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Benzoic acid as a selector–modulator in the
synthesis of MIL-88B(Cr) and nano-MIL-101(Cr)†

Ling Yang,‡a Tian Zhao, *‡a Ishtvan Boldog, *b Christoph Janiak, b

Xiao-Yu Yang, c Qiang Li,a Yan-Jia Zhou,a Yong Xia, a Deng-Wang Laia and
Yue-Jun Liu*a

The concentration of benzoic acid was found to exercise efficient control over the formation of either

MIL-101(Cr) or MIL-88B(Cr) under otherwise similar hydrothermal synthetic conditions. Nanocrystals of

MIL-101(Cr) with ∼100 nm average size and excellent SBET = 3467 m2 g−1 are obtained at lower concen-

trations of benzoic acid, while at higher concentrations the microparticulated MIL-88B(Cr) product is

formed. Hereby a new efficient synthetic method towards the elusive MIL-88B(Cr), yet reported only once

without synthetic details, is proposed. The obtained MIL-88B(Cr) has an interesting and potentially valu-

able property of retaining its high-volume form (Vcell ∼ 2000 Å3) after thermal activation. The degassing of

MIL-88B(Cr) in a vacuum at 250 °C yields a porous material with a SBET area of 1136 m2 g−1, which is

around the theoretical maximum. The transition to the denser ‘closed’ form (Vcell ∼ 1500 Å3) occurs only

at 350 °C, when all of the benzoate/benzoic acid, hindering the process, is removed.

Introduction

Metal–organic frameworks (MOFs) are porous crystalline
coordination networks consisting of metal ions or their clus-
ters interconnected by organic ligands.1,2 Over the last few
years, they have received keen attention3,4 due to their high
porosity, suggesting their significant potential in applications
such as gas storage,5,6 separation,7,8 catalysis,9,10 heat trans-
formation,11 drug delivery12 and others. Advanced control over
the properties of MOF materials is important for potential
applications such as luminescence sensors,13 selective gas
adsorption,14 storage and delivery of small molecules, includ-
ing drug delivery.15 The crystal size and morphology of MOF
materials could have a crucial influence and should be taken
into account.16–18

M(III) terephthalates (M = Cr, Fe, Al, V, Mn, In in decreasing
order of importance as well as some others) together with tere-
phthalate derivatives and elongated terephthalate analogues

form a particularly important sub-class of MOFs. The four best
known porous M(III) terephthalates (and terephthalate ana-
logues) are MIL-47/MIL-53, MIL-88, MIL-100 and MIL-101.
They are among the most recognized MOF types, especially
regarding potential uses. With the exception of MIL-47/MIL-53,
based on a 1D-ribbon secondary building unit (SBU), the
others are based on a {M3OX(ROO)6(L

T)2} triangular-prismatic
SBU (X = OH−, F−; LT = H2O or other terminal solvent–ligands)
and hence are polymorphs with the same molecular formula
of [M3OX(L)3(L

T)2]·Guests, differing only in the nature and
number of guest molecules. These compounds also often have
overlapping conditions of their formation (concomitant poly-
morphism). In the particular case of V-compounds, the step-
wise conversion of MIL-101, MIL-88 and MIL-47 is possible
upon heating.19 In most of the other M(III) cases, the variation
of the solvent (typically H2O or DMF) and/or temperature is
enough for the synthesis of at least two compound types in
pure forms. High-throughput methods20 are especially helpful
for establishing the optimal conditions. Cr-compounds are an
exception: their chemical inertness demands high synthetic
temperatures and water is mostly the only viable synthetic
medium.

MIL-101 and MIL-88, which are in the focus of our interest,
are two unique MOF types. MIL-101 type with an MTN-e topo-
logy is practically known only as a chromium and vanadium
compound with a terephthalate ligand (2,6-naphthalenedicar-
boxylate analogue was also reported,21 but its further mention-
ing is very limited). MIL-101(Cr)22,23 has outstanding thermal,
but particularly chemical robustness,24–26 arguably one of the
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best among all easily accessible MOFs, due to the kinetic stabi-
lity of the Cr(III) compounds. For example, MIL-101(Cr) could
be directly nitrated by a mixture of nitrous and sulfuric acid to
form NO2-MIL-101(Cr).27 The porosity characteristics of
MIL-101(Cr) are also remarkable. The compound features large
mesoporous cage cavities with accessible pore diameters of
29 Å and 34 Å, and pore aperture windows of approx. 12 × 12 Å
and 16 × 14.7 Å respectively (Fig. S1 in the ESI†) and a BET
surface area of ∼4000 m2 g−1.22 As a result, MIL-101(Cr) could
adsorb 1.4 g g−1 of water28 or ∼1.37 g g−1 of a much larger ibu-
profen drug molecule,29 values which are arguably unmatched
among physisorbents. The combination of high loading and
stability is unparalleled, which attracts unflinching attention
and stimulates work on further improvement of its properties.
One of the evident possibilities is to synthesize MIL-101 in
nanoparticulated form, which increases the adsorption kine-
tics, enhances the sorption selectivity,30 and broadens the
application opportunities.31,32

The MIL-88 type has an acs net topology, and its realization
was reported for Fe, V, Cr, NiIII/II and some other metals, as
well as for a number of terephthalate derivatives/analogues,
however almost exclusively with iron. MIL-88 is also remark-
able for its unparalleled capability to swell/‘breathe’, to an
extent of 270% in MIL-88C(Fe) with 2,6-naphthalenedicarboxy-
late as a ligand.33 Deflection of the ·[··M⋯O–C–O⋯M··]· moiety
from planar conformation via hinge movement through the
O⋯O axle with a simultaneous turn of the carboxylate with
respect to the benzene ring of the terephthalate ligands
secures a possibility of structure extension along the main axis
of the structure (Fig. S2 in the ESI†). The swelling is induced
primarily by the introduction of guest molecules, which coor-
dinate to the metal atoms of the framework. This extreme
swelling ability, unheard of for zeolites, made the MIL-88 com-
pound a target of scrutiny with regard to adsorption separ-
ation/enrichment,34 sensing/analytical determination,35–37

drug delivery,38,39 and catalysis.40,41

Nevertheless, among all possible MIL-88 realizations with
different trivalent metals and their mixtures, only the iron
compounds are the ones that are widely employed in appli-
cation-oriented research. The MIL-88B(Cr), where ‘B’ denotes a
generally accepted ad hoc convention for a terephthalate-based
compound, is mentioned in a few early publications;42,43

however, it is enigmatically absent from the subsequent litera-
ture. Moreover, the only early original paper by Surblé et al.,43

which claims its synthesis, does not contain experimental
details, which is seemingly just an inadvertent, but impactful,
omission. In any case, the reported molecular formula evi-
dences the use of pyridine for that synthesis (pyridine is also
known as one of the most potent swelling agents for MIL-88
(Fe)).33 Thus, while it could be considered that the synthetic
conditions of MIL-88(Cr) are approximately known, the practi-
cal absence of the compound’s mentioning in the literature
suggests the exigence for a simple reproducible synthetic
method, desirably without the use of the toxic pyridine. The
lack of information on MIL-88(Cr) was very recently observed
by Tanasaro et al. who finally made some progress in this

direction and reported mixed metal MIL-88(Cr, Fe) compounds
with chromium as a dominant metal constituent44 (this work
could be viewed as a continuation of a well-formed sub-area of
mixed metal MIL-88 compounds45,46). The presence of Fe is
crucial, with >25% of iron content in the reaction mixture
necessary to induce the formation of the mixed-metal MIL-88
product. However, genuinely pure MIL-88(Cr) compounds are
not accessible by this method. The potential interest in MIL-88
(Cr) roots in its high chemical stability, general for chromium
compounds, which would allow the use of the compound in a
much broader condition range.

Research studies on the influence of different modulators
on the porosity and particle morphology of MIL-101 (where the
most efficient and once nearly mandatory modulator being the
toxic hydrofluoric acid) and MIL-88 materials are relatively
numerous. For instance, sodium acetate and hydrofluoric acid
were employed to assist the synthesis of hierarchically mesos-
tructured MIL-101(Cr).47 Weakly alkaline potassium/lithium
acetate was used as a mediator to obtain high-quality
MIL-101(Cr) with high-surface areas (a BET surface area of
up to 3400 m2 g−1).48 Recently, we have reported the improved
MIL-101(Cr) synthesis method with nitric acid49 and acetic
acid,50 with the effect of the former in the improvement of the
yield (>80%) and processability with the retention of high
surface areas, while the latter allows a decrease of the tempera-
ture of the synthesis and/or yield nano-sized MIL-101(Cr) with
an average particle diameter of approx. 90 nm. On the other
hand, there are reports on the influence of acetic acid,51 (4-tri-
fluoromethyl)cyclohexanecarboxylic acid,52 polyvinylpyrroli-
done53 and sodium hydroxide (in the latter case, purely via pH
control)54 on the size and morphology of different MIL-88(Fe)
compounds, which could suggest similar effects for
MIL-88B(Cr) (direct analogues are not possible, though, as the
synthetic conditions are quite different).

In this publication, we report the interesting role of benzoic
acid as a selector between the formation of nanoparticulated
MIL-101(Cr) and microparticulated MIL-88B(Cr), thus provid-
ing also a simple synthetic approach towards the latter rarely
mentioned compound.

Results and discussion

Aiming to research the influence of benzoic acid as a modu-
lator on the formation of MIL-101(Cr) with the primary focus
on the size and morphology of the particles constituting the
product, a series of experiments using varying amounts of
benzoic acid as the modulator were conducted. During the
experimentation, we found that with a particular concentration
of benzoic acid (HBC) corresponding to a 1 : 1 : 5 ratio for
Cr : H2BDC : HBC, a mixture of MIL-101(Cr) and MIL-88B(Cr)
was formed. Further refinement of the conditions has shown
that with higher amounts of benzoic acid at about a 1 : 1 : 10
ratio, the formation of practically only the MIL-88B(Cr) took
place. Intrigued by this observation, a more in-depth study was
undertaken.
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In order to understand the effects specific to benzoic acid
as a modulator, we avoided the use of any co-modulators, such
as hydrofluoric acid. A certain problem was to remove comple-
tely the terephthalic and benzoic acids residing in the pores
for further appropriate characterization, including the correct
estimation of the product yield. Further complications were
posed by the formation of phase mixtures, with comparable
ratios in some cases. The determination of the yield was per-
formed on a carefully washed sample, which was dried in air
until a constant weight was obtained, assuming equilibrium
water content in the product. For MIL-101, the reasonably
good approximation is the formerly established formula of
[Cr3(O)(OH)(BDC)3(H2O)2]·25H2O.

49

The reaction was carried out using 1, 3, 5, 8 and 10 equiva-
lents of the benzoic acid additive and the isolated products are
designated respectively as HBC-1, HBC-3, HBC-5, HBC-8 and
HBC-10. The sample without the additive is named HBC-0. All
these experiments were carried out on 3.0 mmol of both chro-
mium(III) nitrate nonahydrate and terephthalic acid in a PTFE-
lined autoclave at 220 °C for 8 hours followed by thorough
washing with dimethylformamide and ethanol.

Scanning electron microscopy, SEM (Fig. 1), showed the
change of the particle size and their morphology depending
on the concentration of the benzoic acid used. HBC-0, HBC-1
and HBC-3 samples chiefly exhibit particles with an octahedral
morphology, characteristic of MIL-101(Cr), while the increase
of the concentration of benzoic acid causes a decrease of the
average crystal size. Their distribution could be well described

as a Gaussian distribution and the respective parameters are
given in Fig. S4† and Table 1. Sample HBC-0, prepared without
an additive, possessed the largest particle size with the
maximum distribution, approximating the average size, at
around 387 nm. When 1 equivalent of benzoic acid was added
to the synthetic medium (HBC-1), the average size decreased
to 156 nm. When the amount of benzoic acid was increased to
3 equivalents, the resulting MIL-101(Cr) (HBC-3) with an
average particle diameter of approx. 100 nm was obtained
(further SEM images are shown in Fig. S3 in the ESI†). The
effect of the decrease of crystal sizes is similar in nature to the
phenomenon observed previously by us when acetic acid was
used as a modulator.50

Interestingly, the increase of benzoic acid concentration to
nearly double or more, which corresponds to the use of 5, 8 or
10 equivalents in the performed experiments, caused the for-
mation of lesser amounts or no MIL-101(Cr). Instead, sharp-
tipped rod-like crystals with sizes in the micrometer range
were observed by SEM and subsequently confirmed to be
MIL-88B(Cr). HBC-5 still contains a significant amount of
nano-sized MIL-101(Cr) together with the new microcrystalline
phase (the enlarged SEM micrographs of HBC-5, HBC-8 and
HBC-10 are given in Fig. S3†). Thereby an interesting effect of
a relatively sharp change of crystallization outcome depending
on the concentration of the benzoic acid was observed, with a
higher concentration favouring the MIL-88B(Cr) form. Indeed,
for HBC-8, the content of nano-MIL-101(Cr) decreases further
and the rod-like MIL-88B(Cr) became dominant, while for
HBC-10 only the micrometer-sized rod-like crystals of MIL-88B
(Cr) were observed. The nano-MIL-101(Cr) and MIL-88B(Cr)
were also characterized by transmission electron microscopy
(TEM) and the micrographs correspond well to the expected
morphologies (Fig. S5†). The powder X-ray diffractograms,
PXRDs, of the HBC-0, HBC-1 and HBC-3 samples corres-
ponding to the lower concentrations of benzoic acid match
well with the simulated patterns for MIL-101(Cr), generated
using the known crystal structure22 using the program
MERCURY55 (Fig. 2a). For the samples prepared using higher
concentrations of benzoic acid, namely HBC-5, HBC-8, and
HBC-10, the patterns reflect the increasing content of the
MIL-88B(Cr) phase. Thus, the PXRD of HBC-5 exhibits a com-
parable ratio of MIL-101(Cr) and MIL-88B(Cr), while in the
case of HBC-8 and HBC-10 the relative amounts of MIL-101
(Cr) are small and negligible, respectively, so that the PXRD
evidences the presence of MIL-88B only (Fig. 2b; see also an
additional comparison of the PXRD patterns of HBC-3 and
HBC-10 and of the simulated MIL-101 and MIL-88B com-
pounds in Fig. S6, ESI†). The low-angle region of the PXRD pat-
terns also gave an additional confirmation that the HBC-10
compound is practically pure (please see Fig. S6c, ESI†).

Nitrogen gas sorption isotherms of all benzoic acid-modu-
lated products are shown in Fig. 3, and the porosity results are
summarized in Table 1. HBC-0 and HBC-3 samples showed
the typical I(b)-type adsorption isotherms56 as reported in the
literature for MIL-101(Cr)22 (Fig. 3a). Sample HBC-3 with the
smallest nano-particle size expectedly possesses the highest

Fig. 1 SEM images of the prepared samples. For HBC-0, HBC-1 and
HBC-3, the scale bar is 500 nm, while for HBC-5, HBC-8 and HBC-10
the scale bar is 3 µm.
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Brunauer–Emmett–Teller (BET) surface area of 3467 m2 g−1

and the total pore volume of 2.38 cm3 g−1. Nevertheless, with a
further increase of the concentration of benzoic acid in the
reaction medium, the BET surface area and the total pore
volume decreased dramatically, due to the formation of
MIL-88B(Cr) (Table 1). HBC-5 still largely consists of

MIL-101(Cr), which is reflected by the shape of the adsorption
isotherm with a small step at P/P0 = ∼0.2 characteristic of
MIL-101(Cr); however, the porosity of 2063 m2 g−1 is much
lower. Samples HBC-8 and HBC-10 consist mainly of
MIL-88B(Cr) and the respective adsorption isotherms were of
I(a)-type,56 characteristic of that type of material, without any

Table 1 Particle size, surface area and pore volume for chromium-benzenedicarboxylate with various amounts of benzoic acid (HBC) as the
additive

Benzoic acid (HBC)-(equivalents)a MOF type
Particle sizeb

(nm)
SBET

c

(m2 g−1)
SLangmuir
(m2 g−1)

Vpore
d

(cm3 g−1)
N2 uptake

d

(cm3 g−1)

HBC-0 MIL-101 387 (28) 2804 4056 1.92 1243
HBC-1 MIL-101 156 (17) 3254 4949 2.32 1502
HBC-3 MIL-101 100 (12) 3467 4902 2.38 1540
HBC-5 MIL-101/MIL-88 — 2063/126e 3093/189e 1.86/0.43e 1303/107e

HBC-8 MIL-101/MIL-88 — 1274/70e 1963/99e 1.27/0.08e 825/50e

HBC-10 MIL-88 — 1136/60e 1739/77e 0.66/0.08e 743/49e

a Benzoic acid equivalents with respect to chromium and H2BDC. The molar Cr : BDC ratio is always 1 : 1. b The average particle size is analysed
using a Gaussian distribution model and the estimated standard deviations are given in parentheses. HBC-8 and HBC-10 consist primarily of
micrometer-sized rod-shaped MIL-88B(Cr) crystals (this is the typical size resulting from a conventional synthesis without a modulator; hence,
the average particle sizes were not estimated). c SBET is calculated using data points in the range of 0.05 < P/P0 < 0.2 from N2 sorption isotherms
at 77 K with an estimated standard deviation of ±50 m2 g−1. d Calculated from N2 sorption isotherms at 77 K (P/P0 = 0.99) for pores with ≤ 20 nm
diameters. e The results are given as value(T1)/value(T2), where T1 and T2 = 250 °C and 350 °C are the two used degassing temperatures.

Fig. 2 (a) The PXRD patterns of B-0, B-1, and B-3 samples compared
with the simulated pattern of MIL-101(Cr) (CSD-refcode: OCUNAK).22 (b)
The PXRD patterns of B-5, B-8, and B-10 samples compared with the
simulated pattern of the ‘open’ high-volume structure of MIL-88B(Cr)
synthesized in the presence of pyridine (CSD-refcode: YEDKOI).43 See
also Fig S8.†

Fig. 3 (a) N2 adsorption–desorption isotherms for the HBC-0, HBC-1
and HBC-3 samples. (b) N2 adsorption–desorption isotherms for the
HBC-5, HBC-8 and HBC-10 samples after degassing in a vacuum at
250 °C; filled symbols stand for adsorption and empty symbols for
desorption.
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features typical of mesoporosity (note the degassing tempera-
ture of 250 °C for HBC-5–10; Fig. 3b).

The observation of porous MIL-88B(Cr) was highly unex-
pected, as it is well-known that the dried MIL-88B(Cr) adopts
the low-volume form (Vcell ∼ 1500 Å), which is practically non-
porous. In a representative row of known phenyl-functiona-
lized MIL-88B(Fe)-Rn compounds, only two specimens demon-
strate significant porosity: R, n = CH3, 4 with SBET = 1216 and
CF3, 2 with 330 m2 g−1.57 The reason for such unusual behav-
ior of the obtained MIL-88B(Cr) evidently roots in the presence
of residual amounts of benzoate/benzoic acid in the pores (the
assumption regarding the differences stemming from the FeIII

vs. CrIII dissimilarity is theoretically possible, but implausible
in this case, as the framework flexibility was documented for
MIL-88A(Cr)).41 Indeed, it was firmly established that the
solvent-induced swelling of MIL-88B(Cr) is associated with the
presence of polar solvent molecules, which are capable of coor-
dinating to the terminal positions of the {MIII

3 O(OH)
(RCOO)6(L

T)2} cluster, with such LT-s as pyridine or dimethyl-
formamide ensuring the highest swelling ratios.33,57 Benzoic
acid perfectly fits for such a role, while the benzoate
anion could, seemingly, act as a substitute for the terminal
OH− ligand as well. Complete removal of benzoic acid and
particularly the coordinated benzoate anion should foresee-
ably be achieved only under quite harsh conditions. It turned
out that degassing at 350 °C in a vacuum indeed causes a
transition to the MIL-88B(Cr)-‘closed’ phase as witnessed by
both PXRD (Fig. S8†) and N2 gas adsorption (Table 1, Fig. S7
in the ESI†). According to the PXRD pattern, which satisfac-
torily matches the expected ‘closed’ form, a noticeable, but not
drastic, decrease of crystallinity occurs. The surface areas
drop to SBET < ∼70 m2 g−1, which might have a contribution
both from some residual ‘opened’ and trace amounts of
MIL-101(Cr) below the detection capability of the PXRD
measurement.

The SBET = 1136 m2 g−1 of the purest MIL-88(Cr) sample
somewhat exceeds the theoretical maximum. Our geometric
Connolly surface area calculation58 for a 3.68 Å spherical probe
on the YEDKOI43 structure with guest molecules removed gave
values of 544 m2 g−1 and 1092 m2 g−1 areas for structures with
hexa- and pentacoordinated Cr atoms, respectively, with
O atoms as terminal ligands in the former case. The expected
ratio of such atoms for a thoroughly degassed structure is 1 : 2,
and the interpolated surface area is ∼910 m2 g−1. The mild dis-
crepancy could be explained both by the already-mentioned
trace impurities of MIL-101(Cr) and, possibly, by slightly larger
cell parameters of the obtained MIL-88B(Cr). Slight overestima-
tion might also come from using the standard P/P0 = 0.05–0.2
interval, which is not precise for MOFs with small pores.59 On
the other hand, the observed surface area clearly indicates that
the amount of the benzoate/benzoic acid in the pores is very
small. It seems very plausible that the predominant form is
the coordinated benzoate, which is very hard to eliminate,
especially in the absence of water. Moreover, it is expectedly
enough to have a far less than one benzoate per {MIII

3 O}
moiety in order to prevent a transition, which is concerted

for all the clusters (i.e. x is close to zero in the
[MIII

3 O(OH)1−x(OOCPh)x(RCOO)6] averaged cluster formula).
A thermal gravimetric analysis (TGA) study was performed

on HBC-3 and HBC-10 (Fig. 4, the TG curves of the other
samples are presented in Fig. S9 in the ESI;† the as-syn-
thesized samples had been stored in ambient air for several
days, thus equilibrating their water content, and were
measured without further treatment). The TG curve of HBC-3
showed three main weight-loss steps between room tempera-
ture and 600 °C. As previously observed for MIL-101(Cr), the
first step, r.t.–∼120 °C, corresponds to the removal of the water
molecules residing freely in the pores of the compound. The
second step, 120–∼350 °C, corresponds to the removal of the
coordinated water molecules, the residual H2BDC molecules
and, at least partially, the terminal benzoates in the form of
benzoic acid. The third step, occurring from 350 °C to 550 °C,
corresponds to complete destruction of the framework, whose
collapse starts at the beginning of the given temperature
range, with possible concomitant ligand decarboxylation. The
water content of MIL-101(Cr) depends on the method of
sample preparation, in our case from the humidity of the air,
and could vary from 10% to 20%.22 The microcrystalline
HBC-10 (MIL-88B(Cr)) is more thermally stable than the syn-
thesized MIL-101(Cr) materials consisting of smaller particles,
which is reflected by the TG curve (stability to approx. Tmax of
350 °C vs. ∼300 °C), but otherwise the general weight loss
steps are similar.22,43 The final decomposition associated with
the decarboxylation of the terephthalic acid accelerates at
around 350 °C, where the mass loss starts to correspond pri-
marily to the decomposition of the framework, including the
ligand’s decarboxylation, and the removal of the terminal ben-
zoates. The latter contribution cannot be established precisely,
using the not well-resolved TGA curve. If the relatively straight
330–380 °C segment is associated with the benzoates, the
respective 3.7% loss would translate to x = ∼0.25 (see the cluster
formula above for the definition of x, the hydroxide-to-benzoate
substitution ratio). While this estimate is very crude, it indicates
that the benzoate substitution of the hydroxide ions is by far not
complete even at a large excess of benzoic acid used. The water
content of MIL-88B(Cr) should be less than 10% due to the

Fig. 4 TGA curves of HBC-3 (nano-MIL-101) and HBC-10 (MIL-88).
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much smaller surface area and pore volume,43 and a value of
approx. 4% was observed experimentally.

It has been reported for carboxylate-based MOFs that the
use of high concentrations of monocarboxylic acid as modu-
lators16,30 or higher pH60 of the synthetic medium could in
some cases restrict nucleation and enable the formation of
large crystals. Additionally, high concentrations of the modu-
lator could efficiently suppress particle growth.50,61 In the pre-
vious work, we found that at high concentrations of acetic
acid, nano-crystals of MIL-101(Cr) could be obtained.50 In this
case, benzoic acid offers a similar effect in a certain concen-
tration range. Nano-MIL-101 forms when a 1 : 1 : 3 ratio of
Cr : H2BDC : HBC is used and the concentration of HBC is
0.6 mol L−1. The concurrence of terephthalate and benzoate
ligands and the terminal role of the latter stabilizes the nano-
crystals by preventing their growth. This concurrence could
also suppress the Ostwald ripening, i.e. the growth of the
larger particles on account of the smaller ones. Seeds, viz.
nucleation sites are formed all the time during the synthesis.
Effective inhibition of the particle size growth allows reaching
of relatively uniform crystallite sizes, i.e. obtain a relatively
monodisperse product. However, when the concentration of
the benzoic acid is increased nearly three-fold with a molar
ratio of 1 : 1 : 10 for Cr : H2BDC : HBC, the stabilization of the
MIL-101(Cr) phase does not occur and MIL-88B(Cr) forms
straightforwardly. Interestingly, the mechanism of the small
particle stabilization also fails in the latter case, i.e. benzoic
acid demonstrates a much higher influence on the mor-
phology of MIL-101(Cr) compared to MIL-88(Cr).

Experimental section
Materials

Chromium(III) nitrate nonahydrate (AR, 99%, Aladdin),
benzene-1,4-dicarboxylic acid (99%, Aladdin), benzoic acid
(AR, 99.5+%, Sinopharm chemical reagent Co., Ltd), N,N-di-
methylformamide (DMF, AR, 99.5+%, Sinopharm Chemical
Reagent Co., Ltd) and ethanol (AR, 99.7+%, Sinopharm
Chemical Reagent Co., Ltd). All chemicals were used as
obtained from commercial sources without further
purification.

Instrumentation

Powder X-ray diffraction (XRD) measurements were carried out
on samples at ambient temperature by using an Ultima IV
instrument with a flat sample holder. Simulated PXRD pat-
terns were calculated from single crystal data by the MERCURY
3.0.1 software.30 Small-angle XRD patterns were obtained on a
SmartLab instrument.

Nitrogen physisorption isotherms were measured at 77 K
using a Kubo X1000 instrument within a partial pressure, P/P0,
range of 10−6–∼1.0. Before measurements, the samples were
degassed at 120 °C for 2 h. The BET surface areas were calcu-
lated from adsorption isotherm data points in the P/P0 range
of 0.05–0.2.

Thermogravimetric analysis (TGA) was performed on a
TGA/DSC1/1100SF instrument at a 10 °C min−1 heating rate
using aluminum sample holders and nitrogen as a carrier gas.

Scanning electron microscopy (SEM) characterization was
performed on a sample made by dropping 15 µL of a dis-
persion on a silicon substrate and by drying in air. The
measurement was done using a Nova NanoSEM230
instrument.

Transmission electron microscopy (TEM) was conducted
on a JEM-2100F instrument by dropping a 3 µL suspension of
a dispersion onto a carbon-coated Formvar copper grid
(300 mesh) followed by drying at room temperature.

Synthesis and purification

A mixture of chromium(III) nitrate nonahydrate
(Cr(NO3)3·9H2O; 1.2 g, 3.0 mmol), benzene-1,4-dicarboxylic
acid (H2BDC; 0.498 g, 3.0 mmol) and benzoic acid (HBC;
0–∼3.66 g, 0–∼30 mmol) in 15 mL H2O was transferred to a
PTFE/Teflon lined autoclave. The autoclave was sealed, heated
for 8 h at 220 °C and cooled afterwards to room temperature at
a rate of 25 °C h−1.

The contents of the autoclave were transferred to centrifuge
tubes and the supernatant solution was carefully removed after
centrifugation. The resulting solid was stirred in DMF (45 mL)
and this washing step was concluded by separation of the
solid phase by centrifugation. The washings were repeated in
DMF (45 mL, 16 h) and ethanol (45 mL for 1 h and 45 mL for
16 h of stirring). After the final isolation, the resulting wet
solid was dried in a vacuum oven (120 °C, 12 mbar) for 2 h.
Samples B-5, B-8 and B-10 were further activated in air at
120 °C, 250 °C and 350 °C for 12 h, respectively.
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