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Abstract 
Manganosite (MnO) nanocrystals ranging from 22 to 36 nm have been prepared by reducing haus-

mannite (Mn3O4) nanocrystals with hexamethylenetetramine (C6H12N4) in a heated, H2/N2 gaseous en-
vironment. X-ray diffraction analysis indicates that the lattice parameter decreases by up to 0.18% 
(4.4379 Å) as the crystalline diameter decreases to 23 nm. X-ray absorption near edge spectroscopy 
demonstrates an increasing Mn3+ fraction from 8.9% for 36 nm diameter crystallites to 14.5% for 23 
nm diameter crystallites. Thus, the lattice contraction could be partly due to the decrease of the relative 
cation radii from Mn2+ to Mn3+. Yet, straight calculations of lattice parameters from the Mn3+ concen-
trations yield a 10× larger lattice contraction. We suspect the magnetic properties of the nano-MnO play 
a role since most oxides show a lattice expansion due to surface adsorbents. Though it is expected that 
the band gap should increase with decreasing size, the increasing concentration of Mn3+ would result in 
states inside the bandgap, potentially giving the appearance of a smaller bandgap. Further, the increased 
concentration of Mn3+ has potential antioxidant properties due to the dual oxidation state observed in 
nanocrystals of Mn3O4 and CeO2 in other studies.  
 

Rationale and Purpose 
The size-dependent lattice parameter of 

nano-oxide-crystals is seldom mentioned for 
nano-oxides, and usually, only the lattice ex-
pansion is observed. However, in the case of 
nano-MnO, lattice contraction is observed, 
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which has only previously been reported in 
α-Fe2O3 and NiO nano-oxides. Additionally, 
the ratio of oxidation states in nano-MnO is size 
dependent as well, which has potential antioxi-
dant applications. 



Prnano.com, https://doi.org/10.33218/001c.56898  Andover House Inc, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

964 

Introduction 
Nanoscale materials continue to dominate the 

research sphere as much remains to be learned 
regarding their properties and how they vary 
from the bulk-crystalline form. Ceramic nano-
crystals, especially transition metal oxides, are 
under continued examination due to their po-
tential use in several applications, from elec-
tronics to environmental agents. Manganese 
oxide, also known as manganosite (MnO), 
nanocrystals, in particular, have extensive uses 
in varied fields, such as in supercapacitors [1], 
lithium-ion and zinc-ion batteries [2]–[4], cata-
lytic abatement of volatile organic compounds 
and water-splitting catalysts [5]–[8], and in the 
biomedical field in magnetic resonance imag-
ing and chemotherapy [9], to name a few.  

One area of research that is attracting a signif-
icant amount of interest in the biomedical field 
is the use of MnO nanocrystals as a spin-lattice 
(T1) contrast agent in magnetic resonance im-
aging due to its improved relaxivity and low cy-
totoxicity compared to the current industry 
standard gadolinium contrasting agent [10]. 
Along with their MRI applications, MnO nano-
crystals have promising applications in cancer 
treatment, specifically as a delivery mechanism 
for chemotherapeutic drugs and, more recently, 
in imaging-guided photothermal therapy to tar-
get tumor cells directly [11]–[13].  

The interaction of nanoparticles in the bio-
medical environment at the nano-bio interface 
remains of significant interest, both to improve 
the efficacy of nano-based treatments as well as 
reduce toxicity [14]. This interface is governed 
by several properties of particular interest to 
MnO nanocrystals, such as valence states, crys-
tallinity, defects, surface charge, and energy 
[15], [16]. Additionally, the cellular uptake of 
nanocrystals is impacted by nanocrystal size, 
shape, and surface chemistry [17], [18]. Man-
ganese is a naturally occurring element in the 
human body, found in various cells and pro-
teins. As such, MnO has the potential to be bi-
ocompatible in many different applications be-
yond those discussed previously [19]. By devel-
oping a deeper understanding of how these 
properties listed above relate to crystal shape, 
size, and structure, the MnO nanocrystals could 
be enhanced such that they are optimized for 
specific applications. 

There have been several recent studies inves-
tigating MnO nanocrystal synthesis, such as 
combining manganese acetate with organic lig-
and surfactants [20], thermal decomposition 
[21]–[23], and inert gas condensation [24]. In 
this study, MnO nanocrystals were first formed 
by mixing manganese nitrate hydrate 
(Mn(NO3)2∙xH2O) with hexamethylene-tetra-
mine (C6H12N4), hereafter HMT. Fujita et al. in-
itially explored nanocrystal synthesis via HMT 
in the 1980s to prepare zinc oxide powders of 
various particle sizes and shapes larger than na-
noscale [25]. The use of HMT to synthesize 
nanocrystalline metal oxides has been exten-
sively explored by this group, most notably 
Cu2O, CeO2, and Mn3O4 [26]–[28]. As con-
firmed by in-situ small angle x-ray scattering of 
nano-ceria, HMT aids in nanocrystal synthesis 
via decomposition, thus increasing the concen-
tration of hydroxyl ions in solution [29]. The 
HMT serves as a reducing catalyst in the 
Mn(NO3)2∙xH2O – HMT reaction by decom-
posing into ammonia, formaldehyde, and then 
hydroxyl and ammonium ions: 

C6H12N4 + 6H2O ↔ 6H2CO + 4NH3         Eq.1a 
NH3 + H2O ↔ NH4OH ↔ NH4

+ + OH-   Eq.1b 

The hydroxyl and ammonium ions then react 
with the dissociated Mn3+ and Mn2+ to form 
Mn3O4 nanocrystals [28]. The Mn3O4 nanocrys-
tals are then reduced with HMT in a heated 
H2/N2 gaseous environment. 

Bulk manganosite crystals assume a rock salt 
structure, with cations and anions octahedrally 
coordinated and a lattice parameter of 4.446 Å 
(JCPDS: 71-1177). This structure, often de-
scribed as two interpenetrating face-centered 
cubic lattices [30], has the space group 
𝐹𝑚3$𝑚	(𝑂!" ), Pearson symbol cF8, and Struck-
turbericht designation B1 [31]. Though manga-
nosite nanocrystals share this structure, they do 
have some key differences from their bulk 
counterpart. For instance, bulk MnO is antifer-
romagnetic with type two ordering and a Néel 
temperature TN of 118K, meaning that the mag-
netic moments of cations on the (111) planes 
are parallel and antiparallel between adjacent 
(111) planes below 118K [32]–[34]. However, 
multiple studies have found that when MnO 
nanoclusters are sufficiently small, specifically 
5 to 10 nm, MnO displays a ferromagnetic weak 
behavior at low temperatures [35]–[37]. Elec-
tronically, bulk MnO crystals have a direct 
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bandgap between 3.9 ± 0.4 eV [38]. It is ex-
pected that, as nanocrystalline diameter de-
creases, the bandgap should increase due to 
quantum confinement [39]. However, multiple 
studies utilizing ultraviolet (UV)-visible spec-
troscopy have found that nanocrystals ranging 
from 14 nm to 45 nm have a bandgap less than 
or equivalent to the bulk MnO bandgap, rang-
ing from 3.9 eV to 3.1 eV, respectively [37], 
[40]. Additionally, Vijayamari et al. found that 
photoluminescence spectroscopy yielded a 
broad, asymmetric peak at 3.30 eV and a 375 
nm wavelength, potentially indicating a blue 
and green fluorescence emission [40]. A signif-
icant difference, from a physical perspective, 
between bulk and nanocrystalline MnO is their 
respective lattice parameter. Density functional 
theory first-principles calculations performed 
on (MnO)x clusters found that the bonding is 
partially ionic and that the average bond dis-
tance is insensitive to cluster size [41]. How-
ever, these clusters ranged from (MnO)3 to 
(MnO)9. This study has demonstrated that, sim-
ilar to α-Fe2O3 and NiO nanoparticles [42], 
[43], as the size of MnO nanocrystals decreases, 

the lattice parameter contracts. Though there 
are recent studies on lattice parameter of nano-
oxides showing lattice variation with decreas-
ing crystal-size, there has been no similar study 
on nano-MnO. 

Materials and Methods 
Nanocrystals of Mn3O4 were synthesized via 

a standard method using manganese nitrate hy-
drate (Mn(NO3)2∙xH2O) and hexamethylenetet-
ramine (C6H12N4), or HMT. A synthesis flow 
chart can be seen in Figure 1 below. A more de-
tailed synthesis description can be found in the 
following references [28], [44]. The Mn3O4 
nanocrystals in a ceramic boat were placed in-
side a mullite tube containing recrystallized 
HMT to aid in the reduction process. The nano-
crystals were subsequently heated in a CM tube 
furnace to 550°C to 600°C at 400°C/hr in a con-
trolled gaseous atmosphere, consisting of 8.6% 
H2 to 91.4% N2 with a flow rate of 100cm3/min. 
The heat-treated nanocrystals were left to cool 
to ambient after reaching the maximum temper-
ature. 

 
Figure 1: Synthesis flow chart starting with precursor Manganese Nitrate Hydrate (Mn(NO3)2·xH2O) and Hexamethylene-

tetramine (C6H12N4).  

MnO bulk and nanocrystal x-ray diffraction 
patterns were collected via a Scintag X2 x-ray 
diffractometer, utilizing Cu-Kα radiation at a 
scan rate of 0.02°/step and 5s/step at ambient 
temperature and pressure. The diffraction pat-
terns were then analyzed via XFIT open-source 
program to obtain the exact peak positions and 
the full width at half maximum (FWHM). From 
the peak positions and FWHM, the nanocrystal 
size D was calculated via the Scherrer equation: 

                        𝐷 = #$
%&'()!

                       Eq.2 

where K is a geometric constant (0.941 for 
spherical grain), λ is x-ray wavelength (1.54 Å), 

B is the broadening due to crystallite size in ra-
dians, captured as the FWHM for the corre-
sponding peaks, and θB is the Bragg angle. Typ-
ically, crystallite size would be calculated for 
all well-defined peaks and then averaged to ob-
tain the best approximate size of the nanocrys-
tal. This assumes peak broadening is predomi-
nantly due to particle size effects. Another fac-
tor that can result in broader peaks is if the crys-
tal has a non-uniform strain. To mitigate the 
peak broadening due to this non-uniform strain, 
the (111) peak was used to calculate the crystal-
lite diameters. The Williamson-Hall equation 
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can be used to confirm the presence of non-uni-
form strain in the MnO nanocrystals. 

                         ∆+
+
= % ,-.)!

/ .01 )!
                    Eq.3 

In this instance, Δd is the difference in inter-
planar spacing caused by non-uniform strain in 
the crystal. Using this equation, a Williamson-
Hall plot was constructed from 35° to 102° (2θ), 
encompassing eight x-ray diffraction (XRD) 
peaks, and analyzed for non-uniform strain. 
Lattice parameter	𝑎 was calculated via the fol-
lowing equation: 

            𝑎 = 	𝑑	(ℎ2 + 𝑘2 + 𝑙2)3/2            Eq.4 
where d is the interplanar spacing and h, k, and 
l refer to the Miller Indices. The lattice param-
eter was calculated for the eight most prominent 
peaks, plotted versus cos2θ/sinθ, then extrapo-
lated to the y-intercept (θ=90°) to obtain the ac-
tual lattice parameter accurate to 0.0001Å. This 
approach gives high accuracy in cell-dimension 
measurements [45]. 

Quantitative phase analysis of mixed-phase 
samples was performed via the Rietveld Re-
finement method [46] with EXPGUI [47] and 
General Structure Analysis System (GSAS) 
software [48]. Using the XRD patterns, the pre-
sent phases were identified and then analyzed 
for weight fraction using the phase compo-
nents’ scale parameter, unit cell volume, and 
unit cell mass. GSAS analysis yielded chi-
squared values of less than 1.5. 

X-ray absorption near edge spectra (XANES) 
were collected of the MnO nanocrystals at the 
Mn K edge using National Synchrotron Light 
Source I beamline X19A at Brookhaven Na-
tional Lab. Micron-sized powders of MnO and 
Mn2O3 (Alfa Aesar) were used as standards for 
Mn2+ and Mn3+, respectively. XANES samples 
of these micron-size powders and nanocrystal-
line powders were prepared by spreading the 
powder on polyimide tape. The fraction of each 
Mn ion in the nanocrystals was calculated from 
the normalized spectra using ATHENA x-ray 
absorption spectroscopy data processing soft-
ware [49]. The fraction was calculated using the 
linear combination feature and fitting the nano-
crystal samples to the bulk samples. Bulk 
Mn3O4 has 2/3 Mn in 3+ and 1/3 Mn in 2+ oxi-
dation states, while bulk MnO was assumed to 
be monovalent [50]. Raman scattering was per-
formed in air on MnO bulk samples, and the 
synthesized nanocrystals via Coherent Innova 
100 continuous wave argon ion laser focused to 

a 2 μm spot size at a wavelength of 514.5 nm in 
a backscattering configuration. The maximum 
incident power was less than 5 mW to minimize 
heating the samples. The spectroscopy data 
were collected and dispersed with a 0.6 m triple 
spectrometer (SPEX 1877, Triblemate) in a 
subtractive configuration. The resulting dis-
persed spectra were collected with a UV-coated 
Si CCD array detector (SPEX Spectrum One). 
The 70 to 800 cm-1 frequency range was cali-
brated via plasma lines at a resolution of ap-
proximately 2 cm-1. The positions and intensi-
ties of the peaks for bulk MnO, 28 nm MnO 
nanocrystals, 23 nm MnO nanocrystals, and 
bulk Mn3O4 samples were determined via Lo-
rentzian fitting, with the background being sub-
tracted before determining peak shifts. The 
scattering experiments were performed both in 
the air and in a gaseous N2 environment. 

Results 
The reduction of Mn3O4 to MnO altered the 

powder from a burnt orange color to a dark 
brown color, as shown in Figure 2.  

Figure 2: (Left) Mn3O4 nanocrystalline powder. (Right) 
Reduced MnO nanocrystalline powder. 

The resulting brown powder was composed of 
nanocrystals of MnO with diameters ranging 
from 23 nm to 36 nm and lattice parameters var-
ying from 4.4379 Å to 4.4395 Å, respectively. 
Interestingly, each batch of nano-MnO was 
monodisperse. These lattice parameters corre-
spond to an approximate 0.18 to 0.15% reduc-
tion compared to the bulk parameter of 4.446 Å. 
The x-ray diffraction patterns obtained via a 
Scintag X2 XRD for the bulk MnO and nano-
crystalline MnO samples are displayed in Fig-
ure 3 and Figure 4, with the former displaying 
the lattice planes associated with the high-in-
tensity peaks (JCPDS: 71-1177). All samples 
were fully reduced to MnO except the 22 nm 
MnO XANES sample that contained both MnO 
and Mn3O4, as determined by XRD. The 
smaller nano-Mn3O4 were harder to be com-

4. Results 

The reduction of Mn3O4 to MnO 

altered the powder from a burnt orange color 

to a dark brown color, as shown in Figure 2. 

The resulting brown powder was composed of 

nanocrystals of MnO with diameters ranging 

from 23 nm to 36 nm and lattice parameters 

varying from 4.4379 Å to 4.4395 Å, 

respectively. These lattice parameters 

correspond to an approximate 0.18 to 0.15% 

reduction in comparison with the bulk 

parameter of 4.446 Å. 

The x-ray diffraction patterns obtained 

via Scintag X2 XRD for the bulk MnO and 

nanocrystalline MnO samples are displayed in 

Figure 3 and Figure 4, with the former 

displaying the lattice planes associated with 

the high intensity peaks (JCPDS: 71-1177). 

All samples were fully reduced to MnO 

except the 22 nm MnO XANES sample that 

contained both MnO and Mn3O4, as 

determined by XRD. As can be seen in Figure 

4, the peaks show significant broadening 

Figure 2 (Left) Mn3O4 nanocrystalline powder. (Right) Reduced 
MnO nanocrystalline powder. 

Figure 3 X-ray diffraction pattern of bulk MnO. 

Figure 4 X-ray diffraction pattern of the 23 nm nano-MnO 
sample. 
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pletely reduced to nano-MnO. The critical crys-
tal-size lies just below 23nm for the present 
preparation procedure. As seen in Figure 4, the 
peaks show significant broadening compared 
with the bulk MnO. 

Figure 3: X-ray diffraction pattern of bulk MnO. 

Figure 4: X-ray diffraction pattern of the 23 nm nano-
MnO sample 

XRD peak broadening is a commonly ob-
served phenomenon when analyzing nanocrys-
tals and is due to a combination of factors: the 
finite size of the crystal being examined and the 
presence of heterogeneous strain. [51]. 

 

Figure 5: Williamson-Hall plot of the 23 nm (∎) and 36 
nm (×) crystals  

The positive slope shown in the Williamson-
Hall plot in Figure 5 indicates that the hetero-
genous, non-uniform strain present in both the 
23 nm and 36 nm-MnO is larger in the 23 nm-
MnO.  

Therefore, the broadening of the peaks is due 
to the combination of nanocrystal size effects 
and the presence of non-uniform strain. In the 
case of MnO nanocrystals, the heterogeneous 
strain can be attributed to the non-uniform dis-
tribution of the Mn3+ ions and the phase change 
from Mn3O4. This phase change has a corre-
sponding 16% decrease in unit cell volume per 
Mn ion [44]. 

 
Figure 6: The left axis indicates the percent change in 

lattice parameter with decreasing crystallite size (∎). The 
right axis denotes how the fraction of Mn3+ (p) ions in 
MnO nanocrystal samples changes with crystallite size. In 
the mixed MnO-Mn3O4 sample, the Mn3+ fraction in the 
MnO phase (r) was calculated via GSAS analysis. 

The percent change in the lattice parameter of 
MnO nanocrystals from the bulk value versus 
the reciprocal of the crystallite diameter can be 
seen in Figure 6. The negative slope indicates a 
lattice parameter contraction as crystallite size 
decreases. The dotted line is a linear fit of the 
data and is intended to aid in identifying the de-
creasing trend. The concentrations of the vari-
ous oxidation states of Mn ions present in the 
nanocrystals were determined via XANES 
measurements. The resulting absorption spectra 
of the 22, 23, and 36 nm MnO nanocrystals 
were compared to the absorption spectra of bulk 
MnO and bulk Mn2O3, which were assumed to 
consist solely of Mn2+ and Mn3+ ions, respec-
tively. The comparison of the nanocrystal spec-
tra to the bulk MnO and Mn2O3 spectra indi-
cated an increase in Mn3+ ion concentration 
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with a decrease in crystal size. Bulk and nano-
crystalline MnO display a weak peak at 6541 
eV above the threshold, followed by a steep rise 
to a shoulder at 6550.5 eV and a strong peak at 
6554.5 eV. The weak peak corresponds to the 
1s to 3d transition, the shoulder corresponds to 
the 1s to 4s transition, and the strong peak cor-
responds to the 1s to 4p transition. The Mn2O3 
spectrum displays a similar weak peak at the 
threshold followed by a steep rise to a wide 
strong peak occurring at 6559 eV, slightly to the 
right of the MnO strong peak. The 6559 eV 
peak is indicative of the +3 valence ions in 
Mn2O3. Figure 7 displays the spectra displaced 
upward from one another for clarity.  

 
Figure 7: From top to bottom, the spectra correspond 

to 36 nm MnO, 23 nm MnO, 22 nm MnO (+Mn3O4), 
bulk MnO, and bulk Mn2O3. Labels (1) – (3) on the x-
axis correspond to MnO features as follows: (1) 1s > 4p, 
(2) 1s > 4s, and (3) 1s > 3d transitions. The wide peak at 
(4) indicates Mn2O3. 

The nanocrystal samples show features con-
sistent with bulk MnO, but also display a small 
shoulder at 6559 eV, indicating the presence of 
Mn3+. As shown in Figure 6, Mn3+ concentra-
tion increases with decreasing nanocrystal size, 
rising from 0% for bulk MnO to 8.9% for 36 nm 
and ultimately 14.5% for the 23 nm MnO nano-
crystals. Further, the 22 nm mixed phase sam-
ple indicated a much higher concentration of 
Mn3+, as expected. Using the proportions of the 
Mn3O4 and MnO phases calculated from quan-
titative phase analysis via the Rietveld Refine-
ment method [46], the approximate fraction of 
Mn3+ within the MnO phase was 19%, assum-
ing 66.7% of the Mn3O4 phase consisted of 
Mn3+. Raman spectroscopy was performed on 

bulk Mn3O4, bulk MnO, 23 nm MnO nanocrys-
tals, and 28 nm MnO nanocrystals. The ex-
pected Raman peaks for bulk MnO are at 521, 
547, 595, and 645 cm-1, with 521 being a broad 
peak and the key indicator of MnO [52]. How-
ever, recent research has shown that the key in-
dicators of MnO are broad bands that occur at 
529 and 1050 cm-1, with the other wavenumbers 
being due to oxidation of MnO during the Ra-
man spectroscopy process [53]. Furthermore, 
there is a strong correlation between oxidation 
states of octahedrally coordinated manganese 
ions, with Mn2+ being identified by the band 
around 530 cm-1, Mn3+ having a band around 
580 cm-1, and Mn4+ with a band near 630 cm-1 

[54]. Like Figure 7, the spectra in Figure 8 are 
displaced upward along the y-axis for clarity. 
Neither of the nanocrystalline MnO samples 
display a broad peak at 529 cm-1. 

 
Figure 8: Raman spectra of bulk Mn3O4, 23 nm MnO, 

28 nm MnO, and bulk MnO prepared from reduction of 
Mn3O4 in 8.6% H2/91.4% N2 

Additionally, both nanocrystalline MnO sam-
ples possess a high-intensity peak at 649 cm-1. 
Mn3O4 is characterized by a main band close to 
658 cm-1. Rusakova et al. found that MnO na-
noparticles begin to oxidize to Mn3O4 with 
beam intensities as low as 0.53 mW [55]. As 
such, the nanocrystals of MnO had likely been 
partially converted back to Mn3O4, as evi-
denced by the high-intensity peaks occurring 
near 650 cm-1. The 28 nm sample was con-
firmed to be a mixed phase containing MnO and 
Mn3O4, as indicated by XRD analysis. 

Discussion 
This study shows that, contrary to many of its 

fellow metal oxides, the lattice parameter of 
MnO nanocrystals contracts as crystallite diam-
eter decreases [26], [56], [57]. Manganese is a 
transition metal with multiple oxidation states, 
ranging from Mn2+ to Mn7+, as seen in  
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Table 1.  

 

Table 1: Effective ionic radii of manganese cations with different oxidation states from Shannon et 
al. Of note, the high spin configuration is more reliable for Mn2+ and Mn3+ [58]. 

 
 
In bulk MnO, manganese assumes a 2+ state 

with an effective ionic radius of 83 pm in the 
high spin configuration and 66 pm in the low 
spin configuration [58]. As manganese be-
comes further oxidized, the effective ionic ra-
dius decreases to a minimum value of 25 pm, 
corresponding to Mn7+. For comparison, the 
ionic radius of an octahedrally coordinated O2- 
ion is 140 pm [58]. The estimated bulk lattice 
parameter (𝑎5) can be calculated from the O2- 
and Mn2+ ionic radii via the following equation: 

               𝑎5 = 2(𝑟6"# + 𝑟78"$)           Eq.5a 
where 𝑟6"# is the radius of an octahedrally co-
ordinated O2- ion and 𝑟78"$ is the ionic radius 
of Mn2+. However, there is variation between 
the calculated and XRD-determined values, 
4.46Å and 4.446Å, respectively. The presence 
of Mn with a higher oxidation state could also 
result in a shorter Mn – O bond. This shorter 
bond length, due in part to the smaller effective 
radius of the Mn3+ ion if 64.5 (high spin) and 58 
pm (low spin), could contribute to the resulting 
lattice parameter contraction. The effect the 
ionic radii have on the lattice parameter can be 
estimated as follows:  
𝑎 = (1 − 1.5𝑥)𝑎5 + 𝑥 ∙ 2(𝑟6"# + 𝑟78%$) +
																										𝑥(1.414𝑟6"#)    Eq.5b 
where 𝑎 is the lattice parameter, 𝑟78%$ is the 
ionic radius of Mn3+, and 𝑥 is the fraction of 
Mn3+. The first parenthetical term refers to the 
deviation from the bulk lattice parameter. The 

second parenthetical term accounts for the lat-
tice parameter change along the [100] direction 
due to the introduction of Mn3+. The third par-
enthetical term is the diagonal distance from an-
ion to anion across the oxygen octahedron with 
an Mn2+ vacancy in the center. The mechanism 
through which vacancies (𝑉78“ ) are introduced 
will be discussed (see equation 7b). As shown 
by the XANES measurements, the concentra-
tion of Mn3+ does, in fact, increase with de-
creasing crystal size, which suggests this is a 
potential factor. As such, nano-MnO is repre-
sented by Mn1-xO or MnO1+x, depending on the 
defect states that accommodate the non-stoichi-
ometry. However, the calculated percent 
change of the lattice parameter from equation 
5b using the more reliable high spin configura-
tion, −1.20% to −1.95%, is an order of magni-
tude greater than the observed percent differ-
ence of −0.15% to −0.18%. As such, there are 
likely other competing factors minimizing the 
lattice contraction. 

A similar lattice parameter variation due to 
crystallite size-dependent ion concentration has 
been observed in CeO2 and Cu2O. In the case of 
CeO2, the lattice parameter increases with de-
creasing size. One contributing factor to the lat-
tice expansion is that, as the crystallite size de-
creases, Ce4+ undergoes auto-reduction to Ce3+, 
thus increasing the concentration of Ce3+ and 
decreasing the concentration of Ce4+. Specifi-
cally, 10 nm ceria particles have a 1% concen-
tration of Ce3+, and 6 nm particles have a 6% 

5. Discussion 

This study shows that, contrary to many of its fellow metal oxides, the lattice parameter of 

MnO nanocrystals contracts as crystallite diameter decreases [26], [56], [57]. Manganese is a 

transition metal with multiple oxidation states, ranging from Mn2+ to Mn7+ as seen in Table 1. In 

bulk MnO, manganese assumes a 2+ state with an effective ionic radius of 83 pm in the high spin 

configuration and 66 pm in the low spin configuration [58]. As manganese becomes further 

oxidized, the effective ionic radius decreases to a minimum value of 25 pm, corresponding to 

Mn7+. For comparison, the ionic radius of an octahedrally coordinated O2- ion is 140 pm [58]. The 

estimated bulk lattice parameter (𝑎0) can be calculated from the O2- and Mn2+ ionic radii via the 

following equation: 

𝑎0 = 2(𝑟𝑂2− + 𝑟𝑀𝑛2+)                                                           5a 

where 𝑟𝑂2− is the radius of an octahedrally coordinated O2- ion and 𝑟𝑀𝑛2+  is the ionic radius of 

Mn2+. However, there is variation between the calculated and XRD-determined values, 4.46Å and 

4.446Å, respectively. The presence of Mn with a higher oxidation state could also result in a 

shorter Mn – O bond. This shorter bond length, due in part to the smaller effective radius of the 

Ion Effective Ionic Radii (pm) Coordination Number 

Mn2+ 83 (high spin), 66 (low spin) 6 

Mn3+ 64.5 (high spin), 58 (low spin) 6 

Mn4+ 53 6 

Mn5+ 33 4 

Mn6+ 25.5 4 

Mn7+ 25 4 
Table 1 Effective ionic radii of manganese cations with different oxidation states from Shannon et al. Of note, the high spin 
configuration is more reliable for Mn2+ and Mn3+ [58]. 
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concentration of Ce3+ [59], [60]. Like MnO, 
Song et al. found auto-oxidation, i.e., the con-
centration of Cu2+ increased with decreasing 
crystallite size in nanocrystals of Cu2O. The lat-
tice parameter increases with decreasing crys-
tallite size, with 9 nm crystallites having a 0.2% 
larger lattice parameter than micron-size sam-
ples. However, this is attributed to the bond 
length of Cu (II)-O being longer than that of 
Cu-O [26]. 

A major contributing factor can be ascribed to 
adsorbent-induced compressive surface stress, 
which causes the lattice to expand. Lattice var-
iation of small particles was first reported in the 
1950s [61]. The association of surface stress to 
lattice parameter contraction was proposed by 
Dr. Kuhlmann-Wilsdorf’s group in her seminal 
work on gold nanocrystals [62], [63]. The sur-
face stress in this instance can be calculated, as-
suming the MnO nanocrystals are spherical and 
isotropic, by using the following equation for 
surface stress frr: 

                     𝑓:: =	−	
;
/
∆<
<&

+
#

                  Eq.6 

where Δa is the change in lattice constant due 
to surface stress, a0 is the bulk lattice constant, 
d is the crystallite diameter, and K is the com-
pressibility. The calculated surface stress was 
obtained by inverting compressibility and using 
the experimental value for bulk modulus of 
155.1 GPa [64], the results of which are shown 
in Table 2. The lattice parameter contraction 
with decreasing crystallite size yields a positive 
surface stress indicating the surface is in tension 
[65]. This calculation does assume that the bulk 
modulus is constant. Recent studies indicate 
that the bulk modulus of nano-ceria and nano-
MgO are size-dependent as crystals reach the 
nanoscale [66], [67]. As such, further study will 
be required to fully understand the morphology 
of the nanocrystals as well as the impact on bulk 
modulus with decreasing size. 

One potential outcome of the increased Mn3+ 
concentration is the electronic properties of 
MnO nanocrystals. At high temperatures and 
high oxygen activities, the dominant defects 
which occur in MnO are cation vacancies and 
electron holes according to the following reac-
tion from Keller et al. [68], [69]: 

            3
2
𝑂2

786
<⎯> 𝑉78“ + 2ℎ⦁ + 𝑂6         Eq.7a 

Additionally, conduction in MnO is electronic, 
with holes dominating at high oxygen activities 
and electrons dominating at low oxygen activi-
ties [68], [70]. Though further studies will need 
to be completed to explore the dominant point 
defects that occur specifically in MnO nano-
crystals, the following discussion explores 
point defect balance via Kroger-Vink notation. 
The increase in charge caused by higher Mn3+ 
concentration, represented by the introduction 
of Mn2O3 to the MnO nanocrystal, could equil-
ibrate by generating cation vacancies to main-
tain a neutral charge balance as denoted in the 
following equations: 

    𝑀𝑛2𝑂;
786
<⎯> 2𝑀𝑛78⦁ + 3𝑂6× + 𝑉78“    Eq.7b 

As can be seen in equation 7b, the added posi-
tive charges from two Mn3+ ions are negated by 
creating an Mn2+ vacancy. Another potential 
mechanism by which Mn3+ can be incorporated 
into the MnO structure is via Mn2+ oxidation 
with the substitutional defect: 

             𝑀𝑛𝑂 →𝑀𝑛78⦁ + 𝑂6× + 𝑒 ʹ       Eq.7c 
This mechanism, however, is less likely as the 
calculated lattice parameter significantly de-
creases by 5.16 to 8.41% for the 36 and 23 nm 
samples, respectively, when the last term in 
equation 5b is ignored. The increase of cation 
vacancies due to the introduction of Mn3+ is 
consistent with calculations of high-tempera-
ture point defect concentrations in MnO, both 
pure and doped with M+ and M3+ metal ions 
[71].

Table 2 Surface stress of MnO nanocrystals calculated using Equation 6. 

 
 
The increase in Mn3+ concentration observed 

in MnO nanocrystals and potential departure 
from stoichiometry also has potential implica-
tions in biomedicine. CeO2 nanocrystals, which 

defects which occur in MnO are cation vacancies and electron holes according to the following 

reaction from Keller et al. [68], [69]: 

1
2
𝑂2

𝑀𝑛𝑂
→  𝑉𝑀𝑛" + 2ℎ⦁ + 𝑂𝑂                                                               7a 

Additionally, conduction in MnO is electronic, with holes dominating at high oxygen activities 

and electrons dominating at low oxygen activities [68], [70]. Though further studies will need to 

be completed to explore the dominant point defects that occur specifically in MnO nanocrystals, 

the following discussion explores point defect balance via Kroger-Vink notation. The increase in 

charge caused by higher Mn3+ concentration, represented by the introduction of Mn2O3 to the MnO 

nanocrystal, could equilibrate by generating cation vacancies to maintain a neutral charge balance 

as denoted in the following equations: 

𝑀𝑛2𝑂3
𝑀𝑛𝑂
→  2𝑀𝑛𝑀𝑛⦁ + 3𝑂𝑂× + 𝑉𝑀𝑛"                                                 7b 

As can be seen in equation 7b, the added positive charges from two Mn3+ ions are negated by the 

creation of a Mn2+ vacancy. Another potential mechanism by which Mn3+ can be incorporated into 

the MnO structure is via Mn2+ oxidation with the substitutional defect: 

𝑀𝑛𝑂 →𝑀𝑛𝑀𝑛⦁ + 𝑂𝑂× + 𝑒ʹ                                                            7c 

This mechanism, however, is less likely as the calculated lattice parameter significantly decreases 

by 5.16 to 8.41% for the 36 and 23 nm samples, respectively when the last term in equation 5b is 

ignored. The increase of cation vacancies due to the introduction of Mn3+ is consistent with 

Crystallite size Observed change of lattice 
parameter Surface stress 

23 nm -0.18% 4.87 N/m 
36 nm -0.15% 6.12 N/m 

 
Table 2 Surface stress of MnO nanocrystals calculated using Equation 6. 
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also demonstrate non-stoichiometry, were neu-
roprotective due to their direct antioxidant 
properties, a result of oxygen vacancies caused 
by the dual oxidation state present in the nano-
crystals [60], [72]. Specifically, these nanocrys-
tals were found to protect HT22 nerve cells 
from death due to oxidative stress [73]. How-
ever, in a later study, Lee et al. found that naked 
nano-ceria induced chemical- and size-specific 
changes to the neuronal cell transcriptome in 
mice, resulting in altered genes typically related 

to neurological disease, cell cycle control, and 
growth [74]. Hausmannite (Mn3O4), which also 
has both Mn2+ and Mn3+ present, has been 
shown to prevent cell damage from oxidative 
stress due to the Mn2+/Mn3+ combination being 
an effective scavenger of reactive oxygen spe-
cies, such as OH- [75], [76] As MnO nanocrys-
tals also appear to be nonstoichiometric with 
both Mn2+ and Mn3+ present, further study will 
be required to understand the in-vivo effects of 
this material. 

Conclusions 
This study synthesized manganosite (MnO) nanocrystals by reducing hausmannite (Mn3O4) nanocrys-

tals via HMT. By examining the resulting MnO nanocrystals, it was determined that the lattice param-
eter contracts as the crystallite size decreases. This lattice parameter contraction could be due to multi-
ple factors. XANES analysis showed a systematic increase in Mn3+ ion concentration with decreasing 
size. The smaller effective radius of Mn3+ compared to Mn2+ would cause a larger contraction than 
observed. The usual lattice expansion caused by surface adsorbents may counter the lattice contraction 
from the smaller Mn3+ cations. Nonetheless, the lattice contracts with which surface stress was calcu-
lated and found to be positive, seemingly indicating the surface is in tension. As the concentration of 
Mn3+ increases with decreasing size, the crystal becomes less stoichiometric and, as such, is more likely 
better represented by Mn1-xO. 

Understanding how the lattice parameter changes with nanocrystal size have significant implications, 
especially the associated cation oxidation. As the lattice parameter is a fundamental property of a ma-
terial, the lattice parameter could be selectively tunable by controlling the size of the crystals to tailor 
material properties for a specific application. Lattice contraction and expansion measure the surface 
stress of the nanocrystals and are highly dependent on the surface species, such as surfactants or adsor-
bents [65]. By controlling the lattice parameter in the bio-medium of interest, certain stress states of the 
nanocrystals may enhance the biomedical application. Further, in the context of magnetic resonance 
imaging, Hyon et al. found that longitudinal and transversal relation time is directly related to the size 
of the MnO nanoparticles [77]. A deeper understanding of how the lattice parameter changes with par-
ticle size could allow for better finetuning of MnO nanocrystals as a contrast agent, although this rela-
tionship requires further exploration. To fully understand the fundamental cause and effects of the lat-
tice contraction, further studies will be needed to determine the dominant point defect in nanocrystalline 
MnO as well as defect concentration, the morphology of nanocrystalline MnO via scanning electron 
microscope imaging and transmission electron microscopic imaging, and electrical conductivity as a 
function of oxygen partial pressure and lattice parameter. 
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