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mesoporous tetragonal zirconia
through surfactant-controlled synthesis and Si-
stabilization†

Ken L. Abel, a Sebastian Weber, bc David Poppitz, a Juliane Titus, a

Thomas L. Sheppard bc and Roger Gläser *a

Thermally stable, highly mesoporous Si-stabilized ZrO2 was prepared by sol–gel-synthesis. By utilizing the

surfactant dodecylamine (DDA), large mesopores with a pore width of�9.4 nm are formed. Combined with

an NH3-treatment on the hydrogel, a high specific surface area of up to 225 m2 g�1 and pore volume up to

0.46 cm3 g�1 are obtained after calcination at 973 K. The individual contributions of Si-addition, DDA

surfactant and the NH3-treatment on the resulting pore system were studied by inductively coupled

plasma with optical emission spectrometry (ICP-OES), X-ray diffraction (XRD), N2 sorption, and

transmission electron microscopy (TEM). Electron tomography was applied to visualize and investigate

the mesopore network in 3D space. While Si prevents the growth of ZrO2 crystallites and stabilizes the t-

ZrO2 phase, DDA generates a homogeneous mesopore network within the zirconia. The NH3-treatment

unblocks inaccessible pores, thereby increasing specific surface area and pore volume while retaining

the pore width distribution.
Introduction

Owing to a unique combination of weak acid, basic, oxidizing
and reducing surface properties, ZrO2 is a versatile catalyst and
catalyst support. Paired with its high thermal and chemical
stability, it is for example applied in the dry reforming of
methane, a reaction conducted at >1000 K.1,2 Recently, it is
increasingly discussed as a support for CO2 hydrogenation to
form both methane3 or methanol.4 Here, tetragonal ZrO2 is of
special interest, since several studies suggest a superior catalytic
activity of this modication over monoclinic ZrO2.5–8 However,
the preparation of ZrO2 with high specic surface area
(>100 m2 g�1) which is stable at elevated temperatures relevant
for catalytic applications ($873 K) is challenging.9 This is
because hydrous ZrO2, derived from sol–gel synthesis, trans-
forms from an X-ray amorphous phase to the metastable
tetragonal ZrO2 (t-ZrO2) phase at around 673–723 K.10 Further
heating results in the formation of monoclinic ZrO2 (m-ZrO2),
generally observed between 773 and 873 K.9,11 Since the transi-
tion from t- to m-ZrO2 is associated with a volume expansion of
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ca. 4%,12 m-ZrO2 typically exhibits a low specic surface area
(<60 m2 g�1), while zirconia with high specic surface area
(>100 m2 g�1) is mostly present in the t-ZrO2 phase.9

In order to maintain a high specic surface area, the stabi-
lization of t-ZrO2 towards higher temperatures has therefore
received considerable attention. One way to achieve this is the
introduction of sulfate to the surface of ZrO2.13,14 Sulfated ZrO2

prepared in this way may exhibit superacidity,15,16 and has been
used as a catalyst in various hydrocarbon conversion reactions,
such as hydrocracking17 or the isomerization of light alkanes.18

However, sulfur atoms at the surface of the material may act as
catalyst poison, in particular for applications, which require
metals as an active component of the material.19 An alternative
strategy to prevent the tetragonal to monoclinic phase transi-
tion is by doping with rare or alkaline earth metals.20,21 Apart
from doping with metal ions, the stabilization of t-ZrO2 by
introduction of Si has been thoroughly investigated.9,22–24

Commonly, Si is incorporated into ZrO2 through the dissolution
of Si from glass vessels during basic treatment of hydrous ZrO2

precipitates, oen referred to as “digestion”.25 From these
studies, a correlation between the Si content and the specic
surface area of the zirconia has been reported,22,23 though the
reproducible dissolution of Si from glass may be problematic.
However, Si can also be incorporated into ZrO2 in a more
controlledmanner by supplying an external Si precursor such as
tetraethyl orthosilicate (TEOS) or Na2SiO3.23 Si mole fractions as
low as 3.2 mol% (0.73 wt%) are reportedly sufficient to stabilize
the t-ZrO2 phase and retain a specic surface area of 102 m2 g�1

aer calcination at 873 K.26
RSC Adv., 2022, 12, 16875–16885 | 16875

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01459a&domain=pdf&date_stamp=2022-06-06
http://orcid.org/0000-0002-8205-2714
http://orcid.org/0000-0003-2518-9340
http://orcid.org/0000-0001-6432-9102
http://orcid.org/0000-0002-2369-7766
http://orcid.org/0000-0002-8891-985X
http://orcid.org/0000-0002-8134-4280
https://doi.org/10.1039/d2ra01459a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01459a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012026


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 4
:4

5:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The stabilization mechanism of t-ZrO2 by Si incorporation
has been thoroughly investigated and is ascribed to two main
effects,27 both of which are related to the t-ZrO2 crystallite size.
Several reports suggest the existence of a minimum crystallite
size necessary for the phase transition of t-ZrO2 to m-ZrO2 to
occur.28,29 Depending on the preparation conditions, this crit-
ical size is typically between 10 and 30 nm. At higher Si mole
fractions (>25 mol%), a rigid, amorphous SiO2 network forms
around the ZrO2 particles, which prevents crystallization and
crystal growth.30,31 Such a constraining effect, however, cannot
explain the stabilization of t-ZrO2 at lower Si mole fractions
(<10 mol%). Instead, several studies have shown that there is
an enrichment of SiO2 on the ZrO2 surface, with

29Si NMR and
FT-IR spectroscopy indicating Si–O–Zr bonds.22,27,31 This SiO2

coverage inhibits the ZrO2 crystallite growth through hampered
diffusion and lattice deformations at the surface, which
kinetically stabilizes the t-ZrO2 phase towards higher
temperatures.

Although Si incorporation results in a high specic surface
area and hinders the transition towards m-ZrO2, a comparably
low specic pore volume (<0.20 cm3 g�1) is obtained aer
calcination with only small (<4 nm)mesopores, if any, present.32

When used as a catalyst support, this may lead to deactivation
of the catalyst as a result of pore blocking effects. Thus, several
structure-directing agents such as amines,33 alkylammonium
salts,34 organic sulfates35 or block-copolymers36 as well as “hard”
templates37 have been applied to generate additional mesopores
within ZrO2 during sol–gel synthesis. However, while these
strategies can lead to ZrO2 with both high specic surface area
(>200 m2 g�1) and mesopore volume (>0.4 cm3 g�1),33 two
common limitations are observed. Firstly, the mean pore width
is typically lower than 6 nm, even if a certain control is achieved
via, e.g., variation of the surfactant chain length.38 Secondly and
more importantly, the mesopore structure generally collapses
as a result of crystallization and/or the t- to m-ZrO2 transition, if
the material is exposed to elevated temperatures $873 K.39,40

Hence, to prepare mesoporous ZrO2 with high thermal
stability, the use of both a structure-directing agent and a t-ZrO2

stabilizing element is generally required.21,41,42 For Si-stabilized
ZrO2, the reported syntheses still rely on the dissolution of Si
from glass vessels during “digestion” procedures,43 oen
without reporting the Si content.26,44,45 In earlier work, our group
demonstrated that the pore width of mesoporous SiO2–ZrO2 can
be controlled by variation of the pH value using NH4OH solu-
tion.46 However, the ill-dened nature of glass surfaces and the
narrow pH regime (9–12) restrict the practicality and control of
this synthesis approach. Moreover, since the Si incorporation
occurs during the NH4OH-treatment on the hydrogel, it is not
possible to differentiate the effects of Si and the “digestion” on
the material properties.

In this report, we, therefore, follow a different approach
towards Si-stabilized ZrO2, i.e., supplying Si before gelation
without the need for an additional “digestion” step.47 In order to
generate mesopores, we combine this synthesis approach with
the use of the surfactant dodecylamine (DDA), as previously
described by both Cassiers et al.43 and by our group.46 This
strategy allows to independently investigate the effects of Si,
16876 | RSC Adv., 2022, 12, 16875–16885
DDA and an NH3-treatment of the hydrogel on both textural
properties and thermal stability of the zirconia, which we
thoroughly analyze in this study. Consequently, an experi-
mental procedure is provided for reliably preparing thermally
stable, mesoporous t-ZrO2 dominant materials with potential
applications even under harsh catalytic or thermal conditions.
Experimental section
Synthesis of mesoporous SiO2–ZrO2

The zirconia preparation was adapted from our previously
described procedure.47 In order to generate mesopores in the
material, DDA was added to the gelation solution, as reported
earlier.46 From the initial synthesis, the pH value was adjusted
to 10 using aqueous NH4OH solution and scaled accordingly to
give 1–10 g product. The chemicals used were zirconyl nitrate
hydrate (ZrO(NO3)2$xH2O, 99%, Aldrich), Ludox® AS 40
colloidal silica (Ludox®, 40 wt% suspension in H2O, Aldrich),
dodecylamine (DDA, $98%, Fluka), ammonia (NH4OH, 32 wt%
in H2O, RECTAPUR®, VWR) and ethanol (EtOH, 99.5%, dena-
turated with 1% butan-2-one, VWR).

11.55 g ZrO(NO3)2$xH2O was dissolved in H2O to obtain
a concentration of 0.57 mol L�1. Based on thermal analysis, “x”
was assumed to be 6 in all calculations. In a separate container,
appropriate amounts of Ludox® (40 wt% in H2O) and DDA were
dissolved in an EtOH–H2O mixture (nZr/nEtOH/nH2O ¼ 1/160/400)
and heated up to 313 K. Aer reaching this temperature, the Zr-
containing solution was added dropwise to the EtOH–H2O
solution while stirring vigorously at 650 rpm. During precipi-
tation, the pH was monitored with a pH electrode (Metler InLab
Routine Pro) and kept constant at a value of 10 using aqueous
diluted NH4OH (c ¼ 8.3 mol L�1). Aer precipitation, the
mixture was heated up to 343 K, stirred at this temperature for
1 h without pH monitoring, and allowed to cool to room
temperature. The aged hydrogel was then ltered under
reduced pressure and washed with EtOH (nEtOH/nZr ¼ 50) and
H2O (nH2O/nZr ¼ 300). Finally, the washed gel was dried at 383 K
for 12 h and calcined at either 923 or 973 K for 8 h in air, both
using a heating rate of 2 Kmin�1, to obtain a white, brittle solid.
As shown in section S1 of the ESI,† the difference in calcination
temperature did not have a major impact on the crystal struc-
ture and textural properties of the materials.

In order to investigate the Si- and DDA-dependency of the
synthesis, the volume of the Ludox® solution and mass of DDA
used were varied. The experimentally determined Si mole frac-
tion in mol%, based on n(Zr+Si), is denoted by the prex “yS” (y
ranging from 0 to 47) in the sample name. The DDA mole
fraction in mol%, based on nZr, is indicated by the suffix “zD” (z
ranging from 0 to 30) in the sample name. For example, sample
15SZ-20D exhibits a Si mole fraction of 15 mol% and was
prepared in the presence of 20 mol% DDA during gelation.
Selected hydrogels were subjected to a treatment in aqueous
NH4OH in PTFE vessels prior to ltration and drying, indicated
by the notation “-at” in the sample name. Diluted aqueous
NH4OH (c¼ 4.7 mol L�1, nNH4OH/nZr ¼ 44) was added, the vessel
was sealed and heated up to 363 K for 140 h.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Characterization

Inductively coupled plasma optical emission spectrometry (ICP-
OES) was conducted using a PerkinElmer Optima 8000 instru-
ment equipped with a Scott/cross ow sample injection system.
The samples were dissolved in a mixture of hydrouoric, nitric,
and hydrochloric acid in an Anton Paar Multiwave 3000
microwave prior to analysis. An experimental error of �0.3 wt%
is expected for the Si mass fraction.

CHN elemental analysis was conducted on a Vario ELMICRO
element analyzer manufactured by Heraeus. Samples were
crimped within a container made of aluminum and analyzed via
heat extraction.

Powder X-ray diffraction (XRD) patterns were recorded using
a Huber G670 Guinier geometry diffractometer equipped with
an image-plate detector. Reections were recorded between
2q ¼ 4� and 2q ¼ 100� using Cu-Ka radiation (l ¼ 0.15406 nm),
with a step size of 0.005 � and an irradiation time of 15 min per
scan. Topas soware by Bruker48 was used for Rietveld rene-
ments of XRD data.49,50 Detailed information on the renements
can be found in the ESI (Section S3.2†).

N2 sorption analysis was conducted on a Micromeritics ASAP
2010 for samples calcined at 923 K and a Porotec Sorptomatic
1990 instrument for samples calcined at 973 K. Samples were
degassed at 523 K for at least 4 h. The adsorption and desorp-
tion isotherms were recorded at 77 K and analyzed using the
ASiQwin soware by Quantachrome Instruments. The total pore
volume was determined at p/p0 $ 0.95. Specic surface area and
pore width distribution were determined by the BET method51

(adsorption branch) and BJH method52 (desorption branch),
respectively. An experimental error of 5% is expected for specic
surface area, specic pore volume and pore width.

Transmission electron microscopy (TEM) analysis was per-
formed on a Jeol JEM2100Plus operated at 200 kV acceleration
voltage with a maximum point resolution of 2.3 nm. The
microscope was equipped with an EDAX Octane T EDS system
for elemental analysis.

Lamellas of the pure ZrO2 and 15SZ-20D were prepared for
electron tomography measurements using a FIB Strata 400S
(FEI, USA) with a Ga+ ion beam. Electron tomography
measurements of the sample lamellas prepared via FIB were
performed using a Fischione 2020 tomography holder on
a Titan 80-300 (FEI) microscope with an acceleration voltage of
300 kV in STEM mode. Tomograms were acquired over an
angular range of �60� with 2� per step resulting in 60 projec-
tions per tomogram. Detailed information on the data collec-
tion and processing is given in the ESI (Section S4.1.1†)
Fig. 1 TEM micrographs of (a) pure ZrO2; (b) 15SZ (Si-stabilized ZrO2),
calcined at 923 K. The insets show SAED patterns obtained from the
region displayed in the images.
Results and discussion
Stabilization of t-ZrO2 by Si

To investigate the effect of Si in the synthesis, zirconia was
synthesized without the addition of Si (pure ZrO2) and with
15 mol% Si (15SZ). As displayed Fig. 1, TEM images of these
samples exhibit very different morphologies. While aggregated
but clearly distinguishable particles with a diameter of about
10–40 nm are formed in the absence of Si (Fig. 1a), the Si-
© 2022 The Author(s). Published by the Royal Society of Chemistry
stabilized sample (Fig. 1b) shows signicantly smaller ZrO2

particles (<5 nm). Selected area electron diffraction (SAED, see
insets) displays typical patterns for polycrystalline materials in
both samples with additional distinct reections for the pure
ZrO2 sample, indicative of larger crystals. From both XRD and
these SAED patterns (Fig. S5 and S6 in ESI†), it is possible to
identify the dominant presence of m-ZrO2 for Si-free ZrO2 and t-
ZrO2 for 15SZ, respectively.

According to Rietveld renements given in the ESI (Fig. S7,
S8 and Tables S1, S2†), the pure ZrO2 sample contains 95 wt%
m-ZrO2 and 5 wt% t-ZrO2, while a renement with pure t-ZrO2

led to the best t for sample 15SZ. Additionally, the average
ZrO2 crystallite size calculated from the microstructure analysis
as part of the Rietveld renements decreased from 16.05(16) nm
for the m-ZrO2 contribution in the pure ZrO2 sample to
8.15(10) nm for the t-ZrO2 phase in sample 15SZ. This clearly
supports the interpretation of Si as an inhibitor for the ZrO2

crystallite growth, which prevents the t–m-ZrO2 transition.
Notably, Yin et al.23 reported very similar results. Using the
RSC Adv., 2022, 12, 16875–16885 | 16877
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Scherrer equation, the authors calculated crystallite sizes of 15–
16 nm for a Si-free, predominantly m-ZrO2 and 5–6 nm for a Si-
containing t-ZrO2 (xSi � 20 mol%), both aer calcination at
1073 K.

Nevertheless, full stabilization of the t-ZrO2 phase has been
reported at much lower Si mole fractions. In good agreement,
Rezaei et al.26 reported this to occur at �3.2 mol% (0.73 wt%) Si
aer calcination at 873 K, while Nahas et al.27 determined
�3.5 mol% (0.8 wt%) Si, aer calcination at 823 K, to be suffi-
cient to fully stabilize t-ZrO2. Similar to the prevention of the t–
m-ZrO2 transition, the crystallization of ZrO2 can be inhibited
even more effectively if high Si mole fractions are used, so that
only X-ray amorphous ZrO2 is formed. For example, both del
Monte et al.28 and Nagarajan et al.30 reported that SiO2–ZrO2

containing 50 mol% Si remained amorphous aer calcination
at 1073 K, and t-ZrO2 was formed only aer calcination at
1273 K. Therefore, at a given calcination temperature,
Fig. 2 XRD patterns of zirconia samples calcined at 923 K with
different mole fractions y of Si (denoted as “ySZ”).

Table 1 Weight fraction of t-ZrO2 (ut-ZrO2) and mean crystallite size
(dc) for zirconia samples calcined at 973 K with different mole fractions
of Si (yS). Values and error ranges calculated from Rietveld refinement.
For detailed information, see Section S3.1 in the ESI

Sample ut-ZrO2
/wt% dc/nm

Pure ZrO2 4.72(16) 23.7(6)
5SZ 78.6(2) 15.4(2)
8SZ 98.84(15) 13.9(2)
15SZ 100 13.4(5)
19SZ 100 7.5(3)
27SZ n.a.a n.a.a

a Not applicable.

16878 | RSC Adv., 2022, 12, 16875–16885
crystalline t-ZrO2 is expected to exist only within a dened Si
mole fraction regime, with the m-ZrO2 phase being predomi-
nantly formed below and an amorphous, SiO2-like material
above that certain range. In order to explore the inuence of Si-
content for the synthesis presented here, zirconia with different
Si mole fractions between 0 and 27 mol% were prepared and
calcined at 973 K. A comparison of the XRD patterns is given in
Fig. 2. Indeed, without Si, m-ZrO2 is predominantly found, but
a transition to mostly t-ZrO2 is already observed when 5mol% Si
are used. However, according to Rietveld renement,
�21.4 wt% m-ZrO2 are still present in 5SZ (Table 1). Essentially
pure t-ZrO2 with a calculated m-ZrO2 fraction of only �1.2 wt%
is obtained at 8 mol% Si and above. At higher Si molar fractions,
t-ZrO2 reections visibly broaden, until an X-ray amorphous
material is formed at 27 mol% Si (27SZ).

As the Si mole fraction increases, the calculated crystallite
sizes decrease from 23.7 nm (pure ZrO2) to 7.5 nm (19 mol% Si)
(Table 1). These ndings are in good agreement with recently
published results from Min et al.,24 who reported 20.7 nm (pure
ZrO2) and 8.9 nm (20 mol% Si), obtained from the same calci-
nation temperature of 973 K. At a Si mole fraction of 27 mol%,
no XRD reections are found, likely due to even smaller crys-
tallite sizes, as an amorphous, growth-constraining SiO2

network forms around the ZrO2 crystallites.
Additional support for this interpretation is given by N2

sorption studies. According to the IUPAC denition,53 samples
reported in this work generally show a type IV isotherm with
a H1 hysteresis (exemplary in Section S2 in ESI†). Starting from
28 m2 g�1 and 0.09 cm3 g�1 for pure ZrO2, both specic surface
area (ABET) and pore volume (VP) increase with increasing Si
mole fraction (Fig. 3a). Assuming hard, non-porous cubes of
uniform size with a density of 6 g cm�3, a reduction of the
crystallite size from 25 to 7 nm would result in an increase of
ABET from 40 m2 g�1 to 143 m2 g�1.54 Thus, it is reasonable to
assume that the observed increase of the specic surface area
with the Si mass fraction (Fig. 3a) is primarily caused by
a decrease of the ZrO2 crystallite sizes. The decrease in crystal-
lite size within the lower Si mole fraction regime (#15 mol%) is
accompanied with the formation of small mesopores (2–4 nm,
Fig. 3b). However, as an amorphous SiO2 network forms
(>19 mol% Si), the pore width distribution broadens signi-
cantly and shis to larger pores. At the same time, a rapid
increase of both ABET and VP is observed (Fig. 3a). Thus, we can
conrm the previously reported Si-dependency for mesoporous
ZrO2,26–28 although essentially full t-ZrO2 stabilization is
observed at a higher Si mole fraction of 5–8 mol%. Amorphous
ZrO2 is then formed at higher fractions between 19 and
27 mol% Si, though lower if compared to 50 mol% Si as re-
ported in other sources.28,30
Mesopore generation in the presence of dodecylamine

To study the effect of the surfactant DDA on the pores of the
material, sample 15SZ was chosen, since it contains the lowest
molar fraction of Si, at which the pure t-ZrO2 phase was ob-
tained. Though exhibiting high specic surface area of
137 m2 g�1 aer calcination at 923 K, the resulting specic pore
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N2 sorption results for zirconia samples calcined at 973 K with
different mole fractions y of Si (denoted by “ySZ”); (a) specific surface
area (ABET) and specific pore volume (VP); (b) pore width (wP)
distribution.

Fig. 4 N2 sorption results of zirconia samples with 15 mol% Si calcined
at 923 K, prepared in presence of 0–30 mol% DDA during gelation
(-zD); (a) specific surface area (ABET) and specific pore volume (VP); (b)
pore width (wP) distribution.
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volume of 0.11 cm3 g�1 for ZrO2 with 15 mol% Si is still fairly
low.32 Hence, in order to generate mesopores within this Si-
stabilized ZrO2, 10–30 mol% DDA (based on nZr) were added
to the gelation solution while using a constant Si mole fraction
of 15 mol%. The specic surface area and pore volume for
calcined SiO2–ZrO2 samples are given in Fig. 4a. As can be
clearly recognized, specic surface area increases with the used
amount of DDA from 137 m2 g�1 for 15SZ to 186 m2 g�1 for
15SZ-30D. More signicantly though, the specic pore volume
more than triples from 0.11 cm3 g�1 for the DDA-free synthesis
to 0.36 cm3 g�1 for 15SZ-20D, followed by a slight decrease to
ultimately 0.28 cm3 g�1 for 15SZ-30D. As demonstrated by the
pore width distributions of the same samples displayed in
Fig. 4b, the increase of VP is caused by the generation of mes-
opores. While in the absence of DDA only small mesopores (�3–
4 nm) are present, an addition until 20 mol% DDA leads to the
formation of a broad distribution of larger mesopores (�4–
40 nm), with amodal pore width (wP) of 9.4 nm for sample 15SZ-
20D. Hg porosimetry analysis performed on the 15SZ-20D
sample (Section S4.2 in ESI†) conrms that the material is
essentially only mesoporous (specic macropore volume
<0.05 cm3 g�1). A further increase of the DDA concentration
within the gelation solution leads to a sharpening and shi of
the pore width distribution back to smaller pores, with wP of
4.9 nm for 15SZ-30D. We observed that DDA is insoluble in the
gelation solution above a concentration of 20 mol% DDA.
Therefore, it is possible that the decrease of both pore volume
© 2022 The Author(s). Published by the Royal Society of Chemistry
and mean pore width are caused by DDA molecules emulsied
within the gelation mixture through rapid stirring.

In order to investigate the nature of the pore generation by
DDA, CHN elemental analysis was conducted on 15SZ-20D aer
drying and subsequent calcination. Prior to calcination, the
dried sample contained 0.9 wt% N, 7.9 wt% C and 3.2 wt% H.
Aer calcination, no nitrogen and carbon were detected, and
the hydrogen mass fraction reduced to 0.5 wt%. Therefore, it is
reasonable to assume that DDA remains in the solid during the
applied drying procedure and is only removed during calcina-
tion. However, given the rather broad pore width distribution,
we consider it unlikely that DDA acts as a so template. Instead,
we hypothesize that DDA acts as an organic binder, promoting
the aggregation or partial agglomeration of SiO2–ZrO2, which is
removed upon calcination to generate voids, whose width
distribution is not strictly dened. This interpretation is sup-
ported by additional studies, in which the surfactant chain
length as well as the type of structure-directing agent itself were
varied, which led to similar pore width distributions (see
Section S4.4 in ESI†). The results presented in Fig. 4 represent
zirconia with unusually large mesopores, stable until to a calci-
nation temperature of 873 K. To the best of our knowledge,
thermally stable ZrO2 with mean pore widths of >10 nm have so
far only been prepared through the use of organic polymers.41,55

R. Liu et al.41 prepared ZrO2 stabilized with 10 mol% Al in the
presence of the block-copolymer Pluronic F127. Aer calcina-
tion at 973 K, a pore width distribution similar to 15SZ-20D was
RSC Adv., 2022, 12, 16875–16885 | 16879
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Fig. 6 XRD patterns of zirconia samples calcined at 973 K with
different mole fractions of Si (yS), prepared in the presence of 20 mol%
DDA during gelation.
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formed, though ABET (46 m2 g�1) and VP (0.15 cm�3 g�1) were
considerably lower than the values obtained in this work. X. Liu
et al.55 prepared mesoporous ZrO2 using Pluronic P123, which
exhibited a very similar pore structure to 15SZ-20D as well as
similar ABET (195 m

2 g�1) and VP (0.41 cm
�3 g�1). Unfortunately,

the Si fraction of this material was not analyzed, though
reuxing the hydrogels in NH3 for 48 h in glass vessels, known
to dissolve Si,9 was included in the preparation procedure.
Compared to these reports, we obtain a highly porous and
thermally stable ZrO2 by using the non-ionic surfactant DDA.

As N2-sorption studies report on the bulk properties of the
sample, the inuence of DDA addition on the specic geometry
of the generated mesopore system was further investigated by
electron tomography as shown for pure ZrO2 (Fig. 5a) and 15SZ-
20D (Fig. 5b). The effective resolution of the tomograms is
estimated at 13 nm according to the Crowther criterion (see
Section S4.1 in the ESI†). Considering the effective resolution
and the limited number of projections �60� in 2� steps, it is not
appropriate to discuss mesopores below 13 nm despite their
presence in the samples indicated by N2 sorption and Hg
porosimetry analysis. The results of the quantitative porosity
analysis of the tomograms are shown in Section S4.1.4 in the
ESI.† The pure zirconia material in absence of Si and DDA
shows a quite homogeneous distribution of pores and pore
shapes. The addition of Si and DDA in 15SZ-20D leads to
increased pore sizes with signicant presence of macropores
(>50 nm). However, 15SZ-20D shows rather irregular pore
shapes and less homogenous pore sizes compared to pure ZrO2.
Qualitative comparison based on the volume images is also
conrmed by quantitative analysis of the pore size distribution
(see Section S4.1.1 in ESI†). For pure ZrO2 a mean pore diameter
of 38.1� 0.4 nm, and for 15SZ-20D of 60.8� 9.7 nm is obtained.
Fig. 5 3D rendered volumes of the electron tomograms together with 2D
the colored arrows; (a) pure ZrO2, (b) 15SZ-20D (Si-stabilized ZrO2). The m
calcined at 923 K.

16880 | RSC Adv., 2022, 12, 16875–16885
The results of electron tomography should rather be qualita-
tively compared with those of N2 sorption and Hg porosimetry,
due to the presence of mesopore features down to 3–4 nmwhich
may not be accurately resolved. On the other hand, electron
tomography as performed here enables observation of larger
mesopore and small macropore features, which may not be
slices along three different directions and their position as indicated by
aterial is depicted in blue and the void space in orange. Samples were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Weight fraction of t-ZrO2 (ut-ZrO2
) and mean crystallite size

(dc) for zirconia samples calcined at 973 K with different mole fractions
of Si (yS). Values and error ranges calculated from Rietveld refinement.
For detailed information, see Section S3.1 in the ESI

Sample ut-ZrO2
/wt% dc/nm

Pure ZrO2 4.72(16) 23.7(6)
5SZ 78.6(2) 15.4(2)
8SZ 98.84(15) 13.9(2)
15SZ 100 13.4(5)
19SZ 100 7.5(3)
27SZ n.a.a n.a.a

a Not applicable.

Fig. 7 N2 sorption results of zirconia samples calcined at 923 K with
different mole fractions y of Si (ySZ), prepared in presence of 20 mol%;
(a) specific surface area (ABET) and specific pore volume (VP); (b) pore
width (wP) distribution.
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accurately quantied by N2 sorption techniques. Furthermore,
a qualitative impression of the homogeneity, connectivity,
shape, and ordering of the pore system is possible through
tomography, which is not directly accessible by N2 sorption or
Hg porosimetry.

Without DDA addition, pure t-ZrO2 was found to exist only
within a Si mole fraction regime between 8 and 27 mol% (Table
1). In order to investigate this dependency on the presence of
DDA within the gelation solution, a similar series of SiO2–ZrO2

samples with Si fractions between 0 and 47 mol% was prepared.
A concentration of 20 mol% DDA was chosen for this series,
since this value led to the maximum specic pore volume
observed. XRD patterns of this series are shown in Fig. 6.
Compared to zirconia prepared in the absence of DDA, a quali-
tatively similar Si molar fraction dependency is observed if DDA
is present in the gelation solution. For example, m-ZrO2 still
remains as the dominant crystalline phase with a calculated
mass fraction of �95 wt% when no Si is used (Table 2). More-
over, full stabilization of t-ZrO2 is observed when the Si content
is$10mol%, while the XRD reections visibly broaden as the Si
fraction increases. Consequently, the calculated t-ZrO2 crystal-
lite sizes decrease from 14.6(2) nm in 5SZ-20D to 8.10(12) nm in
29SZ-20D (Table 2). The sample 40SZ-20D, similar to 27SZ,
shows no distinct reections in the XRD pattern, likely caused
by the constraining effect of an amorphous SiO2 network
formed as described in the previous section. Nevertheless, it
must be noted that more Si is required to achieve a stabilizing
effect of t-ZrO2 when DDA is used, compared to the syntheses
without DDA. For example, at a Si molar fraction of 5 mol%, the
t-ZrO2 fraction is only 38.08(11) wt% when 20 mol% DDA are
used (5SZ-20D), compared to 78.6(2) wt% without DDA (5SZ).
Additionally, in the presence of DDA, the transition from
tetragonal to amorphous ZrO2 occurs at much higher Si molar
fractions compared to preparations without DDA. Comple-
mentary to this, N2 sorption analysis reveals an increase of ABET
and VP with the Si mole fraction (Fig. 7a), yet two major differ-
ences to the trend in absence of DDA (Table 1) are found. Firstly,
the specic pore volume at low Si fractions (#15 mol%) is
higher, which may be due to the pore-generating effect of DDA.
Secondly, however, the rapid increase of ABET and VP starts
between 29 and 40 mol% Si.

It therefore appears that the presence of DDA within the
gelation solution retards the stabilizing effect of Si. It is
© 2022 The Author(s). Published by the Royal Society of Chemistry
reasonable to suggest that this may be caused by an interaction
between ZrO2 nanocrystals and DDA, which disturbs the SiO2–

ZrO2 interaction. An alternative explanation can be deduced
from the electron tomography studies (Fig. 5). These demon-
strate that by the use of DDA, much more previously inacces-
sible bulk ZrO2 is exposed to the material surface. This is
supported by the fact that DDA addition led to a slight increase
of specic surface area, even though the specic pore volume
increased considerably (Fig. 4a). Consequently, more Si is
needed to cover the additional surface to restrict the crystalli-
zation of t-ZrO2 and prevent the t- to m-ZrO2 phase transition.
This clearly shows that the effects of the structure-directing
agent and the structure-stabilizing promoter are not indepen-
dent. Instead, they presumably inuence each other, demon-
strating that their combined effect must be considered for
a reasonable understanding about the concurrent development
of thermal stability and textural properties. The inuence of the
Si mole fraction on the pore width distribution for zirconia
prepared in the presence of DDA (Fig. 7b) is an instructive
example for this statement. Without Si, much larger pores are
formed when the gelation solution contained 20 mol% DDA
(pure ZrO2 sample in Fig. 3b vs. 0SZ-20D in Fig. 7b). However,
the pore width distribution continuously broadens with
a signicant contribution of smaller mesopores <10 nm form-
ing as the Si mole fraction increase. Thus, the Si-stabilizing
effect must be balanced with the pore-generating effect of
RSC Adv., 2022, 12, 16875–16885 | 16881
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DDA for a targeted design of the pore system. Interestingly, the
pore width distributions of 47SZ and 44SZ-20D are very similar
to each other, which implies that the effect of Si may ultimately
compensate the pore-generating effect of DDA. DDA addition is
therefore most effective at low Si mole fractions (#15 mol%).
Fig. 9 XRD patterns of Si-stabilized zirconia samples calcined at
923 K, prepared in the presence of 10–20 mol% DDA (-zD) during
gelation, with and without NH3-treatment of the hydrogels (-at).
NH3-treatment on zirconia hydrogels

There is ample evidence for the benets of basic treatments of
zirconia hydrogels prior to drying in order to increase specic
surface areas and pore volumes.9 However, in many studies, the
effect of the basic treatment cannot be differentiated from Si
stabilization since glass containers are commonly used. One
exception for this is the report of Yin et al.23 Therein, the specic
surface area of ZrO2 with �5 wt% Si (equivalent to �20 mol%)
was 104 m2 g�1 aer calcination at 873 K but increased to
154 m2 g�1 when an NH3-treatment step on the hydrogel was
included. Thus, there seems to be an additional benet of basic
treatment of zirconia hydrogels. Additionally, to the best of our
knowledge, an independent study on only the effect of basic
NH3-treatment has so far not been conducted for mesoporous
zirconia, prepared in the presence of a structure-directing
agent. Therefore, selected hydrogels prepared with 15 mol%
Si and 10–30 mol% DDA, were subjected to an NH3-treatment
for 144 h. As shown in Fig. 8a, the NH3-treatment led to
Fig. 8 N2 sorption results of zirconia samples calcined at 923 K,
prepared in the presence of 10–20 mol% DDA during gelation (-zD),
with and without NH3-treatment on hydrogels (-at), (a) specific surface
area (ABET) and specific pore volume (VP); (b) pore width (wP) distri-
bution; the open symbols refer to samples, whose hydrogels were
subjected to NH3-treatment.

16882 | RSC Adv., 2022, 12, 16875–16885
increases of both ABET and VP at all investigated DDA mole
fractions. For 30 mol% DDA, remarkable values of the specic
surface area (225 m2 g�1) and pore volume (0.46 cm3 g�1) were
achieved. Interestingly, the increase of both ABET and VP did not
change the pore width distribution signicantly (Fig. 8b),
implying a cumulative increase in accessible porosity without
altering the pore characteristics. This is a highly useful material
property because it enables the adjustment of the accessible
void fraction and surface area while retaining the mean pore
width in the material.

The observed increase of ABET may be partially related to
a further decrease of the crystallite size, since a slight broad-
ening of the reections is found during XRD analysis for SiO2–

ZrO2 calcined aer NH3-treatment (Fig. 9). Indeed, Rietveld
renements indicate a crystallite size reduction from 9.1 nm to
6.6 nm for 10 mol% DDA and from 9.9 nm to 7.8 nm for
20 mol% DDA (Tables S14–S17 in ESI†). However, this cannot
explain the signicant increase of the specic pore volume
while retaining the pore width distribution. Given that the
mean pore width does not increase and is largely retained
instead, leaching of the pore walls appears unlikely. This
particularly applies to the Si component, since its dissolution
from the surface of the hydrogel would be expected to reduce
both ABET and VP (Fig. 3a and 7a). Therefore, we assume that the
enhancement of ABET and VP rather arises from dissolution and
reprecipitation processes, which make previously blocked pores
accessible to the surface. Such reprecipitation processes could
also explain the decrease of the average crystallite size.
Conclusions

Tetragonal ZrO2, stabilized by 15 mol% Si, with distinctively
large mesopores (�4–40 nmwithmodal pore width of 9.4 nm) is
successfully prepared. The effects of incorporation of Si, the
surfactant DDA and an NH3-treatment on the hydrogel and the
resulting properties are resolved. Si incorporation stabilizes the
t-ZrO2 phase by blocking aggregation of large ZrO2 particles.
This results in a considerable reduction of the crystallite size,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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which leads to a high specic surface area of up to 225 m2 g�1.
The presence of DDA enables the generation of a broad distri-
bution of large mesopores (�4–40 nm), possibly by the
promotion of SiO2–ZrO2 particle aggregation and/or agglomer-
ation. The basic hydrogel treatment with NH4OH solution
increases both the specic surface areas and pore volumes
while retaining the pore width distribution. Likely, this is due to
dissolution and reprecipitation processes, which can open
previously blocked pores. From the Si-dependence both in the
absence and presence of DDA during gelation, it is concluded
that Si-stabilization and mesopore generation by DDA are
correlated. Thus, the combined effects of stabilization of t-ZrO2

by Si as the structural promoter and DDA as the porogen must
be considered to balance thermal stability and the resulting
mesopore system. This result is likely not only relevant for the
preparation of ZrO2, but also for other materials where a phase
transition may interfere with the thermal removal of the
structure-directing agent. Based on the high thermal stability,
mesoporous nature along with high specic surface area of up
to 225 m2 g�1 and pore volume of 0.46 cm3 g�1, the Si-stabilized
ZrO2 presented in this study is a promising mesoporous catalyst
support with applications in demanding chemical environ-
ments, such as the dry reforming of methane or CO2 hydroge-
nation with H2. Additionally, it can be sulfated and used as
a porous, superacidic catalyst for hydrocarbon conversion
reactions.
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