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A B S T R A C T   

In recent years, alternative methods to conventional synthesis of MOFs (metal-organic frameworks) have 
emerged due to the problematic use of solvents for both the environment and human health. Here we present the 
synthesis of ZIFs (zeolitic imidazolate frameworks) at high pressure by means of a hydraulic press provided with 
a heating mechanism. By the optimization of parameters such as temperature, time and the addition of promotor 
NH4NO3, a considerable increase in the reaction yield was achieved in products, neither washed nor activated, 
obtained since the first minute of reaction. Depending on the operation conditions, ZIF-L appeared as competing 
phase with ZIF-8. Upon transformation of ZIF-L into ZIF-8 in presence of ethanol, a reaction yield of 58.2% was 
achieved to highly crystalline ZIF-8 with a BET specific surface area of 947 m2/g. This green, fast, versatile and 
improved method suggests a possible way to future synthesis of other MOFs and the possibility of their industrial 
implementation.   

1. Introduction 

MOFs (metal-organic frameworks) are versatile materials due to 
their use in a vast number of applications [1]. MOFs are 
organic-inorganic crystalline porous materials composed by an inor-
ganic part (a metal cluster) joined by coordination bonds to organic li-
gands [2]. Among their very interesting properties, it should be 
highlighted the high and permanent porosity [3] and the possibility of 
changing the pore architecture and functionality [4,5], which can be 
achieved by the modification of the ligand. These properties make them 
suitable materials for use in applications such as catalysis [1], gas 
storage [3,6,7], membrane separation [8,9], drug delivery [10] and 
encapsulation [11,12], among others. 

In this work we focus on the family of MOFs based on imidazolate 
ligands, the so-called ZIFs (zeolitic imidazolate frameworks) with 
tetrahedral coordination geometry. This name derives from the simi-
larity of the angle formed by the metal ion and the ligands with that 
present in zeolites between aluminum or silicon and oxygen atoms: 145◦

[13]. Among the most prominent ZIFs, ZIF-8, a MOF with the SOD type 
structure, is composed of Zn metals coordinated to nitrogen atoms 
present in the organic ligand 2-methylimidazolate. ZIF-8 has micropores 
of 0.34 nm with cavities of 1.1 nm, high thermal stability (up to 400 ◦C) 

and a hydrophobic character [13]. This MOF has been widely studied for 
applications such as gas separation [14], encapsulation [15], H2 storage 
[16] and catalysis [17]. 

The synthesis of these materials has usually been carried out mainly 
through solvothermal processes. However, due to the problem of using 
some solvents (especially during the synthesis but also in the following 
washing and activation processes), more respectful processes with 
environment and health have arisen. Examples of these new methods are 
hydrothermal processes [18], microwave-assisted synthesis [19], 
sonocrystallization [20], mechanosynthesis [21] and high-pressure 
synthesis [22]. These last two methods, besides having the advantage 
of avoiding solvents (and therefore potential contamination and high 
invest, as regards to solvents such as dimethylformamide, dime-
thylsulfoxide, etc.), they allow working in much shorter synthesis times 
than in case of solvothermal methods. These syntheses require a short 
time in the order of minutes instead of hours or even days as in the case 
of solvothermal ones, which is very interesting when thinking of scaling 
up to industrial productions. 

Regarding the high pressure method, some previous studies dealt 
with the variation of pressure and its consequence on the structure of 
MOFs [23,24], while a previous solventless synthesis of ZIF-8 at high 
pressure and room temperature [22] and solventless high pressure 
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encapsulation of several organic compounds in carboxylate type MOFs 
[25] were done in our laboratory. Here, the effect of temperature, time, 
ligand:metal ratio and the addition of promotor on high-pressure syn-
thesis of ZIF-8 and ZIF-L will be analyzed. These parameters have not yet 
been studied and it is believed that can have a great effect on the 
characteristics of the final products and their reaction yield. It will also 
be the first time that the conversion of ZIF-L obtained from solventless 
high pressure method into ZIF-8 is studied. 

2. Experimental section 

2.1. Synthesis of ZIF-8 

As base synthesis, we adapted the procedure that Paseta et al. [22] 
carried out in which stoichiometric amounts of metal and ligand were 
used (2:1 ligand:metal ratio), following the empirical formula Zn 
(mIm)2, where mIm corresponds to 2-methylimidazolate. A hydraulic 
press was used for the solventless synthesis (YLJ 15T, MTI corporation). 
The press is provided with a thermal jacket (500 W) which wraps the 
cylinder where the reaction takes place, as shown in Fig. 1. The oper-
ating pressure along the study was in the 60–600 MPa range. 

Fig. 1 shows a scheme of the inner part of the press. In the middle, the 
cylinder where the reaction takes place. Inside it, a short rod has the 
function of base where the solid reactants are placed. After inserting the 
reactants, the upper rod is introduced, which acts as piston. Surrounding 
the reaction cylinder, there is another concentric cylinder, which is 
provided with a heating mechanism connected to a controlling system 
(Fig. S1). The operating temperature was in the 20–145 ◦C range. 

The base synthesis consists of 0.203 g of ZnO (2.5 mmol; Sigma- 
Aldrich, ≥99%) placed in a vial (8 mL) with 0.410 g of Hmlm (5 
mmol; Acros-Organics, 99%) and mixed by hand shaking for about 2 
min. The mixture was then placed inside the metal cylinder of the hy-
draulic press previously heated up to the reaction temperature (room 
temperature, 70, 90, 110, 130 and 145 ◦C). Then, the mixture was 
compacted under different pressures (60, 150, 240, 300, 450 and 600 
MPa) and times (1, 2, 5, 10, 20, 60 and 240 min). After that, the obtained 
pills were analyzed directly, without washing or purifying, since the 
contact with any solvent may promote the reaction between the excess 
reactants. 

Similarly, the procedure was repeated with different mIm:Zn molar 
ratios (from 2:1 to 3:1) and with the addition of different amounts of 

NH4NO3 (5, 10, 15, 20, 40 and 80 mg e.g. 0.8–11.6 wt% to the total 
content of reactants) to the synthesis solid mixture for increasing the 
reaction yield. 

For comparison, ZIF-8 was synthesized through a conventional sol-
vothermal method [15]. Two solutions were prepared with methanol as 
solvent. For the first one, 6.85 g (83 mmol) of HmIm (Acros-Organics, 
99%) was dissolved in 200 mL of methanol. For the second one, 2.93 g 
(9.8 mmol) of Zn(NO3)2⋅6H2O (Sigma-Aldrich, 98%) was dissolved in 
200 mL of methanol. Both solutions were mixed and stirred during 30 
min at room temperature. The suspension obtained was centrifuged at 
8000 rpm for 15 min. The solid recovered was washed twice with 15 mL 
of methanol, centrifuged under the same conditions and dried at room 
temperature overnight. 

2.2. Characterization 

X-ray diffraction (XRD) was performed at room temperature by 
powder X-ray diffractometry (PXRD, Bruker D8 Advance) with a copper 
anode and a graphite monochromator to select Cu Kα radiation with λ =
1.5418 Å. Data were gathered in the 2θ range = 5− 40◦, and the scanning 
rate was 0.03◦/s. 

Thermogravimetric analyses (TGA) were carried out using Mettler 
Toledo TGA/SDTA 851e equipment. The samples were put in 70 μL 
alumina pans and heated up to 700 ◦C with a heating rate of 10 

◦

C/min 
under air atmosphere. The yield was calculated from the TGA data as the 
quotient between grams of ZnO in ZIF-8 and total grams of ZnO in the 
sample (Equation (1)). The ZnO yield to ZIF-8 was estimated from the 
stoichiometric formula, Zn(mIm)2, considering ZnO and mIm in dry 
basis in pure ZIF-8. Unreacted ligand and solvent was discounted, i.e. the 
TGA mass loss in % below 350 ◦C was discarded and this value at around 
350 ◦C (i.e. mIm in sample in equation (1)) was normalized to 100% of 
the total loss of mass. 33.69 and 66.31 g are the amounts of ZnO and 
mIm respectively calculated in 100 g of ZIF-8. 

Yield (%)=
mIm in sample (%)⋅33,69 g ZnO in ZIF− 8

66,31 g mIm in ZIF− 8

(100 − mIm in sample (%)) g ZnO in sample
⋅100 Equation 1 

Scanning electron microscopy (SEM) was performed using an 
Inspect-F microscope (FEI) operated at 10 kW. The samples were pre-
pared over a magnetic strip by coating with gold under vacuum 
conditions. 

Fig. 1. Scheme of the cross section of the press. 1 – Heating cylinder, 2 - steel sleeve (die) or cylinder with 1.27 cm ID and 10.0, cm length, 3 – pushing rod (downer 
one/base), 4 – pushing rod (upper one/piston). 
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Nitrogen adsorption− desorption isotherms were performed using 
Micrometrics Tristar 3000 with N2 at 77 K. The samples were outgassed 
under vacuum for 8 h at 200 ◦C. The Brunauer− Emmett− Teller (BET) 
method was applied to calculate the BET specific surface area. 

3. Results and discussion 

In this work, we demonstrate that an improvement of the solventless 
synthesis of ZIFs at high pressure is possible by increasing temperature 
and adding a promotor, in our case NH4NO3. Synthesis of ZIF-8 was 
carried out by working with a press provided with a heating unit. The 
main advantage of the high pressure method as compared to the other 
solid state method of mechanosynthesis [26] is the avoidance of 
grinding and its consequent effect on particle size and shape and 
possible amorphization. For the synthesis of ZIF-8, ZnO was used as Zn 

source, following the demonstration of its reactivity by mechanosyn-
thesis [21,26–28]. Paseta et al. already tried with different Zn salt for 
high pressure method and they did not observe apparent reaction when 
Zn nitrate, acetate and chloride salts were used (after washing with 
ethanol the solids they obtained at high pressure were totally dissolved) 
[22]. However, we tried with Zn nitrate at high temperature conditions 
to check if temperature promoted the reaction but it did not work either. 
Zn(acetilacetonate)2 was also tried to check another option of Zn salt but 
any sign of reaction was realized in terms of TGA data and XRD analysis. 
They were also discarded due to problems with possible formation of 
acids (HCl, HNO3, HAc, …) and corrosion of the press. 

Different conditions of time, temperature, ligand:metal ratio and 
amount of promotor were studied. For choosing the best conditions of 
each parameter, characterization studies were made in samples neither 
washed nor activated and yields were calculated from TGA data in air as 

Fig. 2. a) TGA curves of the salt, ligand, ZIF-8 from a solvothermal synthesis and from syntheses both with and without NH4NO3. b) XRD patterns of the salt, ligand, 
ZIF-8 from a solvothermal synthesis and from solventless syntheses both with and without NH4NO3; the inset shows intensities from 5 to 15◦ multiplied by 10 in the 
solventless syntheses without salt. 
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explained in the experimental section. 

3.1. Addition of NH4NO3 

As an overview, Fig. 2a shows the normalized weight losses from the 
TGA of the main compounds involved in this study as well as the desired 
product, ZIF-8, when synthesized by conventional solvothermal condi-
tions (with methanol) and by high pressure method with and without 
the addition of NH4NO3. This salt was used because an increase on the 
reaction yield was reported with its addition at room temperature sol-
ventless conditions [22,26]. Similarly to the procedure that Tanaka et al. 
reported in 2018 for the mechanosynthesis of ZIF-8 [26], here, the acid 
character of NH4

+ from NH4NO3 promotes the acid dissolution of ZnO 
(Equation (2)). Generated NH3 will deprotonate HmIm (Equation (3)), 
which will react with ionized Zn forming ZIF-8 (Equation (4)).  

ZnO + 2NH4NO3 → Zn2+ + 2NH3 + H20 + 2NO3
− Equation 2  

NH3 + HmIm → NH4
+ + mIm− Equation 3  

Zn2+ + 2mIm− → Zn(mIm)2                                                 Equation 4 

NH3/NH4
+ catalyze the formation of ZIF-8. An increased amount of 

NH4NO3, could promote the formation of ZIF-L phase due to the for-
mation of H20 molecules, which are present in the formula of this phase: 
Zn(mlm)2⋅(HmIm)1/2⋅(H2O)3/2 [29] 

Weight losses of this salt and of the ligand are also shown in order to 
check their decomposition temperatures, at around 220 and 145 ◦C, 
respectively. This temperature of 145 ◦C in TGA as well as 18, 22 and 26◦

intensities in the corresponding XRD patterns (Fig. 2b) from the syn-
thesis through the high pressure method evidence that not all the ligand 
reacts when carrying out this method, even if a stoichiometric mIm/Zn 

molar ratio (2) was applied. On the other hand, all samples showed a fall 
in weight loss at around 465 ◦C, which corresponds to the decomposition 
temperature of ZIF-8. This can be considered as an evidence of reaction 
between Zn ion and the ligand (even though they were not washed). 
Moreover, the XRD patterns in Fig. 2b reveal that when adding NH4NO3 
the ZIF-8 reflections increase appreciably. It should be noted that in the 
synthesis without salt, ZIF-8 was also formed. The amount of ZIF was 
obtained from the degradation temperature of ZIF-8 in TGA (Fig. 2a). On 
the other hand, XRD peaks (Fig. 2b) provide information of the crys-
tallinity of this product, which is in agreement with TGA and confirms 
that ZIF-8 is achieved even if the peaks of unreacted ligand and ZnO 
predominate due to the low yield of that first and orientate reaction. To 
enhance the sensibility of the technique, the intensities from 5 to 15◦

were multiplied by 10 due to the low yield of this sample. XRD pattern of 
simulated ZnO is also collected in Fig. 2b in order to show the decrease 
in 32, 34, 37◦ intensities as far as the yield to ZIF increases. These in-
tensities do not disappear completely in any case due to the fact that ZnO 
did not react completely remaining in part in the final product. 

3.2. Effect of temperature 

Different reaction temperatures were analyzed before studying the 
addition of NH4NO3 in order to elucidate how it affects to the charac-
teristics of the products, particularly in what concerns the ZIF yield. As 
Table 1 depicts, the highest yield of 5.8% was obtained at 145 ◦C (run #6 
in Table 1), temperature at which the ligand starts to melt. To avoid the 
melting of reactants while working with the press and also possible 
ligand emanations, the second highest yield of 4.6% obtained at 110 ◦C 
(run #4 in Table 1) was considered to fix this variable and to continue 
with the optimization of the other parameters. TGA data and XRD 

Table 1 
Yields calculated from TGA data for the different conditions analyzed. Run #8 was repeated four times.  

RUN  Temperature (oC) Pressure (MPa) NH4NO3 (mg) Time (min) L/M ratio Yield (%) 

#1 Different temperature 20 300 0 10 2 2.4 
#2 70 300 0 10 2 3.2 
#3 90 300 0 10 2 3.4 
#4 110 300 0 10 2 4.6 
#5 130 300 0 10 2 4.0 
#6 145 300 0 10 2 5.8 
#7 Different pressure 110 60 5 10 2 28.9 
#8 110 150 5 10 2 32.8 ± 1.4 
#9 110 240 5 10 2 30.2 
#10 110 300 5 10 2 30.5 
#11 110 450 5 10 2 29.7 
#12 110 600 5 10 2 33.8 
#13 Different amount of NH4NO3 110 150 5 10 2 32.0 
#14 110 150 10 10 2 35.1 
#15 110 150 15 10 2 40.2 
#16 110 150 20 10 2 39.4 
#17 110 150 40 10 2 57.5 
#18 110 150 80 10 2 54.7 
#19 Different reaction time (40 mg NH4NO3) 110 150 40 1 2 43.0 
#20 110 150 40 2 2 38.1 
#21 110 150 40 5 2 39.0 
#22 110 150 40 10 2 57.5 
#23 110 150 40 20 2 38.7 
#24 110 150 40 240 2 47.4 
#25 Different reaction time (15 mg NH4NO3) 110 150 15 1 2 34.9 
#26 110 150 15 2 2 35.6 
#27 110 150 15 5 2 33.9 
#28 110 150 15 10 2 40.2 
#29 110 150 15 20 2 35.4 
#30 110 150 15 60 2 35.8 
#31 110 150 15 240 2 38.8 
#32 Different mIm/Zn ratio (40 mg NH4NO3) 110 150 40 10 2 57.5 
#33 110 150 40 10 2.5 33.2 
#34 110 150 40 10 3 34.0 
#35 Different mIm/Zn ratio (15 mg NH4NO3) 110 150 15 10 2 40.2 
#36 110 150 15 10 2.5 34.7 
#37 110 150 15 10 3 36.7  
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patterns (Fig. S2 and Fig. 3, respectively) show the loss of weight at 465 
◦C and intensities at 7.5, 10.5, 13 and 14◦, which confirms the presence 
of ZIF-8 but with relatively low yield (intensities from 5 to 15◦ were also 
multiplied by 10 in solventless syntheses). Linker and ZnO are still 
appearing because those samples are neither washed nor activated. Even 
if the yield is increasing with temperature, we did not achieve yields of 
100% and as products are not washed, unreacted compounds still 
remain in the sample. 

3.3. Effect of pressure 

The second parameter studied was the pressure (runs #7 to #12 in 
Table 1) exerted by the hydraulic press in the range from 60 MPa to 600 
MPa. For this study, the temperature was fixed at 110 ◦C and 5 mg of 
NH4NO3 (0.8 wt%) was added to ZnO before mixing with ligand HmIm. 
The best results in terms of reaction yield were achieved at 600 MPa. 
Fig. S3 shows the corresponding XRD patterns and TGA curves. Both 
characterization techniques confirmed the presence of ZIF-8 in the terms 
above discussed. It is worth mentioning that one of the experiments (run 
#8 in Table 1) was repeated four times in order to obtain an average 
value with its standard deviation (32.8 ± 1.4% yield). This demonstrates 
the reliability and reproducibility of the approach followed in this study. 
In addition, it also confirms that the effect of pressure beyond 150 MPa 
(with reaction yield values in the 30–33% range at 150–600 MPa can be 
considered within the experimental error. Thus the pressure was fixed at 
150 MPa for further experiments, a value easier to handle. 

As complement, the influence of working pressure was also studied 
in a ZIF-8 previously synthesized by conventional solvothermal method 
with methanol. ZIF-8 was submitted to the same conditions of temper-
ature and pressure (110 ◦C and 150 MPa) and there was an evidence in 
the distortion of the structure and a lost in the crystallinity. In conse-
quence, the material showed a decrease in the BET specific surface area 
(from 1730 to 1074 m2/g, see Table S1) as well as a less sharp shape in 
the XRD pattern and a slightly different weight loss curve (see Figs. S4a 
and S4b), which could be associated to the compactness of ZIF-8 with 
some cross-linking between the particles in the generated pellet. This 
change can also be appreciated in the derivatives of the TGA curves in 
Fig. S4c. 

Furthermore, some experiments were performed in absence of 
pressure but at high temperature in order to elucidate their influences. 
Two different methods were carried out inside the press already heated: 
one of them consisted of just introducing the solid reactants (previously 
mixed by hand shaking) in the press, without using the piston; and in the 
other case, the piston was used to compact the previously hand shaken 
reactants but compacting just with the minimum pressure so that the 

manometer of the press did not detect a pressure change. Fig. S5a (TGA) 
and S5b (XRD) reveal that compacting with the piston already brings an 
improvement in the reaction, in the terms above discussed. This fact has 
sense if talking about solid reactions because compacting and heating 
provide an intimate contact between molecules with a higher contact 
surface area and thus enhance the reaction. On the other hand, working 
without compacting did not provide considerable improvement even if 
temperature was applied. Thus as explain above, the pressure was fixed 
at 150 MPa for further experiments, a value with higher yield and easier 
to handle. 

3.4. Effect of the amount of promotor 

To study the influence of promotor on the solventless synthesis of 
ZIF-8, a starting amount of 5 mg of NH4NO3 was used (0.8 wt%). Then, 
this amount was varied from 5 to 80 mg (0.8–11.6 wt%, runs #13 - #18 
in Table 1). Yields to ZIF were calculated from the TGA curves in Fig. S6, 
where the highest yield (57.5%) was obtained for the sample with 40 mg 
(run #17 in Table 1). According to the characterization, above 15 mg of 
NH4NO3, two different products appeared, besides the expected ZIF-8, 
ZIF-L was evidenced (Fig. 4). ZIF-L is a two-dimensional layered ZIF 
structure constituted by the same building blocks that ZIF-8 [29]. ZIF-L 
is considered as a non-porous polymorph of ZIF-8. XRD pattern of 
NH4NO3 is also shown to check that the presence of the salt blended with 
the products. Thus if a loss weight appears at around 250 ◦C, corre-
sponding to NH4NO3, it is inferred that part of the salt remained 
encapsulated on ZIF-8 porous. This agrees with the fact of ion inclusion 
in the porous ZIF structure, which would enhance and direct the ZIF 
synthesis [21]. XRD pattern of mIm is also shown in Fig. 4 to check the 
opposite: the lack of total reaction and, in consequence, the appearance 
of ligand impregnating the final product. 

For samples with 40 and 80 mg of NH4NO3, the presence of ZIF-L is 
very important being majority at 40 mg, with its main peaks higher than 
those of ZIF-8, and exclusive at 80 mg. In sample with 40 mg of NH4NO3, 
the composition of the ZIF mixture was around 89.8% of ZIF-L, 7.8% of 
ZIF-8 and 2.4% of ZnO (calculated with MAUD: Material Analysis Using 
Diffraction software, Fig. S7 [30]). In most of the samples, washing 
procedure was not performed in order to show how products are ach-
ieved directly from the press (including unreacted compounds) and their 
correspondent yields. From the beginning, our objective was improving 
the yield of reaction but also trying to avoid the use of solvent. For that 
reason, undesired products were removed just in the most interesting 
sample, the one with the highest yield (40 mg of NH4NO3). In this 
sample, a method was carried out with a little amount of ethanol to 
convert ZIF-L into ZIF-8 as well as to remove all the unreacted com-
pounds (Section 3.5.). It is worth mentioning that in the MAUD 
composition, the amount of ZnO seems to be lower than that obtained 
from TGA, overestimating the ZIF yield. This can be due to the fact that 
ZIF crystals, grown on ZnO particles, would interfere with the XRD ra-
diation under estimating the amount of ZnO. 

3.5. Conversion from ZIF-L to ZIF-8 

With the purpose of studying the transformation of ZIF-L into ZIF-8, a 
first conversion was carried out in which 0.08 g of product was mixed 
with 8 mL of ethanol and heated at 60 ◦C for 72 h [31]. The conversion 
of ZIF-L into ZIF-8 with a little amount of solvent was reached easily as 
shown in the corresponding XRD patterns of Fig. 5. The empirical for-
mula of ZIF-L was previously reported as Zn(mlm)2⋅(HmIm)1/2⋅(H2O)3/2 
[29]. This means that half molecule of linker is not coordinated to Zn but 
trapped in the ZIF structure. Upon treatment with ethanol, the 
non-coordinated ligand disappears at the same time that ZIF-L is trans-
formed into ZIF-8, in line with the TGA data collected in Fig. S8 (for both 
samples, with 40 and 80 mg of NH4NO3), where the step at ca. 250 ◦C, 
related to HmIm trapped in ZIF-L, practically disappears. Fig. 5 shows 
the diffraction patterns of the conversion for both samples, where XRD 

Fig. 3. XRD patterns of syntheses at different temperatures (run #1-#6 in 
Table 1). The intensity values from 5 to 15◦ in solventless syntheses were 
multiplied by 10. 
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pattern of treated samples reveal similar intensities to ZIF-8, meaning 
that the conversion from ZIF-L to ZIF-8 was successful. For sample with 
40 mg of NH4NO3 after treatment with ethanol, the percentage of con-
version to ZIF-8 was calculated again by means of MAUD software. From 
a starting sample with 89.8% of ZIF-L, 7.8% of ZIF-8 and 2.4% of ZnO (as 
said before), the conversion revealed a mixture of 21.1% of ZIF-L, 71.7% 
of ZIF-8 and 7.2% of ZnO (Fig. S9). The increase of ZnO, when 
comparing its share before and after ZIF-L conversion, can be explained 
by the detachment of ZIF crystals from the ZnO surfaces as ZIF-L is 
transformed into ZIF-8. This would leave the ZnO particles more 
exposed to the XRD radiation. 

To increase the yield of conversion from ZIF-L to ZIF-8, the same 
experiment was carried out with methanol, due to the higher solubility 
of mIm in this solvent. As for ethanol, all unreacted ligand was not 
completely dissolved in methanol and a little amount of it remained 
encapsulated in the ZIF structure. This is related to the slight step at ca. 

250 ◦C in the TGA curve, corresponding to mIm in ZIF-L, shown in 
Fig. S10, where a comparison of conversion with both solvents is shown. 
MAUD software was used as well for calculating the composition of this 
product converted with methanol, providing a result of 65.2% of ZIF-8, 
31.4% of ZIF-L and 3.4% of ZnO (Fig. S11). 

As a considerable improvement was not achieved with methanol, 
two new conversion methods were performed based on ethanol (greener 
solvent than methanol [32]). One of them consists of following the same 
conversion procedure but with double amount of ethanol and the other 
consists of carrying out the same procedure in two steps (in series), both 
with the sample corresponding to 40 mg of NH4NO3. XRD patterns in 
Fig. 5 show the total conversion in terms of diffraction from an initial 
mixture of ZIF-L and ZIF-8 (89.8% of ZIF-L, 7.8% of ZIF-8 and 2.4% of 
ZnO, as said above) to ZIF-8. Yields to ZIF-8 of 55.8% and 58.2% were 
obtained in the treatment with double amount of ethanol and two steps, 
respectively (calculated from the TGA curves in Fig. S12a and as 

Fig. 4. XRD patterns of samples increasing the amount of NH4NO3 (run #4 and #13 - #18).  

Fig. 5. Characterization of samples with 40 and 80 mg of NH4NO3 (in green and orange respectively) before and after treatment with ethanol. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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explained in the experimental section). MAUD software was used for 
calculating the composition of both products (Figs. S12b and c). Fig. 6 
shows the composition (in percentage) of ZIF-8, ZIF-L and ZnO for the 
initial synthesis with 40 mg of NH4NO3 and the products obtained with 
each conversion method. 

3.6. Effect of reaction time 

Different reaction times were studied while maintaining constant the 
parameters optimized previously, i.e. 110 ◦C and 150 MPa, and studied 
for 15 mg and 40 mg of NH4NO3 (in Table 1, runs #25 - #31 and #19 - 
#24, respectively). Both samples were chosen because the first one is 
that with the highest yield for the synthesis of just ZIF-8 (in absence of 
ZIF-L phase), while the second one corresponds to the highest yield of 
the synthesis, ZIF-L being the main product. As shown in Table 1, the 
highest yield for 40 mg of NH4NO3 was obtained for 10 min of reaction 
time, achieving a value of 57.5%. It has to be taken into account that this 
yield is mainly conversion to ZIF-L. The highest yield before appearing 
ZIF-L would be with 15 mg of NH4NO3 with a value of 40.2% also for 10 
min of reaction time. TGA data used to calculate yield are in Fig. S13 (for 
samples with 15 mg of NH4NO3) and S14 (for samples with 40 mg of 
NH4NO3). Fig. 7 and Fig. 8 show XRD patterns of samples with 15 and 
40 mg of NH4NO3, respectively, which confirm that from the first minute 
the reaction takes place. 

3.7. Effect of mIm/Zn molar ratio 

The last parameter studied was the ligand:metal molar ratio, starting 
from the stoichiometric ratio inspired by the empirical formula of ZIF-8 
(Zn(mIm)2) and increasing the amount of 2-mIm until a 3:1 ratio. It was 
thought that an increase in the mIm/Zn ratio would increase the reac-
tion yield because maybe some ligand could remain in the pores and do 
not react with ZnO. We studied for both samples, 15 and 40 mg of 
NH4NO3, looking for an improve of the synthesis of just ZIF-8 (15 mg) 
and for the synthesis with highest yield (40 mg) even if it was a mixture 
of ZIFs. As shown in Table 1, the highest yield was achieved with the 
stoichiometric amount for both cases, 15 and 40 mg of NH4NO3 (run 
#32 with 57.5% and run #35 with 40.2%, respectively). TGA curves and 
XRD patterns are shown in Fig. S15 (for samples with 15 mg of NH4NO3) 
and S16 (for samples with 40 mg of NH4NO3). 

Electron microscopy was performed in order to elucidate the size and 
shape of the ZIF crystals that we obtained. Fig. 9a and b shows SEM 
images for samples with different amount of NH4NO3 neither washed 
nor activated. In Fig. 9a, sample with 5 mg of NH4NO3 is shown, where 
there is no clear evidence of ZIF-8 crystals, even if the XRD character-
ization suggested some yield to ZIF. Sample with 40 mg of NH4NO3 is 

depicted in Fig. 9b, where the two-dimensional layered ZIF-L structure 
predominates. Fig. 9c and d collect images of samples after treatment 
with ethanol, with double amount of solvent and two steps of treatment, 
respectively. This reveals the conversion of samples with 40 mg of 
NH4NO3 (Fig. 9b) into ZIF-8, showing the characteristic rombododeca-
hedral growth habit of this MOF. Samples after treatment with double 
amount of ethanol and with two steps of ethanol exhibited particle sizes 
of 205 ± 90 nm and 243 ± 110 nm, respectively. Histograms of both 
samples are collected in Figs. S17a and S17b. Finally, Fig. S18 shows the 
results of the SEM observation corresponding to the first conversion with 
ethanol, where the product did not reveal the ZIF-8 morphology as 
defined as with double amount of solvent and two steps of treatment 
with ethanol. For comparison, SEM images of ZnO and ZIF-8 (synthe-
sized by solvothermal method with methanol) are shown in Fig. S19. 

Nitrogen adsorption− desorption isotherms were achieved and spe-
cific surface areas were calculated by the BET method. The values are 
collected in Table S1 and Fig. 10, for samples with different amount of 
NH4NO3, for samples converted to ZIF-8 in presence of alcohol and for 
samples obtained from initial solid mixtures with different L/M ratios. 
BET specific surface area increases from 5 to 15 mg of NH4NO3 samples, 
but it starts to decrease above 20 mg, due to the appearance of ZIF-L 
phase, which has lower surface area because of its dense laminar 
structure. Samples with 40 mg of NH4NO3 after treatment with ethanol 
present an increase in the BET specific surface area by 10 times. 
Transformation with methanol did not produce an increase in the sol-
ubility of the ligand, which is shown in the lower BET specific surface 
area. This fact could be associated to the encapsulation of the ligand in 

Fig. 6. MAUD estimations of compositions in percentage of the initial sample of 40 mg of NH4NO3 and the samples after treatments.  

Fig. 7. XRD patterns for different reaction times, at 110 ◦C and 150 MPa, in a 
sample with 15 mg of NH4NO3. 
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ZIF-8 porosity as explained before. Moreover, the conversion carried out 
with double amount of ethanol and two steps of treatment provided the 
highest BET specific surface area values (860 ± 16 and 947 ± 17 m2/g, 
respectively) near to the value obtained for ZIF-8 after submitting it to 
press conditions (1047 ± 19 m2/g). These values below the one corre-
sponding to pure ZIF-8 (1730 m2/g) is in line with the fact that the TGA 
yields are more representative of the evolution of the reaction than the 
MAUD calculations, based on XRD measurements where ZIFs would 

shield ZnO particles. This suggests in turn the generation of core-shell 
morphologies. 

Once it has been demonstrated that an increase in the reaction yield 
for the synthesis of ZIF-8 and ZIF-L is possible, future work will be 
directed to extrapolate this method to the synthesis of other ZIFs such as 
ZIF-94 and ZIF-7 or ZIF-11, for example. 

Fig. 8. XRD patterns for different reaction times, at 110 ◦C and 150 MPa, in a sample with 40 mg of NH4NO3.  

Fig. 9. SEM images for samples obtained at 110 ◦C and 150 MPa with: a) 5 mg of NH4NO3, b) 40 mg of NH4NO3, c) after treatment with double amount of ethanol 
and d) after treatment with two steps of ethanol. 
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4. Conclusion 

In conclusion, an improvement of the reaction yield for the high 
pressure synthesis of ZIF-8 has been achieved by working at tempera-
tures above the room one. The optimization of reaction conditions such 
as temperature, reaction time and the amount of promotor added to the 
reaction concluded in products with higher yield even being charac-
terized without washing or activating processes. It was demonstrated 
that from the first minute, the reaction took place and products were 
formed, which could be interesting for a future industrial 
implementation. 

According to the addition of promotor, 15 mg of NH4NO3 provided 
the highest yield for the synthesis of crystalline (as stated by XRD) ZIF-8. 
Above this amount, two phases, ZIF-L and ZIF-8, were obtained as 
product, ZIF-L being predominant in samples with 40 and 80 mg of 
promotor. For these samples, which reached the highest yield to ZIF, a 
very little amount of solvent (ethanol) was used for the conversion of 
ZIF-L into ZIF-8. The analysis of the BET specific surface area revealed a 
highest value of 947 m2/g upon proper conversion of ZIF-L into ZIF-8 
with two sequential treatments with ethanol. This value is close to 
that measured when conventional ZIF-8 was submitted to high tem-
perature and pressure conditions (1074 m2/g at 110 ◦C and 150 MPa for 
10 min). Structure refinements using software MAUD allowed the 
calculation of ZIF-L/ZIF-8/ZnO relative amounts underestimating the 
amount of ZnO due to the formation of core-shell particles in which the 
ZIFs would shield the ZnO. 

Future work in line with this article could be related to the extrap-
olation of this method to the synthesis of other MOFs or even COFs and 
the possibility of scaling it up for industrial applications. 
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