture) signals were large, potential modifications 
could be observed in the linker terephthalic signals from the 
aromatic area. However, in agreement with the above 
mentioned Raman study (Fig. S6), the observed NMR peaks in 
the reactions with and without H2O2 were the same and they 
correspond to the terephthalic acid reference (Fig. S8).  
The reaction was also analyzed by high resolution mass 
spectroscopy (HRMS), again with and without H2O2 (Fig. S9), to 
study if H2O2 modified the precursor chain of MIL-53(Al). One 
microliter of each sample, taken also at 45 min, was diluted in 
methanol and ionized using the positive electrospray ionization 
mode (ESI+). Without H2O2, several peaks at different m/z ratios 
were observed. The resolved peaks correspond to positive 
molecular ions in which Al3+ cations are linked by terephthalate 
bridges, and some molecules of the ionized solvent complete 
the coordination sphere of metal atoms (m/z 433 and 611) (Fig. 
2a). A single unit was also observed, with one terephthalate 
ligand linked to the Al3+ nucleus (m/z 296) (Fig. 2b). In the 
sample with H2O2, the only observed peak corresponds to a 
single cation with two terephthalate ligands linked to one Al3+ 

nucleus (m/z 430) (Fig. 2c). In this sample, molecular ions with 
Al-µ-terephthalate-Al chains of Fig. 2b were not observed. 
Taking into account that a 1D structure is known to be present 
as a ribbon of aluminum linked through µ-OH and µ-
terephthalate bridges,[27] it is plausible to suppose that µ-OH 
bridges were unstable to ionization conditions and they could not 
be detected, even if they were present, in the studied solutions.  
A different mechanism of MOF nucleation is hypothesized to 
explain the differences between the observed species in HRMS 
with and without H2O2. Without H2O2, chains of terephthalate 
bridges would form first and be observable in HRMS. From 
these chains, µ-hydroxo bridges generate slowly to yield the 
MOF later. In presence of H2O2, µ-hydroxo bridges would form 

directly at first. Then, terephthalate links an aluminum nucleus 
(this molecular entity was observed through HRMS, obviously 
without OH bridges) (Fig. 2c), and finally µ-carboxylate bridges 
form easily between aluminum atoms that were already close. 
This difference in the mechanism of formation of µ-hydroxo 
bridges is consistent with a faster nucleation and growth and a 
higher reaction yield in presence of H2O2. 
Regarding the role of DMF, in general, its use has been 
discussed not only as common solvent but sometimes as an a 
priori irreplaceable solvent in the MOF synthesis. Here, it 
completes the coordination around metal ions. The polar 
properties of DMF to dissolve the metal-ligand complexes and 
the acid pH, which allows to have the free cations in solutions, 
promote the precursor formation instead of inorganic 
polymerization or oxides formation.[34]  

 

Figure 2. Chain precursor formation of µ-hydroxo and µ-terephthalate bridges 
to form MIL-53(Al) (a). MS fragments from MIL-53(Al) precursor syntheses 
without H2O2 (b) and with H2O2 (c). MS fragments from MIL-68(Fe) precursor 
synthesis (d). Color code: Al (green), Fe (red), bridge O (grey). 

The approach followed with MIL-53(Al) was extended to Fe and 
Al/Fe terephthalates (with respective highest yield increases 
from 6.2% to 36% and from 30% to 56%) in order to explore the 
versatility of this novel synthesis method based on the use of 
H2O2. First, a solution of both metal salts in DMF (without 
H2BDC) was treated in the same reaction system at the same 
conditions (90 ºC and 1.25 h) with and without H2O2. An orange 
solution was obtained without H2O2 (Fig. 3Aa). In presence of 
H2O2, the solution changed color (Fig. 3Ab, x1), with an increase 
of redness as the concentration of H2O2 was increased (Fig. 3Ab, 
x2), suggesting the formation of nanoparticles. The particles of 
the salt solution treated with x2 H2O2 (Fig. 3Ac) were recovered 
by centrifugation after 30 min of reaction and analyzed by TEM 
and STEM. Sharpened needle-shape nanoparticles (3-45 nm 
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wide and 100-550 nm length, depending on the agglomeration) 
were observed (Figs. 3B and 3C). The EDS analysis showed 
that the composition was based on iron (Fig. 3D), and no 
aluminum was detected at this reaction time. The formation of 
these particles could be explained from a redox process. As 
mentioned in the introduction, the combination of Fe3+ and H2O2 
is well-known for producing Fenton reactions. The generation of 
HO2

· species and Fe2+ is possible due to the great excess Fe3+ 
used, and maybe favored by the relatively high temperature. 
This could lead to the formation of particles of mixed valence 
iron complexes. Nevertheless, Fenton reactions produce 
hydroxyl radicals ·OH that might lead to the quick transformation 
of terephthalic acid into 2-hydroxyterephthalic acid, but this fact 
was discarded from Raman spectra as discussed above. 
Moreover, neither the solution reactions (Fig. 3A) nor the 
obtained MOFs with Fe3+ (with or without H2O2) showed 
fluorescence with a UV lamp at 254 or 365 nm corresponding to 
2-hydroxyterephthalic acid.[24] Otherwise, and from an oxidation 
point of view, H2O2 could have promoted the formation of iron 
oxides that condense at the working conditions, these species 
being responsible for the color change observed in the reactions 
with hydrogen peroxide. This oxide was expected to be formed 
in higher extension for the sole iron synthesis, and Raman 
bands at 332 and 447 cm-1 (Fig. S6 and Table S2) attributed to 
Fe-O bond vibrations of oxides and hydroxides seem to 
corroborate it, as they are not observed in the other phases.  
A yield increase was observed for both syntheses, MIL-68(Fe) 
and MIL-68(Al/Fe) (Table 2). However, the yield only raised its 
value by using the double proportion of H2O2 in case of MIL-
68(Fe) (3.3 and 3.4). In fact, it decreased significantly for 1.25 h 
and x1 H2O2 (2.3). The formation of the described sharp 
particles with H2O2, using just the metal salts and the solvent, 
could hinder the MOF growth first.  
The study by HRMS of the reaction with H2O2 revealed the 
existence of iron dimers with both µ-oxo and µ-terephthalic 
bridges between both iron nuclei. One chloride atom (coming 
from the ferric chloride used as reactive) linked to each metal 
atom and with some small molecules (DMF or N,N-
dimethylformamide dimethylacetal, DMFDA, formed by reaction 
of DMF with methanol upon ionization) complete the 
coordination sphere of metal atoms (Figs. 2d and S10). 
Hydrogen peroxide could increase the formation of oxygen 
bridges between Fe3+, as described above for aluminum, or 
increase the formation of ferric oxides. 
Regarding the textural properties, the BET specific surface 
areas were low for all MIL-68(Fe) samples (see Table 2) and 
some experiments did not yield enough amount of powder for 
the measurements. Moreover, the reported experimental value 
for MIL-68(Fe) is relatively low, 355 m2/g, with a previous 
degasification at 250 ºC.[28] A temperature of 200 ºC was used 
here, which may justify the lower values obtained. The BET 
areas in the mixed phase MIL-68(Al/Fe) were slightly reduced, 
particularly with x2 H2O2. This can be explained by the increase 
of the iron content when more H2O2 was added, comparing the 
respective values in the pure phases (low for Fe-based and high 
for Al-based MOFs) and the color change observed for the final 
phases (Fig. 3E). For example, in the 2.25 h experiments, the 
BET area values were with x2 H2O2 1025 m2/g for MIL-53(Al) 
(3.2), 53 m2/g for MIL-68(Fe) (3.4) and 947 m2/g for mixed MIL-

68(Al/Fe) (3.6, orange color), meanwhile for those without H2O2, 
1145 m2/g for MIL-53(Al) (1.2), 186 m2/g for MIL-68(Fe) (1.4) 
and 1235 m2/g for mixed MIL-68(Al/Fe) (1.6, raw white color). 
Besides that, a differentiated low value was obtained at 1.25 h 
and x2 H2O2 for MIL-68(Al/Fe) (3.5), 396 m2/g, in agreement with 
the lower crystallinity (Fig. S11). MIL-68(Al) can exhibit a BET 
area as high as ca. 1400 m2/g,[31] what agrees with the fact that 
the highest BET area sample (1.6) was almost white consistent 
with a low or null Fe content. 
For MIL-68(Al/Fe), no significant changes were observed in 
crystallinity (Fig. S10) or in morphology in SEM images (Fig. 
S12) comparing the reference samples with those produced in 
H2O2, except for the diffraction pattern of sample synthesized for 
1.25 h with x2 H2O2 (3.5) in agreement with the low BET area. 

 

Figure 3. Photos corresponding to the solutions of Fe3+ and Al3+ metal salts 
after 1.25 h (A) of blank (a), x1 H2O2 (b) and x2 H2O2 (c); TEM (B) and STEM-
HAADF (C) images of the particles recovered from A(c); and EDS analysis 
profile (D) of (C). Photos of the obtained solids in the Al3+/Fe3+-terephthalate 
experiments (E). 
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This diffraction pattern might be compatible with that 
corresponding to a mixture of MIL-53(Al) and MIL-53(Fe), the 
latter not presenting an appreciable BET area.[35] Additionally, 
considering the excess of promoter (x2 H2O2) and the reduced 
time, more nuclei were formed and the growth of particles (Fig. 
3A) was limited by the shorter time. In case of MIL-68(Fe), the 
morphology was noticeably modified, the reference 
rhombohedral particles turned into polydisperse rods for 
samples with x2 H2O2 (Fig. S13). In fact, it was observed an 
increased XRD background and peak broadening, therefore 
some crystallinity was lost (Fig. S14).  
Summarizing, H2O2 produced an increase of synthesis yield for 
MIL-53(Al) and MIL-68(Al/Fe), while MIL-68(Fe) seemed to be 
impure by the presence of some oxide. The crystallinity and the 
BET area were roughly kept for MIL-53(Al) and MIL-68(Al/Fe). 
For iron-based phases, the formation of needle-like particles of 
iron oxide was favored with H2O2, and mixed MOFs with different 
iron content were produced by controlling the synthesis time and 
the amount of H2O2. In case of Al containing MOFs, the 
hydrogen peroxide would promote the early formation of µ-
hydroxo bridges and then terephthalate ligands would link 
aluminum containing species to give rise to the µ-carboxylate 
bridges between metallic atoms already close, leading to a 
faster growth of the final MOF. Contrarily, in absence of H2O2 

chains of terephthalate bridges would form first, delaying the 
synthesis of the MOF. Finally, regarding the amount of H2O2 
used, a H2O2 molar ratio x1 seemed to the the optimum from the 
point of view of both the BET specific surface area values and 
the appearednce of the XRD patterns more close to the 
simulated. 
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