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The presence of intracrystalline molecules has been shown to
strongly influence crystallite size while at the same time
producing strains in both synthetic and biogenic crystals.
These molecules, when introduced into ZnO lattice, alter the
band-gap energy of the semiconductor. We carry out a high-
resolution X-ray microstructure study utilizing synchrotron
radiation of bio-inspired ZnO/amino acid composites.
Analysis of the adherence profile of the amino acids to the
ZnO host is important for achieving better control of the
band-gap value of ZnO as a semiconductor.

Materials produced by organisms have continued
to attract the interest of researchers over the past
decade. This is because of their tremendous potential
for improving our understanding of crystal formation
and for engineering of new and superior materials. The
properties of these materials are expressed in many

areas, for example in unique crystal shapes m high

[2, 3]

fracture resistance and altered optical and

[4-6]

magnetic properties The micro and macro

structures of these crystals have been extensively
studied, especially in the case of calcium carbonate "\,
Most of the properties of these materials can be
attributed to the presence of organic matter within the
crystal structure (intracrystalline) and along the grain
This

boundaries of the crystals (intercrystalline).
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organic matter consists of unique proteins which can

deflect cracks 'Y, stabilise thermodynamically unstable
[10, 11]

polymorphs ' , induce from
12, 13
phases [ !

crystallisation

amorphous and alter the lattice
parameters of the crystalline host **®!. By employing a
bio-inspired approach in which biomineralization-
associated proteins are added to the growth solution,
these and others crystal properties can be achieved '
20 Thus, for example, it was shown that when such
proteins become incorporated into synthetic calcite

morphology and
[21, 22]

crystals, they alter the crystal
microstructure as compared to control samples
Other molecules, particles, and polymers have also
been incorporated within single crystalline hosts of
calcite 2%, Surprisingly, the presence of even a single
amino acid during synthetic calcium carbonate crystal
formation can induce similar results to those seen in

25281 Moreover, latex

their biogenic counterparts
particles introduced by Wenger et al. into the lattice of
Zn0O crystals altered the morphology of those non-
their

Most recently, our

well as and

[27, 28]

biogenic crystals as optical
paramagnetic properties
group used this bio-inspired approach to alter the
optical and electronic properties of this non-biogenic
29 we

phenomena observed with calcium carbonate

material showed that similarly to the

25
[]’a

single amino acid became incorporated into the crystal
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structure of ZnO, causing pronounced lattice strains.
The resulting lattice distortion was accompanied by a
band-gap energy shift of the ZnO semiconductor host.
We found a
distortion and the band-gap alternation. After thermal

linear correlation between lattice
annealing at 300°C for 90 min the band-gap energies
returned to their reference values owing to the
decomposition of incorporated amino acids. This band-
gap relaxation was accompanied by relaxation of the
lattice distortion. Similar lattice strain relaxation after
annealing has been described in bio-inspired synthetic
and biogenic calcite 4 %,

By measuring diffuse reflectance spectra with a

Cary 5000 UV-spectrophotometer and using the

Kubelka-Munk method for band-gap estimation 3°32,
we screened the band-gap alternation of ZnO/amino
acid composites before and after thermal annealing
(figure 1). A

comparison. All studied amino acid including serine

reference sample was used for
(Ser), glutamic acid (Glu), lysine (Lys), glycine (Gly),
tyrosine (Tyr), tryptophan (Trp), aspartic acid (Asp),
(Cys) (Cys),
incorporated into the ZnO lattice, caused a different

cysteine and seleno-cysteine when
band-gap alteration probably because of different
lattice strains. After thermal annealing, however, in
most tested samples the band-gap returned almost to
the value of the reference ZnO (3.28ev), which was
consistent with previously reported values of 3.2-3.4

eV [33, 34].
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Figure 1: Band-gap alternation before and after thermal annealing
for ZnO incorporated with serine (Ser), glutamic acid (Glu), lysine
(Lys), glycine (Gly), tyrosine (Tyr), tryptophan (Trp), aspartic acid
(Asp), cysteine (Cys) and seleno-cysteine (Cys).

2| J. Name., 2012, 00, 1-3

This finding allows fine band-gap tuning toward
the required values and offers an additional fast, low-
cost and low-temperature band-gap engineering route
B35 Therefore, deciphering the spatial arrangement of
the amino acids within the crystal structure of ZnO, as
discussed in this work is an important innovation that
could lead to a better understanding of the causes of
band-gap variations.

Before discussing the 3D microstructure we
should point out an additional and unusual observation
from our previous work. After thermal annealing a
broadening of the diffraction peaks was measured,
which indicated that a unique microstructure had
developed owing to the amino acid incorporation 1361,
This was the first observation of such a phenomenon in
non-carbonate materials. The observed broadening
was unlike that of conventional materials, where owing
to crystal growth and defect concentrations decrease,
the diffraction peaks narrow upon annealing. However,
it was consistent with what we have previously

B7 In the latter case,

observed in biogenic crystals
organic molecules can interact with specific atomic
the
between the atomic plane and the organic molecule ',
This the

composition and the net charge of the side group of

planes, depending on chemical recognition

recognition is dependent on atomic
the molecule. During the biomineralization process,
adherence of organic molecules to specific atomic
planes alters the crystal growth in the perpendicular
direction, changing the crystallite size of the crystal
blocks 249,

Berman et al. ® determined the location of
intracrystalline molecules in calcite by measuring the
crystallite sizes in different directions and comparing
them to those of a synthetic calcite. They assumed,
however, that the broadening was wholly attributable
to crystallite size and instrumental broadening. Another
method utilised in biogenic calcite was to compare the
broadening before and after the annealing process and
to take into account the contribution of microstrain
fluctuations to the diffraction peak broadening ®”.
More details of this method are given below. In the

case of semiconductor/amino acids composite crystals,

This journal is © The Royal Society of Chemistry 2012
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no such microstructure analysis was performed. We
believe that understanding the new microstructure of a
composite ZnO/amino acid material is the first step in
the this
composite as compared to pure ZnO. Moreover, it is

understanding band-gap alteration of

likely to lead to better control over the innovative bio-

inspired band-gap engineering process suggested

previously by our group 2%,

With the aim of determining the planes to
which different amino acids adhere, we analysed the
position and the width of X-ray diffraction peaks. In this
regard, it should be noticed that peak broadening can

result from three major contributory factors,

instrumental  broadening, crystallite size, and

microstrain fluctuations. We emphasise that our
experimental setup utilizes a crystal monochromator
and a crystal analyser; therefore instrumental
broadening is neglected in our further discussion. The
diffraction profile can be well fitted to a Voigt function,
which is a convolution of both Lorentzian and Gaussian
functions. Each contribution can then be separated by
The

contribution to the Lorentzian peak profile is given by

L =2d tanfp
Wy

Lorentzian width, d and Bz are the d-spacing and Bragg

deconvolution. crystallite size component

, Where L is the crystallite size, W_is the

angle for the reflection used, respectively. Similarly, the
contribution of the microstrain fluctuations is given by

2 2
We—Wj

= 2d —————, where o is the average microstrain
4\2In2tanBg ’ g

fluctuation, W¢ is the Gaussian width and W, is the
instrumental broadening (neglected in our study). By
using a fitting process utilising the Voigt function
approach " on a single diffraction peak corresponding
to a specific crystallographic plane, we found the W,
and the Wg parameters separately and calculated the
average crystallite size and microstrain fluctuation of
the reference ZnO sample and of ZnO incorporated
with studied amino acids, before and after thermal
annealing. These amino acids were chosen from the 21
screened in our previous work because they induced
the highest lattice distortion, indicating the highest
incorporation level. The profile fitting was performed

[41]

using gnuplot 4.7 interface over the most intense

This journal is © The Royal Society of Chemistry 2012
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ZnO peaks, corresponding to the crystallographic
planes (100), (002), (101), (102) and (110).

From the data presented in figure 2, some
interesting results can be observed. In the case of the
reference ZnO, noticeable crystallite size growth upon
annealing (52% increase) accompanied by a decrease in
microstrain fluctuations (71% decrease) can be seen
along (002) plane (figure 2b). This reference ZnO
sample showed no significant change in crystallite size
and microstrain fluctuations upon annealing along any
other crystallographic planes (figures 2a—d). This trend
coincides with the usual pattern of conventional
materials. The change in calculated average crystallite
size and microstrain fluctuation, before and after
thermal annealing, is presented in figures 2a—e. The
numerical values of the crystallite size and the
microstrain fluctuations are presented in table S1 and
table S2 of the supplementary data respectively. The
typical diffraction peaks of ZnO incorporated with
serine can be seen in figure 2f. The insert in figure 2f
shows an example of the profile fitting of a single
diffraction peak. In contrast to the reference ZnO
sample, for most examined amino acids and especially
in the case of serine incorporation, the biomimetic ZnO
crystal behaviour along the (002) plane clearly showed
a reduction in crystallite size upon annealing,
suggesting an interaction with the basal planes.

In addition, in the case of serine incorporation,
the crystallite size of the ZnO crystals clearly showed a
major increase compared to the reference sample
along all studied crystallographic planes. This increase
may suggest that binding of this amino acid to the ZnO
surfaces enhances crystal growth and can serve as a
route for growing larger single crystals. By analysing the
reduction in crystallite size upon annealing, we can
speculate that serine, which is a polar hydrophilic
molecule, becomes largely incorporated within the
crystal, adhering to all

analysed planes

(homogenously). Based on our previous study on

5] we can assume that the rather small size of

calcite
serine and its OH-terminated side group allows it to fit

well in the lattice of ZnO, and we can also assume that

J. Name., 2012, 00, 1-3 | 3
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Figure 2: Crystallite size (nm) and microstrain fluctuations before (black square) and after (red circle) thermal annealing (300°C, 90 min) of
reference ZnO and ZnO incorporated with Ser, Glu, Lys, Gly, Tyr, Trp, Asp, Cys, or Sec. Crystallographic planes (a): (100); (b): (002); (c): (101);
(d): (102); (e): (110). (f) An example of X-ray diffraction of ZnO incorporated with Ser. On each peak the corresponding crystallographic
plane is presented. The insert presents an example of single peak profile fitting.

probably the hydroxyl group can replace oxygen ions in
Zn0.

Analysis of the microstrain fluctuations indicate an
increase after annealing in the case of serine
This

behaviour of biogenic crystals and can be explained by

incorporation. result is consistent with the
the appearance of new grain boundaries and defects
after annealing, owing to destruction of the organic
matter within the lattice. As a result, due to the
different strain distribution along the newly formed
grain boundaries, an increase in the microstrain
fluctuations occurs.

Similar to the case of serine, incorporation of
glutamic acid resulted in an increase in the crystallite
size along most studied planes and a decrease in
crystallite size upon thermal annealing. However,
annealing was not followed by a significant increase in
microstrain fluctuation. This was rather surprising, yet

it indicates that after annealing and destruction of the

4| J. Name., 2012, 00, 1-3

glutamic acid molecules, the lattice of ZnO remained
ordered, and no significant new grain boundaries
appeared. Microstrain fluctuations have been shown to
be strongly affected by the size of the newly formed

interfaces 1°°

. When these interfaces are small, the
change in microstrain fluctuations is also expected to
be small. This indicates that in the present case the
glutamic acid is probably dispersed within the lattice,
leaving very small new interfaces when annealed out.
In the case of other analysed amino acids there
was no substantial increase in crystallite size compared
to the reference sample, and a decrease in crystallite
size upon annealing was measured mostly on the (002)
plane. This result suggests a specific interaction with
the basal planes of ZnO. In the hexagonal Wurtzite
crystal structure the basal planes are polar, and it is
therefore more likely that amino acids will adhere to
them, causing significant lattice strain. Analysis of the
microstrain fluctuations after annealing of the (002)

This journal is © The Royal Society of Chemistry 2012
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plane indicated, as expected, a slight increase. In the
case of cysteine interaction with (102) and (101) planes
and selenocysteine interaction with (100) plane it can
be noticed that although the crystallite size reduction
was not significant, a major increase in microstrain
d). Such
behaviour is typically observed in the case of point

fluctuations was measured (figure 2c,
defects . We believe that the incorporation of these
two amino acids into the ZnO crystal lattice occurs in a
different manner from that of the other amino acids
tested. They might actually bind via their sulphur and
selenium atoms by substitution of these atoms for
oxygen and zinc respectively. Once annealed, a point
defect remains, which contributes to an increase in the
microstrain fluctuations but not to the crystallite size.
The change in average crystallite size along
(002) upon annealing, the lattice strain along c-axis and
the difference in band gap values before and after
annealing for the different amino acid cases is
summarized in table S3 of the supplementary data.
Recently, Nawrocki & Cieplak, using molecular
(MD) the
umbrella sampling technique, calculated the binding

dynamics simulations combined with
energy € of common amino acids to four crystal planes
of ZnO in aquatic environment *?. According to their
results, the highest € values for most of the tested
amino acids were found along both basal planes of the
hexagonal ZnO. Those results are consistent with our
finding that most of the tested amino acids interacted
strongly with the basal planes of the hexagonal lattice
structure. In order to compare our amino acid binding
profile to the MD simulation results, we defined the
parameter F, corresponding to the "binding fraction" of
the amino acid to a specific crystallographic plane. For
the amino acids discussed above, the highest binding
energy according to MD simulation results was defined
as 1, and the other binding energies were normalised
to the highest binding energy in order to determine the
€n

theoretical F parameter as follows: F;;, = () ,where

n = Ser, Glu, Lys, Gly, Tyr, Trp, Asp or Cys. The data from
both basal planes were summarised and compared to
the (002) plane in our results. In the case of our
experimental data, the relative reduction in crystallite

This journal is © The Royal Society of Chemistry 2012
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size after thermal annealing, compared to that of the
reference sample, resembles the binding energy
parameter. The largest relative reduction in crystallite
size was defined as 1 (binding of serine to (002) plane)
and the other relative crystallite size reductions were
normalised by this value to define the experimental F

parameter, as follows:

F _ (Lzoocc—Las°c)n
exp (Lzs°c)n

The comparison between Fi, and Fpyp, is

max(Lzooec—L2s°c)

(Lz 5°C)max

presented in figure 3. it can be seen from this figure
that most of the examined amino acids interacted with
the ZnO crystals in a similar way to that predicted by
the MD simulation model. For most amino acids, the
strongest interaction is along the (002) plane and for
the case of serine, homogenous adherence to all
analysed planes is noticed both in the MD simulation
and in the experimental results. From figure 3 it can be
that
incorporated significantly stronger than predicted by

clearly seen, however, cysteine becomes
the theoretical model but in the same interaction
manner.

This result may indicate that in contrast to the
interactions taken into account in the MD simulation
paper "4,

between the sulphur atom of cysteine and Zinc atoms

here a stronger chemical interaction

exists along the different crystallographic planes
bond).
incorporation, the strongest interaction noticed with

(strong thiol-metal In the case of lysine
(110) plane apart from that suggested by the MD
simulation. This can be explained by the fact that lysine
was the only positively charged amino acid tested and
therefore presented a different pattern of interaction.
In addition, our experimental results demonstrated
slightly lower interaction with the non-polar (100)
plane in the case of glycine and tryptophan and the
polar (002) plane for the case of glutamic acid. This
suggests that additional parameters can influence the
interaction profile and should be added to the
simulation model such as local pH variations in the
crystallization solution, or the probability of developing
a protein-like structure by self-assembly of several
amino acid molecules in the solution.

J. Name., 2012, 00, 1-3 | 5
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Figure 3. Comparison between theoretical binding fraction F., based
on Nawrocki & Cieplak 42 (in black) and our experimental binding
fracture F, (in gray) of amino acids to ZnO crystallographic planes
(100), (110), and (002).

Nevertheless, our experimental results show a
good correlation with the MD simulation model, and
this model successfully tracks the interaction profile
along the different crystallographic planes.

Conclusions

In conclusion, we were able to study not only
the lattice strains induced by different amino acids on
the ZnO crystallite host and the change in band-gap but
the the
microstructure. Evolution of the microstructure upon

also effects of such molecules on
annealing, compared to that of a reference ZnO
sample, sheds more light on the manner and pattern of
incorporation of the different amino acids. Correlation
between the incorporation of specific amino acids and
their effect on band-gap shifts is still unclear, and will
be the focus of our research in this exciting field in the
years to come. Understanding the adherence profile of
the amino acids to the ZnO host is an important
prerequisite for gaining better control of the band-gap

value of ZnO as a semiconductor.

6 | J. Name., 2012, 00, 1-3

Experimental section

ZnO crystals were crystallised from 0.25 M zinc
nitrate hexahydrate (Scharlau Chemie, Spain) and 24%-
30% w/w ammonium hydroxide solution (Bio-Lab,
Israel) in the presence of 21 amino acids (Sigma-
Aldrich) at concentrations ranging from 0.3 to 6 mg/ml.
Crystallisation was performed in a round flask,
immersed in a silicon oil bath at 95°C for 1 h with
constant stirring. The resulting ZnO powders were
washed several times with deionised water and then
air-dried. Reference ZnO samples were prepared in the
same way but without amino acids. Thermal air
annealing was performed at 300°C for 90 min.

The X-ray powder diffractions described in this
ID-31 of the
European Synchrotron Facility  (ESRF,
Grenoble, France) at a wavelength of 0.476798 A +
0.000008 A. ZnO

deduced by the Rietveld refinement method (using the

work were measured on beamline
Radiation

lattice parameter values were

GSAS program, EXPGUI interface) and lattice strain was
determined as the distortion in lattice parameters
compared to the reference ZnO powder.

The optical band gap was established by diffuse
reflectance measurements using the Cary 5000 UV-Vis-
NIR spectrophotometer (Agilent Technologies) with a
DRA-2500
reflection was obtained over a range of 250 to 800 nm.

Additional
methods can be found in our previous work

integrating sphere attachment. Optical

information on the experimental

[29]
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