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Introduction

Metal oxides with strong basic character (e.g. , MgO, BaO, and

CaO) are often employed as catalysts in the aldol condensation

of aldehydes and ketones to the corresponding unsaturated al-
dehydes and ketones. However, these catalysts typically result

in poor selectivity and stability because of over-condensation
that leads to coke deposition and rapid deactivation of the

strong basic sites by adsorption of H2O or CO2.[1, 2] The addition
of small quantities of acidic oxides (e.g. , TiO2, Al2O3, B2O3) can
be used to adjust the basicity of the catalyst by reducing the

strength of basic sites and providing acid sites.[3–7] In previous
studies, this doping has been typically accomplished by either
coprecipitation of the two metal precursors or impregnation of
the basic oxide with a solution of an acidic oxide precursor, fol-

lowed by thermal treatment.[6–12] However, these processes
may lead to the formation of mixed oxides with low surface

area, limited pore connectivity, and phase segregation.

To overcome these limitations, we have developed

a method that exploits the differences in the mobility of mag-

nesium oxide (MgO) and boron oxide (B2O3) during the com-
bustion of citric acid at high temperatures. The large difference

in melting points and the rapid formation of combustion
fumes results in a high-surface-area metal oxide foam with hi-

erarchical meso- and macroporous structure, in which the light
B atoms become effectively stabilized in two distinct surfaces,

one consisting in small MgO clusters enriched with trigonal co-

ordinated boron species (BO3) and the other consisting of flat
surfaces containing tetrahedral boron species (BO4). These cat-
alysts have been tested for the selective aldol condensation of
acetaldehyde to crotonaldehyde (CAL), crotyl alcohol (COH),

and 3-butenol (3 BOH), which are precursors for industrially im-
portant chemicals such as 1,3-butadiene, 1,4-butanediol, and

1-butanol, widely used in the polymer industry.[13–15] Aldol con-

densation is a ubiquitous reaction in the organic chemistry
toolbox, which has been widely applied in the production of

functional molecules generally used as starting materials in the
manufacturing of pharmaceuticals, solvents, polymers, and

more recently, renewable fuels. This C@C bond forming reac-
tion is relevant in the conversion of small oxygenates, typically

obtained from biomass, into larger molecules of higher

value.[16]

Controlled incorporation of dopants into the structure of metal
oxide catalysts can be used to fine-tune their topological,
chemical, and electronic properties. Conventional preparation

methods (coprecipitation and impregnation) tend to produce
materials with a limited extent of chemical interaction between

metal oxide and dopant, small pore volume, and disconnected
pore structure. Herein, we describe a combustion method to

optimize both the porous structure of metal oxides and the
chemical interaction with dopants. By exploiting the differen-

ces in melting points between metal oxide (MgO) and dopant
(B), it is possible to create hierarchical mixed oxides with tail-

ored chemical structure. As a model reaction, we employed
the aldol condensation of acetaldehyde to crotyl alcohol, a key

intermediate step in the conversion of bioethanol to 1,3-buta-

diene, to show the unique characteristics of these materials.
The B–Mg mixed oxide prepared by combustion exhibits an

order of magnitude higher productivity of C4 products than
conventional MgO and B–MgO. We anticipate that our ap-

proach could be extended to the development of other dual
oxides with open structure for unrestricted diffusion and
enhanced chemical interaction of acid and basic metal oxides.
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Results and Discussion

Synthesis of hierarchical boron-doped magnesium oxide

MgO is a well-known basic oxide with high ionic character and
a rock salt crystal structure of tunable morphology and surface
structure.[17–19] MgO is well suited for applications in catalysis
because it is possible to modify its acid–base properties for
the control of reactivity as well as its porous structure to

adjust the rates of mass transport and stability during reac-
tion.[3, 20, 21] In this work, we have used a combustion process to

prepare a set of MgO catalysts with boron concentrations vary-
ing from 0 to 15 wt. %. At the high temperatures generated by

the combustion process, boron oxide is expected to be highly
mobile (melting point 450 8C), enabling the formation of

a glassy B2O3–metal-oxide interface. This structure is expected

to reduce the interfacial tension of the vapor–glass interface
facilitating the stabilization of large voids. To characterize these

unique materials, we have used a scanning electron micro-
scope with focused ion beam (FIB–SEM) to generate a thin

cross section of one of the samples containing 7.5 wt. % B–
MgO (Figure 1). The sample was thin enough to allow us to

image the internal structure by high-resolution transmission
electron microscopy (HRTEM) along with energy-dispersive X-
ray analysis (EDX). As shown in Figure 1 ai–aiii, this material

contains large void spaces that resemble those in a solid foam.
Evidently, during the high-temperature synthesis, large bubbles

of H2O vapor and CO2 were formed upon the rapid combus-

tion of citric acid. These large cavities are interconnected by
mesoporous channels created during the evacuation of the

combustion gasses out the oxide and possibly affected the sta-
bilization effect of B. As shown in Figure 1 bi–iii, the surface of

these chambers is covered by large clusters of Mg-enriched B–
MgO and a smooth surface composed of glassy B2O3-MgO.

Mapping by EDX (Figure 1 aii, aiii) corroborated that B and Mg
were homogeneously distributed on the microscopic scale.
Similar observations have been reported in TiO2 thin films
doped with small quantities of B, for which changes in surface

free energy caused the creation of pores through grain-boun-
dary grooves emerging from the bulk.[4]

The pore-size distribution obtained with Barrett–Joyner–Ha-
lenda (BJH) analysis of N2–desorption isotherms revealed that
the MgO produced by the combustion method has a micro-

and mesoporous structure (see Figure 2), but the addition of B

reduces the fraction of microporous and increases the meso-
and macroporosity generating a hierarchical network. In the

7.5 wt. % B–MgO sample the pore-size distribution is rather

uniform and centered at approximately 13 nm. In addition,
there is a range of macroscopic pores observed by SEM that

cannot be captured by the BJH analysis, which is valid within
the 1.8–260 nm range. This is consistent with the formation of

a hierarchical meso- and macroporous B–Mg structure. Clearly,
the addition of B helps in the formation of a hierarchical struc-

ture and, as shown below, improves the basic–acid character

of the material. However, excessively high concentrations of B
have a detrimental effect on surface area. The specific surface

area, determined by BET method progressively decreased from
223.5 m2 g@1 to 6.7 m2 g@1 as the B-content increased from 2.5
to 15.0 wt. % (see Table S2).

XRD profiles of the different B–MgO catalysts after calcina-

tion for 1 h at 500 8C are summarized in Figure 3. Five diffrac-
tion peaks are clearly apparent at diffraction angles of 37, 43,
62, 74, and 788, which correspond to the (111), (2 0 0), (2 2 0),
(3 11), and (2 2 2) planes of periclase MgO.[22] The pure B2O3

sample prepared by the same combustion method, but with-

out Mg showed an intense peak at 28.458, which can be as-
cribed to the (3 11) plane of cubic B2O3.[23, 24] Remarkably, none

of the mixed B–MgO oxides showed a noticeable diffraction in-

tensity in any of the angles corresponding to B2O3 or
Mg3(BO3)2. Not a single additional diffraction peak was ob-

served, which indicates that neither phase segregation of any
of the two oxides nor formation of magnesium borates has

taken place in any of the samples, even at the highest boron
loadings (15 wt. %). Notably, as the B concentration increased,

Figure 1. Cross-sectional characterization of the internal structure of B–MgO.
ai) SEM analysis of the sample during FIB etching. ai,aii) EDX mapping of the
cross section marked as a red square in (ai) demonstrating the microscopic
distribution of Mg (red, aii) and boron (yellow, aiii). bi–biii) TEM analysis of
the cross-section at three different magnifications.

Figure 2. Pore-size distribution obtained from the BJH analysis of N2 desorp-
tion isotherms of MgO, B2O3, and mixed B–MgO prepared by the combus-
tion method with B content varying from 2.5–15.0 wt. %.
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the peak area ratio of planes (2 0 0):(111) increased (Figure 4 a),
whereas the ratio of (2 0 0):(2 2 0) remained constant. The (111)

surface is composed of alternating monolayers of highly polar-
ized oxygen ions and magnesium cations (Figure 4 b). This con-

fers a strong electrostatic field perpendicular to the surface.[25]

This surface can be stabilized by the dissociative adsorption of
water, in which a metal-terminated surface can become stabi-

lized by OH groups while H protons are adsorbed on oxygen
anions.[26, 27] By contrast, upon addition B, the (111) surface be-

comes less favored, whereas nonpolar planes, such as the
(2 0 0) and (2 2 0) do not change. It has been shown[28, 29] that
on rock salt structures the replacement of three M1

2 + cations
by two M2

3 + in M1O creates one M1 vacancy that may acts as

a thermodynamic sink, which optimizes the lattice energy of
the (111) surface. However, our observations indicate that this
may not be the case in these B–MgO samples prepared by the

combustion method described herein. A plausible explanation
for our observations could be the reduction of electrostatic in-

teraction between Mg and O layers if interstitial B3+ cations
are present, thus limiting the rate of alternating ABABA

growth.[30, 31] This kinetic effect might overcome the thermody-

namically more favorable structure caused by the addition of
M2

3+ cations. It seems that the resulting thermodynamically

metastable state occurring during the synthesis of these B-
doped MgO samples by the combustion process is favored by

the high mobility of the low-melting-point B species, which
allows a quick diffusion inside the MgO. Further confirmation

of this was obtained by treating the sample containing 7.5 wt.

% B–MgO in air at 1000 8C, much higher than those tempera-
tures used above. XRD characterization of this overheated
sample (Figure S6) revealed the formation of a separate crystal-

line structure corresponding to Mg3(BO3)2 together with peri-
clase MgO. The formation of highly crystalline magnesium
borate phase and magnesium oxide can be attributed to the
minimization of the free energy of the system.

The B3+ cation can occupy interstitial positions inside the
MgO periclase structure in either trigonal or tetrahedral coordi-

nation (see Figure 4 b). The different samples in the B-doped
MgO catalyst series were further characterized by 11B magic
angle spinning (MAS) NMR spectroscopy (Figure 5), which pro-

vided crucial information to elucidate the coordination of B
atoms in the MgO structure. For instance, in pure B2O3 boron

has a trigonal configuration, triply coordinated to oxygen.[32] In
contrast, in all B-doped MgO samples, a mixture of trigonal

and tetragonal 11B signals was observed. By fitting these data

using the method of Feng et al.[33] (Table S4) it was possible to
quantify the coordination sites of B. That is, for pure B2O3 two
11B peaks with diso chemical shift of 16.5 (B1) and 12 (B2) ppm
were identified. They can be ascribed to trigonal B species in

a boroxol ring (84.7 %) and a BO3/2 network polymer (15.3 %),
respectively. Interestingly, on the 2.5 wt. % B-MgO sample pre-

Figure 3. X-ray diffractograms of MgO, B2O3, and mixed B–MgO catalysts.

Figure 4. a) Effect of boron loading on the XRD intensity of different MgO
planes. b) Schematic illustration of the (111) plane in MgO periclase crystal
with B in MgO in trigonal and tetrahedral coordination.

ChemCatChem 2016, 8, 3611 – 3620 www.chemcatchem.org T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3613

Full Papers

http://www.chemcatchem.org


pared by combustion, in addition to the two B sites observed
for pure B2O3, a new B5 site was observed. This site corre-

sponds to interstitial tetrahedrally coordinated boron (Q
boron). Similar signals were observed on a 2.0 wt. % B–MgO

sample synthesized by incipient wetness impregnation (IWI).
However, the sample prepared by the combustion method

showed a higher contribution of Q boron than that prepared
by IWI, with abundances of 23 % and 13.5 %, respectively. The
7.5 wt. % B-doped MgO also showed three different B sites, but

slightly different from those in the 2.5 wt. % B sample. In addi-
tion to the Q boron appearing at @1 ppm, those assigned to T

boron and BO3/2 polymer had a diso chemical shift of 18.5 and
14 ppm. Although the simulated peaks for these sites (3 and 4)

look very similar to those of sites 1 and 2 in pure B2O3, they

have different chemical shifts, which suggests that they have
a different chemical environment. At even higher B concentra-

tions (i.e. , 15 wt. %) a new B site (B6) was observed with a diso

chemical shift of 15 ppm, which could be ascribed to a surface

BO3/2 polymer. The abundance of this species is about 14.9 %,
and interstitial T (B3) boron and Q (B5) sites amount to 78.5 %

and 6.6 %, respectively. This would indicate that, as the concen-
tration of B increases trigonal BO2/3 surface polymeric species

begin to form. The lack of any B2O3 diffraction peaks along
with the 11B NMR data would indicate that these polymeric

species are an amorphous glassy boron oxide that accumulates
on top of the B-doped MgO.

The simultaneous coordination of B at interstitial positions
and on the external surface has a remarkable effect on the
electronic properties of the B–MgO, as shown by XPS data

(Supporting Information, Figure S1). Upon addition of B, the
first change that can be observed is a shift of the peak corre-

sponding to Mg 2p to higher binding energies. This systematic
shift clearly increases with the B content, from 48.61 to

49.66 eV, and indicates that the presence of B3 + cations in
MgO delocalizes the electronic cloud around the Mg2 + cations

making them more electron deficient. Similar observations

have been reported on Mg- and Cu-supported on metallic sur-
faces, in which chemical shifts to higher binding energies have

been attributed to a combination of changes in the coordina-
tion number of the Mg atoms and charge transfer to the sub-

strate.[34, 35] In parallel, the O 1s peak shifts to higher binding en-
ergies upon addition of B3 + . This shift has a crucial influence

on the catalytic activity because, as the O2@ becomes less elec-

tron rich, its Lewis basicity decreases. To corroborate this trend
in acid–base character, temperature-programmed desorption

(TPD) was conducted with CO2 (a probe of basic sites) and pyr-
idine (a probe of acid sites). The results are summarized in Fig-

ures S2 and S3, respectively.
Electron microscopy images of the B–MgO materials are

shown in Figure 6. All the B–MgO samples have a very similar

surface topology (Figure 6 a-i–e-i), consisting of thin platelets
approximately 100 nm thick agglomerated in larger particles.

Interestingly, the surface of these platelets is decorated with
randomly distributed large clusters (80–100 nm, Figure 6 c-i).

Notably, this unique architecture is not observed either on
MgO or B2O3 pure samples, prepared by the same combustion

method. The pure MgO sample exhibited whiskers and needle-

like structures, and the pure B2O3 sample displayed a flat topol-
ogy without any special feature. Similarly nanostructured MgO
materials have been previously obtained by employing polyol-
mediated thermolysis, which favors the formation of highly re-

active (111) MgO surfaces with increased basicity.[36, 37] Howev-
er, the unique structure of the B-doped MgO reported here

has not been previously observed.
More detailed characterization of this B–MgO structure was

achieved by TEM bright-field (BF) and dark-field (DF) imaging
(Figure 6 a-ii–e-ii and a-iii–e-iii, respectively). In TEM–BF micro-
graphs flat platelets with large aggregates are observed that

protrude from the surface; similar to those observed by SEM.
In TEM–DF a significant number of highly crystalline patches

were observed on the different B–MgO as verified by the ap-
pearance of bright spots. These crystalline domains were sig-
nificantly smaller than the larger aggregates observed by SEM

and TEM–BF with sizes ranging from 5 to 10 nm. These crystal-
line patches were observed on both flat surfaces and larger

clusters. Notably, the structure of these crystalline domains
changed as the content of B increased (Figure 6 a-iv–e-iv). At

Figure 5. 11B MAS NMR spectra of B2O3 and mixed B–MgO catalysts of differ-
ent B contents. The top line gives the experimental spectrum and the lines
below give the simulated spectra based on the work of Feng et al.[33]
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low B loadings (e.g. , 2.5–5.0 wt. % B–MgO) the crystalline
patches exhibited a combination of lattice fringes of large (

&9 a) and small (&2.2 a) d-spacing. The large d-spacing can
be attributed to mismatch lattices between two crystalline

planes (Figure S5).[38] The rotation angle of the two planes can
be approximated by the ratio of the d(2 0 0) spacing (2.2 a) and
large d-spacing obtained by HRTEM, which is a reasonable ap-

proximation because the rotation angle was below 308 (p/6).
The resulting rotation angles of the sections shown in Fig-

ure 6 a-iv–e-iv were 14, 10.5, and 18.28 for the 2.5, 5.0, and
7.5 wt. % B–MgO samples, respectively. Interestingly, at higher

B concentrations, the lattice mismatch disappeared and lattice

fringes in the (2 0 0) direction were predominantly observed.
The results obtained from the high-angle annular dark-field

scanning transmission electron microscopy (HAADF–STEM) to-
mography of the mixed oxide containing Mg and B, with a B

content of 7.5 wt. %, prepared by the combustion method, are
shown in Figure 7. This imaging technique employs a set of 75

HAADF-STEM images of the mixed oxide particle taken every
28 from 758 to @758 of incidence angle. After careful align-

ment of the images using imageJ software the stack of images
was employed to generate a computational 3 D reconstruction

of the sample, which is critical for a detailed characterization

of the morphology and topology of the mixed oxide on the
nanometric scale. These results confirm that the large clusters

are located on top of the flat surfaces and are crystalline, as
confirmed by the electron diffraction from the clusters (Fig-

ure 7 aii-aiii). In addition, electron energy loss spectroscopy
(EELS) was used to chemically characterize the materials. Fig-

ure 7 bi,bii shows the area mapped by aberration-corrected

(AC) STEM–EELS of the 7.5 wt. % B–MgO sample. This tech-
nique enables the accurate mapping of B and Mg on the

mixed oxide, with high resolution. The image in Figure 7 bii
was deconvoluted into the contributions from the B-K ioniza-

tion edge (&193 eV) and Mg-L2/L3 ionization edge (&51 eV),
which allowed us to obtain the detailed quantification of B

Figure 6. Complex nanoarchitecture of B–MgO catalysts. Topological and nanostructural characterization by (i) SEM, (ii) TEM bright field (BF), (iii) high-resolu-
tion (HR) TEM dark field (DF), and (iv) HRTEM–BF of the different catalysts, including MgO doped with a) 2.5, b) 5.0, c) 7.5, d) 10.0, and e) 15.0 wt. % B, respec-
tively.
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(red) and Mg (blue) at nanometric resolution, with a scanning
pixel of 2 V 2 nm. Notably, the clusters of 80–100 nm located

on the surface of the mixed oxide are composed primarily of
Mg with a small concentration of B. By contrast, the flat planes

show a higher concentration of B. Therefore, it can be conclud-

ed that B-doped MgO possess two different types of surfaces
with different chemistry and architecture. The B-K spectra
showed fingerprints of different B coordination environments,
that is, tetrahedral BO4 and trigonal BO3 (Figure 7 cii). The cata-
lyst and reference fingerprint spectra of BO3 (trigonal) and BO4

(tetrahedral) units were found in minerals vosenite

([(Fe1@x,Mgx)]2FeBO3) and rhodizite (M0.9Al4B11.35O28)), respective-
ly.[34] Area 1 was centered on one large surface cluster with low
B concentration, and Area 2 was located on the flat surface

with high B-concentration. In both regions, a large peak at
193 eV can be identified and a broad peak at 204 eV corre-

sponding to trigonal B (BO3).[39, 40] The first peak can be attribut-
ed to transitions to p* molecular orbital (MO), whereas the

broad peak at 204 eV is assigned to transitions to the s*

MO.[40] Detailed analysis of these spectra revealed that in
Area 2 (Figure 7 cii) the broad peak at 204 eV has a small

shoulder at 198 eV. MO theory calculations have shown that in
BO4 a strong peak at 198.6 eV arises from transitions to s* final

states. By fitting a linear combination of BO3 and BO4 reference
spectra to the results shown in Figure 7 ci,cii we could obtain

a semiquantitative estimate of the BO3 :BO4 ratio.[41] The results
shown in Figure 7 ci,cii indicate that for Area 1 (flat surface) the

ratio of BO3 to BO4 is 0.86:0.14, and for Area 2 (large clusters)
this ratio decreases to 0.64:0.36. Importantly, these are semi-
conductive samples and BO4 could undergo a transition to BO3

under beam exposure. Therefore, care must be taken to avoid
overexposure of the sample to the electron beam.[42] These re-

sults show that BO3 and BO4 exist in both regions, but in differ-
ent proportions. The fact that only a fraction of B is interstitial

and the small crystalline radius of trigonal B and tetrahedral
B3+ (0.15 a and 0.25, respectively), compared to that of octahe-

dral Mg2 + (1.03 a), explain the small increment the in lattice
constant observed by XRD analysis.[43]

As shown by 11B NMR spectroscopy of 7.5 wt. % B–MgO, the

fractions of interstitial BO3 and BO3/2 polymer are approximate-
ly 0.61 and 0.21, and that of interstitial BO4 is 0.18, which re-

sults in a ratio BO3 :BO4 of 0.82:0.18 (see Figure 5). This value is
very similar to the one obtained for Area 1 (0.86:0.14), indicat-

ing that on these large clusters with low B concentrations the

majority of B is trigonal (BO3) and interstitial. In contrast, the
regions where B content was high, such as Area 2, interstitial B

can occupy high-energy coordination positions such as BO4,
whereas the rest of B forms a glassy B2O3 polymeric matrix on

top of B–MgO. This explains the slow increase in acidity ob-
served by pyridine TPD with the concentration of B. That is, at

Figure 7. B mapping and electronic coordination on the B–MgO catalyst with 7.5 wt. % B prepared by combustion method. ai–aiii) Spatial HAADF–STEM to-
mography. bi) AC–STEM analysis. bii) EELS mapping of Mg (blue) and B (red). ci,cii) B K-edge spectra of Area 1 and Area 2 in (bii), respectively. The spectra are
offset from each other vertically for clarity. Dotted lines represent the fitting of a linear combination of reference BO3 and BO4 EELS spectra obtained for
Area 1 and 2 (see text).[34] Dashed vertical lines mark the characteristic peaks at 193 eV and 204 eV assigned to p* and s* transitions of BO3 (green) and
198 eV to s* states in BO4 (purple).
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low B concentrations, the majority of the B is interstitial and
therefore the acidity does not increase until an excess of B

exists on the surface to form glassy B2O3. In sharp contrast, the
basicity decreases significantly with even small concentrations

of B, an indication of the strong passivation effect that
interstitial B may have on MgO.

Synthesis of a-b unsaturated alcohols and aldehydes

Production of high-value chemicals from ethanol by aldol con-

densation requires fine-tuning of the chemical and structural

properties of the catalyst to avoid undesired overcondensation
and acetalyzation reactions. For this purpose, the catalysts in

the B–MgO series with B concentrations ranging from 2.5 to
15.0 wt. % were tested in the conversion of ethanol and acetal-

dehyde to a-b unsaturated alcohols and aldehydes. As shown
in Table S8, the main products from this reaction were croto-

naldehyde (CAL) and crotyl alcohol (COH), which resulted from

the dimerization of acetaldehyde through aldol condensation
followed by Meerwein–Ponndorf–Verley (MPV) reduction,

which converts crotonaldehyde into crotyl alcohol, with etha-
nol acting as the H donor. This main pathway competes with

the formation of different side products, which include ethyl
acetate, ethyl hexenoate and 2,4-hexadienal (mixed C6), 2,4,6-

octatrienal and tolualdehyde (mixed C8). These products result
from coupling and rearrangement reactions, such as Tishchen-

ko reaction, aldol condensation, Michael addition, and ring

closing/dehydrogenation reaction (Scheme 1). Small amounts
of butyraldehyde (BAL) were also observed, as a result of H

transfer to C=C double bond in crotonaldehyde. In addition,
further MPV reduction of C=O of butyraldehyde and C=C of

crotyl alcohol yields 1-butanol (BOH). Ethanol and acetalde-
hyde undergo acetalization to yield 1,1-diethoxyethane. Other

products, including diethyl ether and 3-hydroxybutanal were

also detected, but in trace amounts. Notably, the yield towards
mixed C6 and C8 sharply decreased from 44 to 3.86 mol % as

the concentration of B increased from 0 to 15 wt. % (Fig-
ure 8 a). In contrast, crotonaldehyde (CAL), crotyl alcohol

(COH), and 3-buten-1-ol (3BOH) significantly increased with B
content, reaching a maximum yield of 72 mol % at a loading of

7.5 wt. % B–MgO. Butanol and butanal (BAL + BOH) followed
the same trend, increasing from 2.16 to 10.4 mol % for B con-

tents varied from 0 to 7.5 wt. %. However, further increase in B

loading had a negative effect on the yield of CAL + COH +

3BOH and BAL + BOH.

The selectivity of the MPV reaction to either C=O or C=C hy-
drogenation is controlled by the catalyst electronegativity, that

is, acid–base character.[44, 45] This explains the increasing BAL
and BOH formation as the B content increased. Further incre-

ment in B content beyond 7.5 wt. % was detrimental for CAL

production and, in consequence, BAL and BOH formation. In
turn, the acid-catalyzed acetalyzation was favored as the con-

centration of B exceeded 7.5 wt. %. As shown in Figure 8 b the
surface rate of reaction progressively increased with B loading

from 0.16 to 2.82 mol m@2 h@1 for 0 and 15 wt. % of B, respec-

Scheme 1. Reaction network observed during ethanol and acetaldehyde
condensation on MgO catalyst doped with boron.

Figure 8. Relationship between structure–chemistry–activity on B–MgO.
a) Product yields obtained as a function of B loading. b) Surface area
(orange), reaction rate (red), and productivity (gray) toward COH and CAL + -
COH + 3BOH obtained as a function of B content for the aldol condensation
of ethanol (20 mL) and acetaldehyde (2 mL) at 250 8C, 400 rpm, and 300 psi
(20.7 bar) N2 after 4 h reaction time in the presence of catalyst (200 mg).
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tively. This enhanced reaction rate can be attributed to the
stronger stabilization of chemisorbed carbonyl on surface B3 +

cations compared to that on Mg2 + . Boric acid and boron oxide
are reported as highly efficient catalysts for selective aldol con-

densation of aldehydes in hexane. In the presence of small
concentrations of water, however, B2O3 is hydrated forming
strong acidic Brønsted acid sites that favored over-condensa-
tion reactions.[46] For B–MgO catalysts prepared by combustion,
B cations are located in different chemical environments de-

pending on the concentration as revealed by 11B NMR spec-
troscopy. At low concentrations, the majority of B atoms are
highly dispersed on the MgO forming a B2O3–MgO interface. In
highly refractory oxides, such as MgO, the surface energy is

dramatically reduced if low-melting-point oxides such as B2O3

are added.[47] Thereby, it is likely that B cations migrate to

these high-energy sites during the combustion process (e.g. ,

MgO defects) to lower the surface Gibbs free energy, and only
a small fraction of B3+ is stabilized in the MgO lattice. Once

the concentration is sufficiently high, that is, >7.5 wt. % B, the
surface and lattice of MgO is significantly enriched with B and

finally the small nucleation sites of glassy B2O3 become suffi-
ciently large to form pure B2O3 with its characteristic acid char-

acter. This has a two-fold effect. First, the highly dispersed

glassy B2O3 neutralizes the strongest basic sites by forming
a passivating layer on MgO, which reduces the basicity and

significantly increases acidity once the concentration is above
7.5 wt. % B–MgO. This accelerates the rate of acid-catalyzed

condensation on hydrated B2O3–MgO.
Second, interstitial B passivates the growth of highly basic

facets, such as (111) surface, making the surface oxygen elec-

tron deficient (as shown by X-ray photoelectron spectroscopy
in Figure S1). Notably, this enhancement in surface activity was

accompanied by a marked decrease in specific surface area
(i.e. , from 223.5 in pure MgO to 6.7 m2 g@1 in 15 wt. % B–MgO).

In turn, the productivity of CAL + COH + 3BOH was significantly
lower. At intermediate B concentrations (e.g. , 7.5 wt. % B–MgO)
the CAL + COH + 3BOH yield reached a maximum,

1.16 kgproduct kgcatalyst
@1 h@1, compared to the 0.4 and

0.1 kgproduct kgcatalyst
@1h@1 observed on pure MgO and pure B2O3,

respectively. In addition, the TPD results for CO2 reveal that
upon addition of boron the surface basicity decreases dramati-

cally (see Table S3) from 419.27 mmol g@1 (pure MgO) to 0 (pure
B2O3). The results clearly show that in the absence of boron

the concentration of high-strength basic sites, identified by the
formation of unidentate carbonate CO2 on the surface, domi-
nates over those associated with the bidentate carbonate and

bicarbonate. Upon addition of boron, this profile changed
drastically. At 7.5 wt. % B–MgO the total concentration of basic

sites decreased and, more importantly, the basic sites with
high strength disappeared. As a result, the remaining basic

sites are located in the range of medium temperature desorp-

tion, corresponding to bidentate carbonate. This reduction in
basicity of the catalyst explains the reduction in the formation

of heavy condensation products (C6 + C8), and the production
of C4 products remains high. The reduction in basicity is ac-

companied by an increase in acidity as the concentration of
boron increases (see Figure S3). The TPD results for pyridine

reveal that with 7.5 wt. % B–MgO the total concentration of
acid sites is significantly higher than that observed on 2.5 wt.

% B–MgO. More importantly, the fraction of strong acid sites
increases considerably. This enhancement in total concentra-

tion and strength of the acid sites in the catalyst is critical for
the dehydration of the 3-hydroxybutanal and selective reduc-

tion of the C4 aldehyde to the C4 alcohols by the MPV reac-
tion.

The stability and deactivation of the catalyst is an important

aspect that needs to be addressed. Experiments were per-
formed with the fresh 7.5 wt. % B–MgO sample (first cycle test)

and the recycled ones (second cycle test and thereafter). As
shown in Table S11, the total product and CAL + COH + 3BOH

product yields decreased for the second and third cycle tests,
but the fourth cycle test gave similar yields to the third cycle.

These results indicate that catalyst leaching and blockage of

some active sites may occur from the production of large hy-
drocarbon molecules at the beginning of the reaction, but

they also suggest that significant stability is reached after
a couple of reaction cycles. More importantly, the original cata-
lytic activity can be fully recovered by regeneration at 500 8C.

Conclusions

B-doped MgO catalysts with tailored properties were synthe-

sized by a combustion method that employs citric acid as
a fuel. The large melting point differences between B2O3 and

MgO make it possible to form a metastable structure of B-
doped MgO with hierarchical porous structure consisting of an

interconnected network of mesopores and macrochambers,
which facilitate molecular diffusion out of the catalyst. This

technique requires the utilization of oxides with significantly

different melting points to obtain the hierarchical porous struc-
ture and the proper selection of the valence and loading of

the low-melting-point metal oxide to avoid significant losses in
surface area. In this case, the 7.5 wt. % B on MgO was the opti-

mal composition that resulted in the highest yield towards the
desired products by the proper balance of acid–base proper-

ties, meso-/macroporosity, and surface area. The material

showed minimal loss in catalytic activity after four cycles of re-
action. Moreover, the catalyst performance was fully regained

after regeneration at 500 8C. We envision that this catalyst
preparation technique can be applied to other catalytic sys-

tems to obtain highly accessible materials with nanocontrolled
architecture and surface chemistry for diverse applications in

commodity chemicals production, conversion of bioderived

feedstocks, CO2 capture, environmental remediation, and
energy storage.

Experimental Section

Catalyst preparation

Pure MgO and B2O3 were purchased from Alfa Aesar and used
without further modification. B-doped MgO samples were pre-
pared by the thermal decomposition (citrate–nitrate combustion)
method,[48] using Mg(NO3)2 (Sigma–Aldrich, 99 %) and B2O3 (Alfa
Aesar, 99.99 %) as precursors. Different ratios of Mg(NO3)2 and B2O3
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corresponding to different final compositions were dissolved in de-
ionized water. As soon as the solution became clear, citric acid was
added in a proportion of 1.2 moles of the acid per mole of metal
atom. The mixture was then heated on a hot plate (at 140 8C) for
1 h to evaporate the water. After that, it was quickly transferred
and combusted inside an oven preheated to 550 8C. The ashes ob-
tained after combustion were calcined at 550 8C for 12 h in air to
eliminate the carbonaceous residues. The resulting material was
then ground into a fine powder for use and labeled x B–MgO with
x as the weight percentage loading of Boron. For comparison pur-
pose, a 2 wt. % loading of B on MgO catalyst was prepared by con-
ventional incipient wetness impregnation of an aqueous solution
of B2O3 (Alfa Aesar, 99.999 %) onto MgO support (Alfa Aesar, 96 %),
at a liquid/solid ratio of 0.15 mL g@1. After impregnation, the cata-
lyst was dried overnight in an oven at 400 8C.

Characterization methods

The BET surface area of the catalyst was measured by N2 physisorp-
tion at liquid nitrogen temperature on a Micromeritics ASAP 2010
unit. For these measurements, the sample was degassed for 12 h
at 250 8C prior to the analysis. XRD analysis was conducted on
a Rigaku automatic diffractometer (Model D-MAX A), equipped
with a curved crystal monochromator and system setting of 40 kV
and 35 mA. Data were collected over 5–408 angle range with
a step size of 0.05 and a count time of 1.0 s. The basic properties
of the catalysts were characterized by using TPD of CO2. A 100 mg
sample was heated in the TPD system under a He flow of
30 mL min@1 to 200 8C with a heating rate of 10 8C min@1 and held
at this temperature for 3 h. The sample was then cooled down to
RT and pure CO2 at a flow rate of 30 mL min@1 was then passed
through the sample for 30 min. The sample was subsequently
purged with He for 2 h to remove the physisorbed CO2. TPD was
performed under the same He flow rate by heating from 0 to
600 8C with a heating rate of 10 8C min@1. XPS analysis of catalysts
was performed using a PHI 5800 ESCA (Physical Electronics) system
equipped with a standard achromatic AlKa X-ray source (1486.6 eV)
operating at 300 W (15 kV and 20 mA) and a concentric hemispher-
ical analyzer. The PHI Model 04–110 vacuum transfer vessel was
used to hold and transfer the ex situ dehydrated samples from
a glove bag to the analysis chamber without atmospheric expo-
sure. The catalyst powder samples were dusted on to double-sided
conductive carbon tape mounted on XPS sample holder. Survey
spectra (0–1400 eV) and high-resolution spectra were collected
with a pass energy of 187.85 eV and 23.50 eV respectively. All data
were collected at 458 takeoff angle. To compensate for surface
charging effects, all spectra were referenced to the hydrocarbon
C 1s peak at 284.6 eV. 11B NMR experiments were performed on
a Bruker AVIII HD NMR spectrometer operating at a magnetic field
strength of 11.74 T with a 4 mm Bruker MAS probe. For the MAS
experiments of 11B (160.5299 MHz), a single pulse acquisition was
applied with a spinning speed of 14 KHz and a short RF pulse (less
than 158) with a recycle delay of 15–20 s. Spectra were collected
after 4096 scans and referenced to solid NaBH4 at @42.16 ppm.
SEM imaging was performed on a Zeiss NEON 40 EsB system
equipped with a Schottky emitter electron source, and operated at
an accelerating voltage of 2 kV using secondary electrons as the
major signal source. HAADF–STEM and HRTEM characterization
were performed by using a FEI Tecnai F30, operated at 300 kV
equipped with a Gatan CCD camera, an EDS (EDAX) detector, and
a Gatam Tridiem Energy Filter. AC–STEM analyses were performed
in a XFEG FEI Titan 60-300, operated at 300 kV, equipped with
a monochromator, EDX detector and a Gatan Tridiem Energy Filter.

The microscope possesses a CEOS spherical aberration corrector
for the electron probe allowing a resolution of 0.8 A.

Catalytic reaction experiments

The liquid-phase catalytic MPV reaction of acetaldehyde (99 %,
Sigma Aldrich) and ethanol (100 %, Pharmco AAPER) was studied in
a 50 mL stainless-steel autoclave batch reactor (Parr Corporation),
equipped with an impeller, temperature, and pressure controllers.
In a typical experiment, measured amounts of catalyst were mixed
with 20 mL ethanol and 2 mL acetaldehyde and placed in the reac-
tor vessel. After the reactor was sealed, it was purged and pressur-
ized with N2 to 300 psi (20.7 bar) and heated up to 250 8C. High
speed mechanical stirring kept the catalyst suspended to avoid ex-
ternal mass transfer limitations. After the reaction, products were
filtered and analyzed using gas chromatography (GC). Product
identification was done on GC–MS (Shimadzu QP2010S) equipped
with a ZB-1701 column, 60.0 m V 0.25 mm nominal. GC–FID (Agilent
7890B) with a capillary column of poly(ethylene glycol) (ZB-WAX)
of 60.0 m V 0.25 mm V 0.25 mm nominal was employed for quantifi-
cation, using the corresponding chemical standards to obtain re-
sponse factors. All the yields were calculated in carbon molar base.
The detectable products consisted of crotonaldehyde, crotyl alco-
hol, 3-buten-1-ol, butanal, butanol, 1,1-diethoxyethane, ethyl ace-
tate, mixed C6 (2,4-hexadienal), and mixed C8 (2,4,6-octatrienal,
meta- or ortho-tolualdehyde, ethyl-3-hexenoate, and ethylhexan-
oate).
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