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High temperature processing of solvothermally synthesised MgO nanoparticles promotes striking
changes in their morphology, and surface chemical and electronic structure. As-prepared NanoMgO com-
prised ~4nm cubic periclase nanocrystals, interspersed within an amorphous Mg(OH)(OCH3) matrix.
These crystallites appear predominantly (100) terminated, and the overall material exhibits carbonate
and hydroxyl surface functionalities of predominantly weak/moderate base character. Heating promotes
gradual crystallisation and growth of the MgO nanoparticles, and concomitant loss of Mg(OH)(OCH3).

Iéieg;i’gsrgls: In situ DRIFTS confirms the residual precursor and surface carbonate begin to decompose above 300 °C,
Catalysis while in situ XPS shows these morphological changes are accompanied by the disappearance of sur-

MgO face hydroxyl/methoxide species and genesis of O~ centres which enhance both the surface density and
In situ XPS basicity of the resulting stepped and defective MgO nanocrystals. The catalytic performance in tributyrin

TEM transesterification with methanol is directly proportional to the density of strong surface base sites.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Biodiesel is a clean, renewable fuel source that is viewed as a
viable alternative to dwindling petroleum-based diesel resources,
and may play an important role in reducing CO, emissions over the
next 50 years [1]. It is currently synthesised via the transesterifi-
cation of natural animal fats or plant oils with C;-C; alcohols [2].
Commercial biodiesel production currently employs soluble base
catalysts, such as Na or K alkoxides, to transesterify the C;4-Cyq
triglyceride (TAG) components of plant oils into their fatty acid
methyl esters (FAMEs) which constitute biodiesel, forming glycerol
as aby-product [3]. Subsequent aqueous quench cycles, required to
isolate the biodiesel product, are problematic due to soap formation
and emulsification [4], however complete extraction of the soluble
catalystis essential since it corrodes vehicle fuel tanks and injectors.
These processing steps also contaminate the glycerol by-product,
rendering it unusable without costly purification. There is there-
fore much academic and commercial interest in the development
of solid base catalysts as alternative green chemical technolo-
gies, eliminating quenching steps and associated contaminated
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water waste, and enabling process intensification via continuous
biodiesel production.

A range of solid base catalysts have been investigated for
biodiesel synthesis over the past decade, including alkaline earth
[5-7] transition metal [8,9] and lanthanide oxides [10], amino
acid functionalised polymers [11], and alkali promoted micro- and
mesoporous silicates/aluminates [12,13]. However, while a num-
ber of important themes have emerged from these studies, such
as the impact of trace free fatty acid or water impurities, choice
of reaction temperature, and chemical stability towards leaching
[14,15], there remains little consensus on how to quantify and tune
surface basicity, and thereby direct the design of more active cat-
alysts. Several studies have identified MgO as a promising catalyst
for soyabean and vegetable oil transesterification [13,16-18]. MgO
is a particularly interesting material, since it is has been the subject
of extensive theoretical and experimental surface science studies
[19-21], exhibits exciting optical properties [22] and architectures
[23,24], and can be synthesised in a variety of presentation for-
mats (including nanosheets [25,26] and nanoparticles [27-29]). We
recently showed that nanocrystalline MgO is a promising tune-
able, solid base catalyst for triglyceride transesterification with
methanol [30]. In this study, we utilise a variety of in situ spec-
troscopic and microscopic methodologies to track the thermal
evolution of strong base sites in MgO nanoparticles, in order to
better understand how catalyst processing influences the resulting
transesterification activity in the conversion of glyceryl tributyrate
(tributyrin) to methyl butanoate (Scheme 1).
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Scheme 1. Transesterification of tributyrin with methanol to methyl butanoate and glycerol.

2. Materials and methods
2.1. Catalyst synthesis

Nanoparticulate MgO catalysts were prepared from the methox-
ide precursor adapting the method described by Utamapanya et
al. [27]. A 10 wt% solution of magnesium methoxide in methanol
was prepared by first dissolving Mg ribbon (Aldrich, >99.5%)
in methanol under N,. The resulting methoxide solution was
hydrolyzed overnight in the presence of toluene and the result-
ing sol transferred to a stainless steel Biichi Limbo autoclave which
was pressurized to 100 psi N, at room temperature. This mixture
was slowly heated at 1°Cmin~! to 265 °C to produce a supercriti-
cal methanol atmosphere, which was maintained for 10 min, after
which the autoclave was vented. The resulting white powder pre-
cursor, Mg(OH)(OCH3), was dried in an oven at 120°C for 2 h and
then stored in a desiccator prior to either in vacuo annealing or ex
situ calcination at 300°C to create the parent material NanoMgO,
which was then calcined at temperatures between 400 and 700 °C
(indicated by NanoMgO-XXX).

2.2. Base titration

Pulse chemisorption experiments were carried out on a
Quantachrome ChemBET 3000 instrument. In a typical pulse
chemisorption experiment, samples were prepared in situ by heat-
ing NanoMgO to the required temperature for 5 hundera 90 ml/min
flow of He. Base site titration was performed by pulsing 50 wl
doses of carbon dioxide (99%, BOC) onto the oxide surfaces at
40°C until all available base sites were saturated. The CO, level
in the gas stream was monitored after passing through the sam-
ple, and compared to a calibration value corresponding to a full
50 wl pulse. When these signals matched then no more CO, could
be chemisorbed by the sample.

2.3. Adsorption calorimetry

Flow adsorption calorimetric studies were made in a flow-
through differential scanning calorimeter (Setaram DSC111)
connected to gas flow and switching systems. The gas flow rates
were controlled by automated mass flow controllers. Samples
(~20-40 mg) were held on a glass fritin a vertical silica glass sample
tube in the calorimeter and activation of the samples was effected at
150°Cunder a5 ml/min flow of He. In a typical experiment, samples
at 40°C are exposed to a sequence of pulses of probe gas (1% CO,
in He), delivered to the carrier gas stream from a 1 ml sample loop
using a two position Valco valve with an automated micro-electric
actuator. The heat output associated with interaction between CO,
and sample is detected with the DSC and the concentration of CO,
in the gas flow downstream of the DSC is measured with a Hiden
mass spectrometer gas analyser (HPR 20). A pulse delay of 30 min
is employed for the baselines to stabilise. The net amount of CO,
irreversibly adsorbed from each pulse can then be determined by
comparing the MS signal during each pulse with a signal recorded

during a control experiment through a blank sample tube at the
same temperature.

2.4. Insitu DRIFTS

DRIFTS analysis was performed using a Thermo Electron cor-
poration Nicolet Avatar 370 MCT with Smart Collector accessory.
Measurements were performed in a water-cooled, temperature-
controlled Thermo Scientific environmental chamber fitted with a
ZnSe window and connected to electronic mass flow controllers.
Spectra were recorded in vacuo (10~2 Torr) as a function of tem-
perature, with samples equilibrated for 5min prior to spectral
acquisition.

2.5. Insitu XPS

Surface analysis was performed on a Kratos HSi spectrometer
using a monochromatic Al Ko X-ray source (1486.6eV), with an
analyser pass energy of 40 eV operated at normal emission. Sam-
ple charging was minimised using a magnetic charge neutralisation
system, and binding energies were referenced to adventitious car-
bon. Temperature-dependent O and C 1s XP spectra and O KLL
Auger spectra were recorded within the main analysis cham-
ber while maintaining a base pressure of 1 x 10~9 Torr. Analysis
and fitting were performed using CasaXPS 2.3.5, adopting a com-
mon mixed Gaussian-Lorentzian lineshape (70:30) for all spectra.
FWHM and peak positions were fixed across the anneal series, and
the minimum number of peaks required to achieve a good fit was
used in all cases.

2.6. In situ aberration corrected TEM

Calcination studies were carried out at the 1A (0.1 nm) level in
a double aberration corrected (AC)- JEOL 2200FS FEG TEM/STEM,
modified with a wide gap (~4.3 mm)-objective pole piece, and
pumping system equipped with gas tolerant turbo molecular
pumps and a Gatan hot stage.

2.7. Catalytic testing

Transesterification was performed in a stirred Radley’s batch
reactor at 60 °C. Reaction tubes were charged with 0.01 mol (3 ml)
of glyceryl tributyrate (Sigma-Aldrich, 98%), 0.0025 mol (0.587 ml)
of dihexyl ether (Sigma-Aldrich, 97%) as an internal standard and
0.3036 mol (12.5 ml) of methanol. Samples were used as prepared,
without further activation. Reactions were typically run with 50 mg
of catalyst for 6 h with 0.2 ml aliquots of the reaction mixture peri-
odically withdrawn over this period. Sampling was also performed
after 24 h to establish the maximum possible conversion under
these reaction conditions. Analysis was performed on a Varian
CP-3800 gas chromatograph, fitted with a flame ionisation detec-
tor (FID), a CP-8400 AutoSampler and VF-1 capillary column (film
thickness 0.25 pm, i.d. 0.32 mm, length 30 m).
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Fig. 1. (a) TEM micrograph of as-prepared NanoMgO showing (1 00) terminated crystallites. (b) TEM micrograph of 700 °C in vacuo annealed NanoMgO showing stepped,

cuboidal crystallites.

3. Results and discussion

The bulk and surface characteristics of fresh and thermally
processed NanoMgO were followed in vacuo by between room tem-
peratures and 700 °C. As previously reported [30], in situ XRD shows
the as-prepared material comprised a mix of periclase MgO and
residual Mg(OH)(OCH3) precursor, the latter decomposing above
300°Ctoyield acrystalline periclase powder. This transformation is
accompanied by thermal sintering: in situ TEM (Fig. 1a), reveal the
fresh NanoMgO contains well-defined cubic MgO nanocrystallites
of around 3-5nm width, embedded within an amorphous matrix
presumably consisting of the Mg(OH)(OCH3) precursor observed
by powder XRD. High-resolution micrographs identified the crys-
tal termination as exposing predominantly (1 0 0) surfaces. In vacuo
annealing above 300 °C induced several morphological transforma-
tions. The amount of amorphous material progressively disappears,
accompanied by growth of large cuboidal nanoparticles, suggesting
migration from the former to latter. Simultaneously, the pre-
ferred surface termination switches in favour of (111) or (110)
atom arrangements. This restructuring promotes the formation of
low coordination defect sites, clearly visible as facetted steps at
the corners of these larger nanocrystals, and also the genesis of
dislocations propagating along the< 111> directions within the sur-
face exposed crystallographic faces. The limiting particle size was
~18 nm following a 700 °C anneal (Fig. 1b). Comparative physico-
chemical data for our NanoMgO series and a range of related MgO
nanocrystals are summarised in Table 1.

The surface functionality was subsequently probed by DRIFTS.
Fig. 2 shows the evolving surface IR spectra of the NanoMgO
sample as a function of in vacuo annealing temperature. The
freshly prepared material exhibits strong bands arising from the
Mg(OH)(OCH3) precursor (Up_mg-o0 =867 cm™!; Uc_g=1100cm™};
Uop =3250 and 3750 cm™!; Ucyz =2800-3000 cm~1), physisorbed
water, and also surface carbonate which likely arises from CO,
sequestration from air during sample transfer. The precursor and
carbonate bands weaken significantly above 200 °C, falling close
to the detection limit following processing >400°C. Since these
phases are undetectable by XRD, they must be associated with
either amorphous or surface confined regions. Note some C=0 fea-
tures persists up to 700 °C, evidenced by the weak 1100 cm~! band
which has been previously assigned to the symmetric stretch of
monodentate bound carbonate [31]. This may reflect a contribution
from residual carbonate monolayers formed via readsorption of
evolved CO, during DRIFTS measurements which were performed
under a comparatively poor dynamic vacuum (1 x 10~2 Torr). Bulk

MgCO3 is know to persist up to 600°C [32], while even low
background CO, pressures are known to stabilise CaCO3 thermal
decomposition at temperatures above 700°C [33].

Further insight into the surface composition and electronic
properties was derived from XPS, which is particularly sensitive
to the outermost layers of any solid. Overall surface composi-
tions are shown in Table 2, and were essentially temperature
independent, indicating no net desorption of decomposed surface
species, only their redistribution in different forms. The persis-
tence of surface carbon at higher temperatures is indicative of
stable carbonate/carbonaceous residues. The resulting fitted C 1s
spectra of NanoMgO are shown in Fig. 3a, following sequential in
vacuo annealing and analysis without air-exposure. Two princi-
pal components are present under all conditions, a high binding
energy state centred at 288.8 eV characteristic of MgCOs3, and a
low binding energy state at 283.8 eV due to adventitious carbon.
Fresh NanoMgO also contains a third state at 284.9eV, which
may be assigned to an etheric carbon (-O-C-R) arising from resid-
ual methoxide. This methoxide component rapidly decomposes
above 400°C, much of this transforming to carbonaceous frag-
ments. Fig. 3b shows that surface carbonate persists up to 700 °C, as
indicated by the IR of NanoMgO-700, the stronger XP signals reflect-
ing the far higher surface sensitivity of XPS which cannot easily
discriminate bulk CO3 from monolayer CO3. We propose the strong
CO32% IR band in Fig. 2 arises from carbonate multilayers formed
on the fresh sample, which are thermally unstable with respect
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Fig. 2. DRIFTS spectra of NanoMgO as a function of in vacuo annealing temperature.
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Fig. 3. (a) C 1s XP spectra of NanoMgO as a function of in vacuo annealing temperature. (b) Fitted C 1s spectral components of NanoMgO as a function of in vacuo annealing

temperature.

to a truncated/monolayer carbonate phase barely detectable by
vibrational spectroscopy. Corresponding O 1s spectra are shown
in Fig. 4a which reveal two partially resolved features centred at
528.4 and 530.5eV. The low binding energy state may be read-
ily assigned to 02, while the chemical shift of the second state

is consistent with surface carbonate [34], but may also contain
contributions from surface hydroxyl/methoxide species for which
the reference literature is poor reflecting the complexity of syn-
thesising and characterising pure standards. This hypothesis was
confirmed by calculating the 530.5eV peak area attributable to
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Fig. 4. (a) O 1s XP spectra of NanoMgO as a function of in vacuo annealing temperature. (b) Fitted O 1s spectral components of NanoMgO as a function of in vacuo annealing

temperature.
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Table 1

Physicochemical properties of MgO nanoparticles.

Reference

Auger parameter/eV

Oxide O 1s binding

energy/eV

C=0 IR bands/cm™!

Crystallite

Exposed facets

Crystallite Bulk phases

size/nm

Surface area

/mz gAI

Sample

morphology

This work
This work
This work

1038.91

527.9
528.0
528.2

1504, 1404, 1100

(100) Cubic
1507, 1414

Periclase, Mg(OH)(OCH3)

Periclase
Periclase

29
5.0
7.4

580
360
250

NanoMgO

1039.13

NanoMgO-400
NanoMgO-500

1039.33

Eroded cube 1509, 1415, 1100

(100),(110),

111)

This work
This work

1039.39
1039.50

528.1

1509, 1414

Periclase
Periclase

10.6

140

NanoMgO-600
NanoMgO-700

Eroded cube 1509, 1416, 1100 528.3

(100),(110),

111)

16.0

80

This work
This work
This work
This work

528.7 1039.20

1505, 1422
1505, 1414

Cubic
Sheets

Periclase
Brucite

50-100

30
160

Commercial MgO

Commercial Mg(OH);
Comm. MgCOs3
Mg(OH)(OCH;)
AP-MgO

1512, 1481, 1421

1460 (br)

Flakes
Sheets

Magnesite

70
1090

Mg(OH)(OCH3)

Periclase

[16,23,27,28]

Primarily Polyhedral 1590, 1510, 1415, 865

(110)

3.6-7.3

300-500
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[16,23,28]

1385, 1335, 850

Hexagonal

plates

Primarily
(100)
(111)

Periclase

1002

130-250

CP-MgO

[2,25,26]

1706, 1654, 1523, 1449,

1396, 1332, 1239

Sheets/plates

50-2007%; Periclase
3-5b

200

MgO nanosheets

[22]
[24]

Cubic

Wires

(100)
(100)

Periclase
Periclase

3-10

MgO nanocubes

3 x 10%;

10°

140

MgO nanowires

2 Diameter.
b Thickness.

Table 2

Surface compositions of in vacuo annealed NanoMgO.
Sample Atomic %

(¢} C Mg

NanoMgO 63.7 103 26.0
NanoMgO0-400 61.6 9.9 28.5
NanoMgO-500 67.3 11.4 214
NanoMg0-600 63.7 13.2 23.0
NanoMgO0-700 62.0 13.6 244

C032~ from the corresponding C 1s CO32~ (288.8 eV) carbonate sig-
nal, including appropriate sensitivity factors; at all temperatures
carbonate is only a minor contributor to this 530.5 eV state. Fig. 4b
confirms the persistence of residual surface carbonate up to 700 °C,
and the loss of surface hydroxyl/methoxide species and simulta-
neous exposure of the underlying surface oxide. Detailed analysis
of the O 1s spectra also uncovered the emergence of a weak, very
high binding energy state following high temperature anneals at
531.6eV. A good spectral fit could only be achieved by the inclu-
sion of this additional component, which we assign to electron
deficient O™ ions. The high temperature required to form a signif-
icant quantity of this surface species (700°C) is also in excellent
agreement with predicted O~ formation temperatures from early
XPS and HREELS studies [34,35]. Such O~ species are often also
associated with anion vacancy generation (F centres), with both
moieties implicated as catalytically active sites in C-H activation,
e.g. oxidative methane coupling [34,36,37] and correlate well with
the appearance of atomic defects seen by TEM.

In order to assess the impact of crystallite growth and surface
vacancy generation upon the basic properties of MgO, chemical
titration and adsorption flow calorimetery were conducted using
CO, as an acidic probe molecule. The saturation CO, adsorption
capacity (i.e. maximum surface base site density) of NanoMgO was
probed as a function of pre-annealing temperature. Fig. 5 shows a
sharp rise in the total available surface base sites (normalised to
BET surface area) on heating from 300 to 500 °C, which we asso-
ciate with defect formation, followed by a much slower increase
up to 700°C coincident with O~ formation. The site density for
NanoMgO of 4 x 10*17 m~2 is similar to previous observations for
MgO [38]. Insight into the base strength distribution of NanoMgO
was obtained from temperature-programmed CO, desorption pro-
files, and exemplar spectra are shown in Fig. 6. These surface area
normalised TPD spectra reveal two well-defined CO, desorption
peaks for NanoMgO at 100 and 300°C, which have been asso-

Molecules CO, adsorbed (m”x 10"

0.2 T T T T T T T T
300 400 500 600 700
Annealing temperature (°C)

Fig. 5. Saturation CO, coverage of pre-annealed NanoMgO nanocrystals at 313 K.
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Fig. 6. Surface area normalised CO, desorption from pre-annealed NanoMgO
nanocrystals saturated with CO, at 313 K.

ciated with weakly basic surface hydroxyls and moderate base
strength stoichiometric MgZ*02" surface species [16]. The unpro-
cessed precursor exhibits little CO, chemisorption, indicating the
presence of few (weak) base sites. Even moderate calcination at
300°C dramatically increases the CO, desorption yield, giving rise
to a large number of weak base sites and a significant fraction of
stronger O~ /02~ species, the latter favoured by higher temper-
ature pretreatments. In contrast, commercial MgO and Mg(OH),
are both only weakly basic, with the former possessing few base
sites in accordance with its low surface area (Table 1). The inte-
grated peak intensities in Fig. 7 confirm a steady rise in the overall
density of surface base sites with annealing temperature, mir-
rored by a monotonic increase in the proportion of strong base
sites from ~10-20%. Solid basic strengths for the NanoMgO were
further quantified via calorimetry (Fig. 8) which reveal an ini-
tial CO, adsorption enthalpy around —102kJmol~!. This value
is in good agreement with literature values for polycrystalline
MgO [38,39] and Mg-Al hydrotalcites [40] which range between
—107 and —120kJmol~!, while the saturation CO, coverage of
~4 x 107 m~2 is very close to that derived from our independent

(arb. units)

Surface area normalised CO; desorption
$O)IS 9sBq SUOLS PASI[BULIOU BIIE 0BJING 0

Annealing temperature (°C)

Fig. 7. Total CO; yield and proportion of strongly bound CO, desorbing from pre-
annealed NanoMgO nanocrystals saturated with CO, at 313 K.
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Fig. 8. Differential heat of adsorption of CO; as a function of coverage on NanoMgO.

pulse titration data. Two adsorption regimes can be identified.
Approximately one fifth of titratable sites have moderate basic-
ity, with AH,4s(CO,) lying between —95 and 102k]Jmol-!. We
attribute these to surface 02~ species that give rise to the high
temperature state in Fig. 6. The remaining CO, molecules adsorbed
with a monotonically falling heat of adsorption, indicating the
fresh NanoMgO exposes a broad distribution of moderate-weak
base sites, likely corresponding to geniminal and isolated surface
hydroxyls.

The catalytic performance of these thermally processed MgO
nanoparticles was explored in the transesterification of tributyrin,
a useful probe reaction for assessing solid basicity in biodiesel syn-
thesis [6,41]. Resulting reaction profiles are shown in Fig. 9, which
in all cases reveal a linear initial portion during the first 2 h, fol-
lowed by a slower deactivation stage resulting in limiting tributyrin
conversions between 60 and 80% after 24 h. At first glance these
data suggest that transesterification activity passes through a max-
imum following pre-annealing at 400 °C, however this neglects the
significant drop in surface area accompanying nanoparticle sinter-
ing. As we have previously shown, the surface area normalised
turnover frequencies (derived from the linear portion of the rate
profiles) actually increase sharply with pre-annealing temperature
but reach a plateau above 500 °C, beyond which arise in the density

100

80

(=a]
o
1

@ /s-prepared

% Tributyrin conversion
Lo
[=]
1

W 400°C
[] 500°C
20 O 600°C
A 700°C
0 T T T T T T T
0 200 400 600 800 1000 1200 1400

Reaction time (min)

Fig. 9. Tributyrin conversion over a NanoMgO as a function of pre-annealing tem-
perature.
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Fig. 10. Dependence of catalytic activity towards tributyrin transesterification on
surface density of moderate/strong base sites over freshly prepared and thermally
processed NanoMgO.

and base strength of surface sites compensates for the falling sur-
face area [30]. More insight into the impact of thermally induced
base site creation upon catalytic activity can be obtained by exam-
ining the activity dependence on the number of moderate/strong
surface base sites. As anticipated for this relatively facile transes-
terification, Fig. 10 reveals a direct and strong correlation between
the density of stronger base sites (e.g. 0~, 0%~ or cationic vacancies)
at the surfaces of stepped MgO nanoparticles and their resulting
reaction rates. The absolute turnover frequency of ~220h~! (per
strong base site) for the most active 700 °C annealed MgO compares
favourably with the best recently reported for the transesterifi-
cation of tributyrin with methanol over activated hydrotalcites
[42].

4. Conclusion

The powerful combination of in situ electron microscopy,
diffraction and surface spectroscopies enables the thermal evolu-
tion of bulk and surface properties of nanocrystalline MgO to be
investigated in detail, and the associated solid base character to be
optimised for tributyrin transesterification.
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