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Surface Modification of MgO Microcrystals by Cycles of Hydration-Dehydration
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Relatively inert surface of microcrystalline MgO was modified into chemically active one by carrying out con­
trolled hydration followed by dehydration at elevated temperature under dynamic vacuum. Even though the 
treatment by the first cycle of hydration-dehydration did not alter the porosity of MgO, it largely enhanced sur­
face reactivity of the MgO toward adsorbed water, turning its outer layer into brucite upon rehydration. Treat­
ment by the second cycle of hydration-dehydration generated micropores, and slit-shaped mesopores, raising 
the porosity of the MgO. The overlayer of Fe2O3 of the core/shell type composite magnesium oxide enhanced 
this surface modification, turning its surface into more porous and more active one than that of uncoated MgO, 
after the treatment by the hydration-dehydration.

Introduction

In many natural phenomena and technological applica­
tions, surfaces of metal oxides take an extremely important 
role. Fundamental understanding of the oxide surfaces is 
necessary to fully describe many processes, such as catalysis 
and corrosion.1 Especially, the reaction between water and 
oxide surfaces takes central role in many geological pro­
cesses, such as soil degradation, weathering, and sedimenta­
tion.

Having very simple crystal structure of rock salt, magne­
sium oxide, MgO, has been extensively studied as a model 
system for the surfaces of ionic solids. Compared to other 
metal oxides, there are more theoretical studies carried out 
on the MgO surfaces.2-8 In carrying out theoretical calcula­
tions, main interest was usually on (100) surface, which was 
considered to be the most stable crystalline surface of MgO. 
Discrepancy among experimental observations and theoreti­
cal calculations have attracted much curiosity on the surface 
property of MgO.1,5 Especially, the reactivity of MgO 
toward adsorbed chemicals was observed to depend strongly 
on how the sample was prepared.9-11 Whereas, polycrystal­
line powder of MgO exhibited high reactivity toward vari­
ous small molecules, theoretical calculation indicated that 
the reaction of small molecules with (100) facet was energet­
ically unfavorable.3 It predicted that reaction between water 
and clean (100) surface should be physisorption rather than 
chemisorption, which contradicted several experimental out­
comes. Explanation was sought from surface defects which 
provide active sites,5 such as corners, edges, steps, and 
kinks, and different crystallographic facets, especially (111) 
facet. It was experimentally observed that (111) surface of 
MgO exhibited high reactivity toward various chemicals.11

Depending on preparation method, MgO exhibited quite 
different reactivity toward adsorbed chemicals. For example,
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organophosphorous compounds decomposed more readily 
on nanocrystalline MgO than on microcrystalline MgO, 
which were prepared via very different synthetic routes.12-14 
Halogenated carbons also decomposed readily on nanocrys­
talline MgO. If a layer of Fe2O3 was applied on MgO, 
thereby, forming core/shell type composite metal oxide, the 
reaction between MgO and CCl4 was greatly enhanced, and 
became almost stoichiometric when the core was nanocrys- 
talline.15-17 Plausible explanation for the observed enhance­
ment of the reaction between MgO and CCl4 was suggested 
in our previous report.18

In many aspects, those different MgO samples exhibited 
quite different surface chemistry. It was observed that sur­
face property of MgO could be altered in significant extent 
simply by carrying out hydration and dehydration on the sur­
face of MgO.15-18 Depending on the extent of the hydration, 
subsequent dehydration brought about very different out­
come. In this report, surface modification of microcrystalline 
MgO by cycles of hydration and dehydration was reported 
for the case where the least amount of initial hydration was 
allowed. The case where the initial hydration was maxi­
mized by direct contact with liquid water will be dealt in 
other report which should follow this one.

Experimentals

Calcined magnesia (MgO) powder was purchased from 
Fisher Scientific. Hydration of the surface was carried out by 
exposing the powder to 100% relative humidity (RH) for 
several days. A few grams of the hydrated powder was 
charged in a 100 mL Schlenk reaction vessel (SRV), and 
carefully heated up to 500 oC (around 50 oC per hour), and 
left at the temperature for overnight under dynamic vacuum 
of around 10-3 torr. This processing will be designated as the 
first cycle of hydration-dehydration. After the powder was 
cooled down to room temperature, it was kept under argon. 
The MgO powder obtained as above corresponds to the one 
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designated as CM-MgO in previous study.18 A fraction of 
the CM-MgO was transferred into an open container, and 
kept under 100% RH for sufficient period (20-40 days) in 
order to fully rehydrate the surface. The hydrated powder 
was heated at 300 oC for 10h under dynamic vacuum. It was 
known that bulk transition from Mg(OH)2 to MgO was com­
pleted at 300 oC.19 This processing will be designated as the 
second cycle of hydration-dehydration.

The core/shell type composite oxide of [Fe2O3]CM-MgO 
was synthesized by putting an overlayer of Fe2O3 over the 
CM-MgO as described in the previous report.18 The hydra­
tion-dehydration treatment was carried out with the core/ 
shell type composite oxide, too.

Powder X-ray diffraction (PXRD) patterns were taken 
from the MgO samples by using Scintag PAD-X diffracto­
meter. FTIR spectra were taken by Nicolet Impact-400, from 
the samples which were made into pellets with KBr. Surface 
image of CM-MgO prior to the second cycle treatment was 
obtained by atomic force microscope (AFM) using Scanning 
Probe Microscope (SPM) M-30 (Wyco), from a pellet made 
by pressing 0.1 g of the powder at 11,000 psi. Nitrogen 
adsorption-desorption characteristics were measured by 
using ASPS-2400 Micromeritics. Care was taken so that the 
exposure of the samples to humidity was minimized. BET 
surface area and pore size distribution were obtained from 
the nitrogen adsorption-desorption isotherm.20 Characteriza­
tion of microporosity of the samples was carried out by 
obtaining t-plots from the isotherms.20,21

Results and Discussion

Surface feature of the pellet pressed from CM-MgO pow­
der was shown in Figure 1. AFM image of CM-MgO 
showed a collection of aligned particles in a plate-like shape 
of around 200 nm wide and 50 nm thick. It was presumed 
that the alignment was caused by pellet pressing.18 The over­
all feature of the particles was not much different from the 
core/shell type composite magnesium oxide, [Fe2O3]CM-

Figure 1. AFM micrograph of a pellet made by pressing CM-MgO 
powder, before it was exposed to humidity for the second cycle 
treatment.

MgO, whose AFM image was reported previously.18 The 
surface of the platelets was very flat and smooth. Taking the 
image with a same force on the probe, it appeared that the 
surface of [Fe2O3]CM-MgO was rougher than that of CM- 
MgO.18 This plate-like shape with smooth flat surface sug­
gested that the surface of CM-MgO was composed predomi­
nantly of (100) crystallographic facet.22

The FTIR spectra taken from the MgO samples were pro­
vided in Figure 2. The spectrum (Figure 2A) taken from 
commercially purchased magnesia which was exposed to 
100% RH for several days had peaks around 3500 cm-1 and 
1500-1600 cm-1 for the physisorbed water on the oxide sur­
face. The vibrations were very broad due to hydrogen bond­
ing interaction. After the first cycle, overall pattern of the 
spectrum was not much changed. Isolated hydroxyls were 
not observed (Figure 2B and 2C). This observation indicated 
that the extent of bulk hydroxylation by adsorbed water was 
not that significant. Bulk hydroxylation was not observed in 
the MgO as purchased. Therefore, the integrity of the MgO 
microcrystallites was mostly preserved during the first cycle, 
which conformed to the AFM observation of platelets with 
flat surfaces. When CM-MgO was exposed again to 100% 
RH, a sharp peak developed at 3700 cm-1 (Figure 2D). The 
peak was very sharp, which indicated the hydroxides on the 
surface were isolated ones without mutual hydrogen bond­
ing interaction. Those peaks at 3700, 3650, 3400 cm-1 coin­
cided with the ones reported for nominal surface of brucite 
(Mg(OH)2) crystal.23 The broad peak of the chemisorbed

Figure 2. FTIR spectra taken from MgO samples. Spectrum (A) is 
the one obtained from commercial MgO exposed to humidity. 
Spectrum (B) is from CM-MgO, and (C) is from [Fe2O3]CM-MgO, 
both before being exposed to humidity for the second hydration. 
Spectrum (D) is from CM-MgO, and (E) is from [Fe2O3]CM-MgO, 
both after they were hydrated for the second cycle treatment.
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water around 3500 cm-1 was nearly absent. Therefore, the 
outer layer of the CM-MgO was all transformed into the bru­
cite. The spectral change observed for [Fe2O3]CM-MgO fol­
lowed the same track as the CM-MgO, except the fact that 
the broad peak around 3400 cm-1 was shifted to 3300 cm-1. 
It was speculated that the existence of iron on the surface 
caused the spectral shift.

The observation of only the sharp hydroxide vibration 
indicated that the surface hydroxylation progressed in large 
extent, down into the bulk. Considering such deep hydroxy­
lation was not occurred in the MgO as purchased, the first 
cycle of hydration-dehydration apparently generated active 
sites on the surface of CM-MgO. Theoretical calculation 
suggested water molecules chemisorbed on low-coordinated 
magnesium in those defective sites,5 whereas they phys- 
isorbed on the perfect (100) surface.3 Therefore, the flat 
(100) surface which was relatively inert toward chemisorp­
tion turned into highly defective surface which should be 
more prone to the chemisorption. Those active sites,5,8 such 
as edges, kinks, corners, steps, and (111) planes exposed,11 
must have provided sites for chemisorption by water, which 
eventually lead to the bulk hydroxylation.

In order to assess the extent of the bulk hydroxylation, 
PXRD patterns were taken from CM-MgO and [Fe2O3]CM- 
MgO, before and after the second hydration. In both sam­
ples, diffraction peaks of brucite were observed after the sec­
ond hydration in 100% RH. Because diffraction is bulk
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Figure 3. Powder X-ray diffraction patterns of the MgO samples. 
Patterns (A) and (B) are the ones obtained before the samples were 
exposed to humidity for the second cycle treatment. Patterns (C) 
and (D) are the ones obtained from the hydrated samples before 
they were dehydrated for the second cycle treatment. Closed 
triangles designate diffractions from outer layers of brucite, 
Mg(OH)2.

Figure 4. Isotherms of nitrogen adsorption-desorption on the 
surface of microcrystalline MgO, (A) after the first cycle treatment 
which produced the CM-MgO, and (B) after the second cycle 
treatment which produced modified CM-MgO. A small arrow 
points at the inflection point raised.

property, the observation of those brucite peaks suggests that 
surface hydroxylation proceeded deep into the bulk, convert­
ing several outer layers of MgO into Mg(OH)2, brucite. By 
assessing from relative intensity of the peaks, more MgO 
was converted to Mg(OH)2 in [Fe2O3]CM-MgO than in CM- 
MgO. If only the surface area was the factor to influence the 
extent of hydroxylation, the opposite should be observed, 
because surface area of [Fe2O3]CM-MgO was smaller than 
CM-MgO (see Table 1 below). Considering (100) surface of 
MgO was inactive toward chemisorption (conversion of 
MgO to Mg(OH)2),3 it was presumed that the surface of 
[Fe2O3]CM-MgO should contain more active sites (defects) 
than that of CM-MgO. In previous report, it was observed 
that initial reactivity of CM-MgO toward CC» was largely 
increased by the overcoat of Fe2O3 layer,18 which corrobo­
rated this suggestion. The above AFM observation, which 
showed that the surface of [Fe2O3]CM-MgO was rougher 
than that of CM-MgO, corroborated this reasoning, too.
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Figure 5. Isotherms of nitrogen adsorption-desorption on the 
surface of core/shell type composite magnesium oxide, (A) after 
the first cycle treatment which produced the [Fe2O3]CM-MgO, and 
(B) after the second treatment which produced modified 
[Fe2O3]CM-MgO.
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Figure 6. A t-plot calculated from the isotherm obtained from 
CM-MgO before the second cycle treatment (A). After the second 
cycle treatment, the t-plot (B) showed that surface characteristics 
were largely modified.

Figure 7. T-plots calculated from the isotherms obtained from 
[Fe2O3]CM-MgO, (A) before the second cycle treatment, and (B) 
after the treatment.
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Pore characteristics of solid samples can be glimpsed by 
observing the adsorption-desorption behavior of nitrogen on 
the surface of the samples. Figure 4 and 5 showed the iso­
therms of the adsorption-desorption of nitrogen on the sur­
face of CM-MgO and [Fe2O3]CM-MgO, before (after the 
completion of the first cycle) and after the second cycle of 
hydration-dehydration. The isotherms before the second 
cycle were type II and exhibited almost no hysteresis. These 
features are typical characteristics of non-porous solids.20 
Total surface area (Stotal) was calculated by BET method,20 
and provided in Table 1. As can be anticipated, they had rel­
atively small BET surface area, 9.8 and 9.0 m2/g. From the 
isotherms, t-plots were derived,20,21 and were provided in 
Figure 6 and 7. Before the second cycle, the fitted line 
extrapolated near to origin (Figure 6A and 7A), which con­
firmed that those samples were non-porous, not having 
much micropores. By using the total surface area and the 
slope of the fitted line, surface area generated by micropores 
(Smicro) was calculated, and provided in Table 1. The surface 

area generated by micropores was only 24 and 1 9% in 
[Fe2O3]CM-MgO and CM-MgO, respectively.

The isotherms after the second cycle also had shape of 
type II. But, considering the first inflection point was raised 
(Figure 6B and 7B), it was suggested that fair amount of 
micropores were generated during the second cycle treat­
ment. Supporting this, the fitted lines of the t-plots after the 
second cycle passed through positive intercepts. The studies 
on the decomposition of brucite at high temperature showed 
that Mg(OH)2 transformed into a collection of perfect 
nanocubes of MgO upon decomposition.24-26 It was sug­
gested that those cubes faced each other, forming microslits, 
which necessarily increased surface area of the sample. 
Therefore, during the second cycle treatment, the 
micropores were generated as the outer layer of Mg(OH)2 

was transformed into MgO cubes upon dehydration. The 
inflection point was higher in [Fe2O3]CM-MgO, which indi­
cated that it contained more micropores than CM-MgO. 
Both the increase of the total surface area, and the decrease 
of the average pore diameter also occurred in larger extent in 

Table 1. Surface areas and pore characteristics of MgO samples calculated from the isotherms of nitrogen adsorption-desorption

As prepared (after 1st cycle) Modified (after 2nd cycle)

Stotal (m2/g) S>mesoa Smicro %Smicro Vpore (cc/g) raverage (A) Stotal S>meso Smicro %Smicro Vpore raverage

CM-MgO 9.83 7.92 1.91 19.4 0.0233 94.87 23.83 6.97 16.86 70.8 0.0360 60.38
[Fe2O3]CM-MgO 8.96 6.80 2.16 24.1 0.0261 116.52 41.35 10.79 30.56 73.9 0.0456 44.08
aS>meso = Stotal — Smicro = Smeso + Smacro
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[Fe2O3]CM-MgO than in CM-MgO. In both samples, the 
micropores contributed more than 70% to the total surface 
area, which suggested the increase of the total surface area 
by the second cycle treatment was mostly due to the genera­
tion of the micropores. Comparison on the subtracted values 
(Stotal-Smicro) also indicated that the surface area by mesopore 
was also increased in [Fe2Os] CM-MgO after the second 
cycle. With the increase, a small step in the hysteresis was 
shown to develop around relative pressure of 0.47. Even 
though the size of the hysteresis was small, it's shape was 
prominent type H3, which was for a slit-shaped pore.27 The 
pore size distribution obtained from the isotherm showed 
that the mesoporous slit had a dimension of around 30 A. 
Therefore, not only the micropores, but also slit-type meso­
pores were generated by the second cycle treatment, and the 
surface modification occurred in larger extent in [FezOa] 
CM-MgO than in CM-MgO. This observation indicated the 
surface of [Fe2O3]CM-MgO was more prone to the chemi­
sorption by water than CM-MgO, which corroborated the 
FTIR and PXRD observations described above.

Conclusion

It was demonstrated that surface of MgO could easily be 
modified by cycles of hydration-dehydration, turning its 
non-porous inert surface into a very porous active one. More 
than 70% of the surface area was observed to be originated 
from the micropores which were generated during the 
cycles. It was shown that the generation of the micropores 
was closely related to the extent of the bulk hydroxylation. 
The overlayer of Fe?O3 over the MgO in the core/shell type 
composite metal oxide enhanced the bulk hydroxylation and 
the generation of the micropores. This enhancement of sur­
face modification by the overlayer of Fe2O3 added up one 
more reason to the ones proposed in previous report to 
explain why surface reactivity of MgO was greatly increased 
by putting the overlayer of FezOa.18
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