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ABSTRACT: Photocatalytic technologies represent intrigu-
ing approaches for long-term environmental remediation
strategies; however, approaches to sustainably generate the
catalytic materials remain limited. Many methods require the
use of toxic surfactants and potentially harsh conditions. As an
alternative, bioinspired approaches present pathways toward

the production of functional structures under ambient conditions. In this contribution, the effects of amino acids in the low-
temperature production of Cu,O-based materials is examined, providing first principle information for the eventual de novo
design of peptides that can control the structure/function relationship of these inorganic materials. These studies demonstrate
that only a fraction of the 20 canonical amino acids (Arg, Cys, Glu, His, Lys, and Trp) possess specific control over the
morphology and size of Cu,O materials during the synthetic process. This level of control is shown to directly affect the
photocatalytic activity of the materials for the degradation of model organic pollutants. Taken together, these results provide
intriguing new directions for the rational design of sustainable synthetic approaches for the production of catalytically important
semiconductor metal oxide materials applied to long-term environmental remediation capabilities.
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B INTRODUCTION

Research into photocatalytic semiconductor materials is at the
forefront today due to their relatively cheap syntheses and
diverse applications in energy harvesting, photocatalysis, and
environmental remediation, all of which are critically important
for a sustainable future.'™ With a narrow band gap of ~2.17
eV, Cu,0 is a p-type semiconductor that efficiently absorbs
visible light making it advantageous for photocatalytic
reactions compared to large band gap materials such as
TiO,, StrTiO;, and ZnO, which are better suited for UV light
absorption. Synthetic methods to generate Cu,O vary widely
allowing for the ability to fine-tune the final size and structure
of the material."” Diverse architectures (spheres,8 cubes,’
octahedra,® wires,'® 18-facet polyhedra,ll etc.) have been
produced using various surfactants'> and ligands'*~"> through
hydrothermal® and electrodeposition'®'” methods. Further,
recent work by Thoka et al. used sodium dodecyl sulfate with
NaOH and sodium ascorbate to prepare Cu,O nanocrystals at
room temperature.18 However, limited information exists
concerning the effects of biologically relevant templates on
the synthesis of Cu,O. This is important because biological
molecules allow for noncovalent interactions between the
ligand and oxide materials that are known to alter oxide growth
and final material structures and sizes under the ambient
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conditions exploited by nature.'””° In considering biological
molecules as ligands for nanocrystal design, there is great
potential to increase the relative green factor of material
synthesis as well as alter the resulting photocatalytic properties.

While many studies have identified Cu®* complexation with
proteins and peptides,”' ~>* few have looked at the peptide
influence on Cu,O synthesis.”* Peptides have been previously
isolated with affinity for Cu,0.*° Thai et al. used FliTrx cell-
surface display methods to identify disulfide-constrained
dodecapeptides with the ability to bind either ZnO or Cu,O.
For both peptides, Arg, Trp, and Gly were common residues in
the metal oxide binding sequence, but Tyr, Pro, and Ser were
generally underrepresented. Additionally, the peptides isolated
for Cu,O could be divided into two subclasses, where one class
was hydrophilic with a hi§h pl, and a second class that was
hydrophobic with a low pL*® Integration of the CN2235 peptide
(RHTDGLRRIAAR), one of the identified Cu,O binding
sequences, into a larger protein structure was then exploited to
generate Cu,O-based nanorings, demonstrating the biomole-
cule’s ability to direct material morpholgy.27 Most recently,
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work by Wang et al. used these peptides, as well as others, to
generate Cu,O nanoparticles with octahedral, cubic, and
spherical morphologies.25 Here, His is the common residue
in these peptides, where it is believed that His dictates Cu®"
complexation with the biomolecule.””*” These works together
highlight that differences in peptide sequence may substantially
alter the final material morphology and resultant properties.
Unfortunately, minimal information is known about how the
individual amino acids of the sequence affect the ability of the
biomolecule to control the morphology and size of the final
oxide material. By increasing the fundamental understanding of
how each individual amino acid affects the Cu,O synthetic
process under green conditions, the design of new peptides
with optimized sequences could occur to allow for fine-tuned
selection of the oxide material size, structure, and optical
properties. This could lead to rationally designed peptides for
highly controlled production of Cu,O structures with tailored
properties.

Herein, we describe a sustainable synthesis approach to
produce Cu,O materials, where the influence of individual
amino acids over the material morphology and photocatalytic
properties is examined. Such information is critically important
for the eventual de novo design of peptide sequences that
could direct the fabrication of new Cu,O structures with
controlled morphologies and optical properties. The structures
were prepared following a green hydrothermal method® at
relatively low temperatures. Once prepared, the materials were
characterized by scanning and transmission electron micros-
copies (SEM and TEM, respectively) to identify morphological
differences due to the presence of each amino acid in the
system. UV—vis diffuse reflectance spectroscopy (UV-—vis
DRS) and powder X-ray diffraction (XRD) were used to study
the associated band gap and crystalline structure changes,
respectively. From these analyses, most of the 20 canonical
amino acids prepared a polydisperse set of Cu,O morpholo-
gies; however, it is apparent that Arg, Cys, Glu, Lys, and Trp
can exert significant control over the material morphology
producing relatively uniform spherical structures of sizes
between 350 and 900 nm. Interestingly, His, which has a
well-known affinity for Cu®*, results in the production of
aggregated nanoclusters with features under 50 nm. To
understand the photocatalytic properties of various structures,
the spherical materials were tested for visible-light mediated
degradation of organic dyes, which correlated to their available
surface area in the reaction mixture. Interestingly, the catalytic
capacities of the different materials varied widely, suggesting
that the amino acid employed during material synthesis plays
an important role in modulating the final properties of the
materials. Taken together, these results demonstrate that, while
specific amino acids may affect the final particle shape, different
moieties may play a role in controlling the final optical and
catalytic properties of the Cu,O materials. By combining these
characteristics, design principles could be developed to identify
peptide sequences with the ability to control the morphology
and properties of Cu,O nanostructures.

B EXPERIMENTAL SECTION

Materials. Anhydrous sodium carbonate and CuSO,-5H,0 were
purchased from BDH, while anhydrous p-(+)-glucose, methylene
blue, and methyl orange were purchased from Alfa Aesar. Sodium
citrate tribasic dihydrate along with L-valine, L-aspartic acid, L-
phenylalanine, 1L-asparagine, L-alanine, L-glutamine, L-methionine, L-
histidine, L-lysine, L-isoleucine, L-threonine, L-serine, L-tryptophan, L-

arginine, L-tyrosine, and L-glutamic acid were obtained from Sigma-
Aldrich. L-Proline, imidazole, and guanidine hydrochloride came from
AMRESCO, while 1-cysteine, glycine, and L-leucine were purchased
from TCI Absolute ethanol was acquired from Pharmco-AAPER.
Aluminum and carbon specimen mounts for the SEM analysis and
400-mesh carbon-coated copper grids were purchased from EM
Sciences. All reagents were used as received, and only ultrapure water
(18.2 MQ cm) was used in all experiments.

Particle Synthesis. Each amino acid—based particle synthesis was
completed following a procedure adapted from previous protocols.®
To a 25 mL capped glass vial with a magnetic stir bar, 6.59 mL of
water, 6.00 mL of 1.0 mM aqueous amino acid solution, and 740.6 uL
of 0.68 M aqueous CuSO,-SH,0 were added. The resulting solution
was a pale citrine blue and was stirred at 700 rpm for 10 min prior to
the simultaneous and dropwise addition of 1.48 mL of 0.74 M sodium
citrate and 1.48 mL of 1.22 M sodium carbonate resulting in a vibrant
blue solution. Next, 3.70 mL of 1.4 M glucose was added and stirred
for an additional 10 min prior to being placed in an oil bath for 2.0 h
at 70 °C, where the reactions were constantly stirred. The solutions
turned from the brilliant blue to an orange/red color within 25 min at
the elevated temperature. After 2.0 h, the samples were filtered and
washed using 1500 mL of water followed by 500 mL of absolute
ethanol before being placed in a vacuum oven at 60 °C overnight.

SEM Analysis. SEM images of all materials were taken on an FEI
XL-30 Field Emission ESEM/SEM operating at 20 kV. Each sample
was prepared by suspending 1—5 mg of material in 200 yL of absolute
ethanol. The suspension was sonicated for S min before 50 uL was
extracted and drop-cast on the clean aluminum specimen mount. For
His-derived materials, a carbon specimen mount was used to increase
the resolution of the images of the material by eliminating aluminum
charge effects. To identify the relative amount of each shape
generated, a particle-shape analysis was performed by studying the
morphologies of the first 100 particles over 10 images. After the
shapes were identified, a size distribution for each shape was
completed. Here, at least 100 particles of each shape were sized at
their edge length for cubes and at their widest point for all other
morphologies.

TEM Analysis. TEM analysis was performed for the His-directed
Cu,O material using a JEOL JEM-2010 microscope operating at 80
kV. The sample was prepared by drop-casting 5.0 uL of a diluted
Cu,O/ethanol suspension onto a carbon-coated 400 mesh Cu grid
(EM Sciences) and allowed to dry overnight.

DRS Analysis. UV—vis DRS analysis was completed on a
Shimadzu model UV-2600 system. The sample was prepared by
filling a 2.0 mm quartz cuvette with ~300 mg of the Cu,O material so
that when the sample was packed into the cuvette, it was at least 2/3
full. The spectrum of the sample was taken and converted into a Tauc
plot before being analyzed using the Kubelka—Munk function,
F(Roo), where the band gap values can be obtained from the tangent
line of the Tauc plot. The quartz cuvette was cleaned with aqua regia
to ensure residual material was eliminated before the analysis.

Powder XRD Analysis. Powder XRD analysis was completed on a
Philips MRD X'Pert diffractometer using Cu Ko radiation. Samples
were prepared on ozone cleaned glass slides, where at least 1 cm® was
covered in a thin spread of vacuum grease before an even layer of the
Cu,0 powdered material was added to the slide and analyzed.

BET Analysis. Characterization of the material surface area for
select samples was performed by Brunauer—Emmett—Teller (BET)
analysis. N, gas adsorption/desorption isotherms were obtained on an
Autosorb iQ3 (Quantachrome) at 77 K. The samples were initially
degassed at 50 °C under a vacuum system to remove any surface
adsorbed species (e.g,, water) for 24 h. The surface area for each
sample was calculated using the desorption data in the BET classical
range (0.05—0.3) with 11 points.

Dye Adsorption. The adsorption activity of the particles toward
the model dyes methyl orange and methylene blue were studied to
understand the rate of adsorption (absorbance of dye vs time)
compared to its rate of degradation using previously established
protocols.® In short, a stock suspension of 10.0 mg/mL of the Cu,O
materials was made in water and sonicated for 2 min. Next, 500.0 yuL
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of the suspension (5.0 mg of particles) was added to 20.0 mL of dye
with varying dye concentration from 20.0 to 1000.0 mg/L. A 150.0-
uL aliquot was taken from each reaction at selected time points. The
aliquot was centrifuged and the supernatant was analyzed on a
SynergylMx Microplate reader, where a full spectrum was scanned in
1 nm increments, and the absorbance at 464 nm for methyl orange
and 664 nm for methylene blue was tracked for each aliquot as a
function of time. Each system was run in triplicate, and the values
were then analyzed for their total percent adsorption. These data were
also modeled using the Freundlich and Langmuir equations to
understand if the mode of adsorption is influenced by the biomolecule
template used in the synthesis.

Dye Degradation. The photocatalytic activity of the selected
Cu,O materials was examined using a previously established
protocol’ In brief, a stock suspension of 10.0 mg/mL of the
materials was made in water and sonicated for 2 min prior to use.
When ready, 1.50 mL of the suspension (15.0 mg of the material) was
put in a 100 mL glass crystallizing dish with 60.0 mL of 80.0 mg/L
methyl orange or methylene blue. The system was covered with a
quartz plate and immediately exposed to a 1000 W Xe arc lamp
operating at ~100 mW/cm? in an Oriel SollA Class ABB solar
simulator. The sample to light source distance was ~10 cm. Aliquots
(150.0 uL) of the dye/particle mixture were taken at least every 15
min after the addition of particles for 4.0 h. Each 150.0-uL aliquot was
placed in a microcentrifuge tube and spun at 14 000 rpm for S min
before 100.0 #L of the supernatant was extracted and analyzed on a
SynergylMx Microplate reader. For this, a full spectrum was scanned
in 1 nm increments. The absorbances at 464 nm for methyl orange
and 664 nm for methylene blue were tracked for each aliquot as a
function of time to monitor the photodegradation process. The rate
for each system was taken as an average of at least three trials with
appropriate standard deviation.

B RESULTS AND DISCUSSION

Understanding the interactions of amino acids in the synthesis
of Cu,O materials has the potential to identify how to
manipulate both structural morphology and the resultant
catalytic properties. This could lead to sustainable pathways
toward design rules for biomediated production of these widely
used photocatalytic materials. To analyze the effects of amino
acids on the fabrication of Cu,O materials, a standard synthetic
approach was employed. In general, Cu®" ions were slowly
reduced to Cu" using glucose in an aqueous solution
containing the amino acid, sodium citrate, and sodium
carbonate at 70 °C under constant stirring.” Using this
protocol, the resulting materials displayed a wide range of
colors spanning yellowish tones to deep brick reds based upon
the amino acid employed during particle synthesis. These color
disparities are potentially associated with varying metal
oxidation states; however, crystal size and material shape
may also alter sample colors.

To quantify the effects of the amino acid employed in the
reaction on particle morphology, SEM and TEM imaging of
the materials post purification were completed. An additional
sample generated in the absence of any amino acid was also
prepared and analyzed as a control system. In general, four
different common morphologies were observed in the various
samples that were prepared across the amino acids studied:
spheres, cubes, stars, and bursts. Figure la—d present SEM
images of examples of each shape to present the basis of the
particle shape analysis. The sphere is shown in Figure Ia,
where dimensions were measured based upon the diameter.
The cube (Figure 1b) is identified as having rigid edges of
generally equal length, width, and height, with its size
measured by edge length. A star (Figure 1c) is similar to a
cube but shows evidence of stretched corners and indentations
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Figure 1. Particle shape analysis. Examples of the different shapes
observed in the samples include (a) spheres, (b) cubes, (c) stars, and
(d) bursts. Part (e) presents the shape distribution analysis for the
Cu,O materials prepared using the indicated amino acid. No refers to
the ligand free control, while C* represents cystine.

along the particle edge with four defined extremities from a
central core. A burst (Figure 1d) is similar to the star; however,
it shows erratic extremities from all planes of the particle. For
both the star and burst, dimensional analysis of the materials
was completed based upon the longest tip-to-tip length of the
structure.

From the analysis of the 22 samples studied, which include
the amino acid free control and cystine as the oxidized form of
cysteine, identification of the population of each shape (shown
as a percentage of the whole) in the system was determined
(Figure le). For the control sample prepared in the absence of
any amino acid (SEM image shown in Figure 2a), three shapes
were observed: cubes (25%), stars (44%), and bursts (31%).
This control was selected to identify changes in shape
distribution for the materials prepared using the amino acids.
A difference between the control and any other material would
suggest a shape-directing effect of the biomolecule over Cu,O
morphology (Figure le). For 14 of the amino acids (Ala, Asn,
Asp, Gln, Gly, Iso, Leu, Met, Phe, Pro, Ser, Thr, Tyr, and Val),
these species displayed particle shape distributions comparable
to the amino acid free control. SEM analyses for these
materials are shown in the Supporting Information, Figures
S1—S21. Overall size distributions for the stars, bursts, and
cubes for these samples are presented in Figure 2b—d. In
general, these systems demonstrated no substantial control
over material morphology or size, as compared to the amino
acid free control, generating a mixture of cubes, stars, and
bursts of similar population percentages and dimensions. While
the percentages of the population of these different
morphologies may vary to some degree from sample to
sample, all three shapes were clearly observed in the system
and generally reflect the control shape and size distributions.

When considering the measured sizes of the particles as a
function of shape, it is interesting to note that the stars and
bursts were similar in size and generally larger than the cubes.
Overall, the cubes were on average <1.0 um in edge length,
while the stars and bursts were generally >1.0 ym in size. This

DOI: 10.1021/acssuschemeng.9b03097
ACS Sustainable Chem. Eng. 2019, 7, 17055—17064


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b03097/suppl_file/sc9b03097_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b03097

ACS Sustainable Chemistry & Engineering

Research Article

Edge Length (nm)

WO PENOCC ¢€0ON ML ERER oA
2200 T T T T T T T

Length (nm)

W HrENOCC ¢0ON Vv ER¢ oA
2700 T T T T T T T

Length (nm)

W PENOOCT COOR VL ENC ROl

Figure 2. Particle shape and size analysis. Part a presents an SEM
image of the control Cu,O materials prepared in the absence of any
amino acids. Parts b—d present the particle sizing analyses based upon
the different shapes observed, including (b) cubes, (c) stars, and (d)
bursts.

suggests that there may be an evolution of shape throughout
the course of the reduction time. To better understand how
these three shapes relate to each other, a time-based SEM
analysis of the ligand-free synthesis was performed to
understand the rate of growth for the cubes, stars, and bursts
(Supporting Information, Figure S22). Here 45 batches of the
no ligand material were prepared as described above and
placed in an oil bath at room temperature while under constant
stirring. Once the oil bath reached 70 °C, nine vials were
pulled from the oil bath and filtered for SEM analysis. This was
also done after 30, 60, 90, and 120 min of heating to identify
material structural changes as a function of time. Over the
course of the 2.0-h reduction process, the material population
shifted from cubes (66%) and stars (34%) at the onset of the

reaction, to cubes (33%), stars (56%), and bursts (11%) 60
min into the reduction process, and cubes (25%), stars (44%),
and bursts (31%) at the end of the reaction. The progression
of the material from cube to burst over the 2.0 h synthesis may
be a result of Ostwald ripening on the initial cubes or star
nanocrystals in the absence of a passivating agent or template.

While the clear majority of amino acids generated Cu,O
materials reminiscent of the control reaction performed
without a biomolecule, noticeably different structures were
generated when Arg, Cys, Glu, Lys, and Trp were present in
the reaction system. These amino acids generated only spheres
in the reaction mixture, which is highly distinct from the
control system that did not generate any spherical structures.
SEM images and particle sizing analyses of these materials can
be seen in Figure 3. The smallest of the spherical structures is
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Figure 3. SEM analysis of the Cu,O spheres generated in the
presence of (a) Arg, (b) Cys, (c) Glu, (d) Lys, and (e) Trp. The SEM
image of the material is presented on the left, while the particle size
distribution histogram is shown on the right.

prepared using Cys with a diameter of 350 + 106 nm. This
small structure may be a result of the free thiol in Cys
covalently binding with the Cu®" in the synthetic process. Such
a strong interaction could lead to smaller materials; however,
additional analysis is required. As the amino acid employed in
the reaction was altered across Glu, Arg, Lys, and Trp, the size
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of the Cu,O spheres increased to 475 + 122, 620 + 298, 789
+ 211, and 898 + 255 nm, respectively.

To monitor the growth of the spherical materials during the
reaction, the Trp-based system was examined (Supporting
Information, Figures S22 and S$23). Using the same procedure
described above, samples were examined at 0, 30, 60, 90, and
120 min into the heating/reaction time. Interestingly,
compared to the no-ligand control, the only shape observed
at all time points was spheres. The size of the spheres increased
from 629 + 197 nm at the onset of 70 °C to 898 + 255 nm
when the reaction was completed. No evidence of any
nonspherical shape was noted, suggesting that the sphere-
directing residues were able to directly manipulate and control
the Cu,O particle growth process throughout the reaction.
This could be occurring at multiple steps in the process
including modulation of the Cu®" to Cu’ reduction process,
the rate of particle growth through surface adsorption, or some
combination of these factors. Nevertheless, the spherical
structures are a direct effect of the specific amino acid present
in the reaction medium.

Because of the exposed free thiol, Cys has the potential to
oxidize to the dimer cystine (labeled as C*). Such changes may
directly manipulate the interaction of Cys with the growing
metal oxide material in solution, providing important
information on such effects. To probe this, the material
synthesis process was repeated with cystine as the
representative biomolecule. Remarkably, SEM analysis of the
cystine-based materials demonstrated the production of stars
(44%), cubes (31%), and bursts (25%). Such a shape
distribution is reminiscent of the amino acid free control
synthesis, strongly indicating that the free Cys structure is
highly important in controlling the spherical Cu,O morphol-
ogy.
All of the Cu,O structures discussed above are >100 nm,
making their analysis accessible by SEM; however, the
materials prepared in the presence of His were substantially
smaller. Figure 4 presents an SEM and TEM image of the
oxide materials generated using the imidazole-containing

Figure 4. Particle analysis of the Cu,O materials prepared using His
by (a) SEM and (b) TEM.

amino acid. For SEM analysis, a carbon mount was employed
to eliminate aluminum charging effects and enhance the
resolution of the His-based structures. Figure 4a presents the
SEM image of the materials, where a clear mixture of larger
structures dispersed with substantially smaller materials is
evident. While the larger structures appear to be mixtures of
different shapes, including cubes, bursts, and stars, the smaller
materials seemed to be spherical in morphology. When these
smaller Cu,O particles were analyzed using TEM (Figure 4b),
the analysis demonstrated that the oxide structure was
generally spherical and partially aggregated with features on
the order of ~50 nm in dimension. Unfortunately, due to the
aggregated state of the materials, an accurate particle size and
shape analysis for the His-prepared Cu,O could not be
completed using the TEM images.

While the His-prepared metal oxide materials were clearly
aggregated, the small size of some of the structures indicates
that the amino acid does influence the synthetic process, which
is likely to be quite different from the other amino acids. Such
effects are able to access Cu,O morphologies of <100 nm,
which could be translated into peptide sequence design. This
size control may be due to the ability of His to act as a Lewis
base and complex metal ions like Cu®*, resulting in stronger
interactions during the complexation step of the synthesis.’'
Such effects are likely to modulate Ostwald ripening
throughout the fabrication process, thus altering the material
size. In fact, Wang et al. previously reported similar
coordination effects of His residues in peptide sequences for
modulating the morphology of Cu,0 materials.”

As amino acids can change solution pH values, which could
play a role in Cu,O production, the pH of the reaction solution
was determined after the addition of each reagent (Supporting
Information, Figure S24). While differences in the pH were
observed with the addition of the amino acid and copper
sulfate, the pH of the final reaction mixture after the addition
of sodium carbonate and sodium citrate stabilized to a pH
range of 9.98 to 10.13. As such, during the glucose-based
reduction process, the pH of the reaction was quite similar,
regardless of the amino acid present in the synthesis.
Therefore, it is unlikely that pH plays a significant role in
Cu,O structure determination.

SEM and TEM analysis of the amino acid-directed Cu,O
materials identified that different shapes and material sizes can
be achieved based upon the biomolecule identity. To confirm
that the final material composition was Cu,O, as anticipated,
powder XRD analysis of selected materials was completed. Due
to the large number of samples (22 based upon the 20 amino
acids, cystine, and amino acid free control), only five specific
materials were characterized by this method. These include the
samples made in the absence of any amino acid (ie., the
control), and those made in the presence of Arg, Cys, His, and
Met (Figure Sa). These five samples were specifically selected
to see if there is a difference in the crystallinity between sphere-
directing amino acids (Arg and Cys), nonshape directing
amino acids (Met), or His that shows size selectivity.
Additionally, these samples probed all the different shapes
(cubes, stars, bursts, and spheres) and sizes that were prepared,
thus covering all the potential differences in the Cu,O samples.
When considering the materials prepared in the presence of
Arg, only spherical Cu,O particles were prepared. From the
XRD analysis of this sample, diffraction peaks at 29.4, 36.3,
42.2, 61.4,73.6, and 77.4°26 were identified, which correspond
to the (110), (111), (200), (220), (311), and (222) planes of
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Figure S. XRD analysis of the indicated materials. Part (a) presents
the XRD patterns, while part (b) compares the normalized (111)
reflections of the samples.

Cu,0.° When the other materials were analyzed, an identical
diffraction pattern was observed, including for the amino acid
free control, confirming that the final materials were indeed
composed of Cu,O. Such a composition was expected based
upon the synthetic approach, where the differences in particle
shape and size were not affected by material composition, but
were a result of the type of amino acid used in the reaction
mixture.

While Figure Sa presents the diffraction patterns of the
materials analyzed, Figure Sb compares the normalized (111)
reflection of each material. From this analysis, it is evident that
the samples prepared with Arg and His have notably broader
reflections, indicating poorer crystallinity and/or smaller
crystallite size as compared to the other samples. Use of the
Scherrer equation implies a crystallite size for the Arg-based
Cu,O that is approximately a factor of 2 smaller than that of
the amino acid free control specimen (17 nm vs 32 nm).
Additionally, the reflection of the Arg sample is shifted to a
lower angle by ~0.3°. The 26 values for the Arg sample best
match literature values of bulk Cu,O compared to the other
samples tested. The reflections for all the other specimens
imply a smaller lattice constant by ~0.4% than the bulk value
(0.427 nm).

With confirmation of the Cu,O material composition from
XRD, UV—vis DRS was performed to characterize the optical
properties of the materials (Figure 6 and Supporting
Information). Such a method can be used to quantify the
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Figure 6. UV—vis DRS analysis of the Cu,O materials. Part (a)
presents the UV—vis spectra of the selected materials with Tauc plots
for the amino acid free control and His-prepared samples shown in
parts (b) and (c), respectively. Finally, part (d) compares the band
gap energies for all samples.

band gap of the final structures, which is important to
understand their photocatalytic properties. For this analysis, an
additional control of commercially sourced bulk Cu,O was
studied. Using Tauc plots, a band gap of between 2.07 and
2.24 eV was noted for all of the materials prepared in the
presence of the amino acids, except for the His-based Cu,O
materials that exhibited a band gap of 2.4 eV. These values are
similar to the band gap for the bulk Cu,0 materials (2.01 eV)
and for the control materials generated in the absence of the
amino acid (2.09 eV). The changes for the materials prepared
with the amino acids may arise from the minor contraction of
the crystal structure, where the blue shift for the His-based
materials is attributed to the quantum size effect arising from
the substantially smaller particles that were prepared.”

Based upon the characterization analysis, it is likely that only
specific amino acids can control the Cu,O morphology, while
most have negligible interactions with the growing oxide
material. These amino acids are unlikely to have any noticeable
effect on the particle growth process as they display materials

DOI: 10.1021/acssuschemeng.9b03097
ACS Sustainable Chem. Eng. 2019, 7, 17055—17064


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b03097/suppl_file/sc9b03097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b03097/suppl_file/sc9b03097_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b03097

ACS Sustainable Chemistry & Engineering

Research Article

of similar morphologies to the control sample prepared in the
absence of amino acids. For those biomolecules that generated
oxide structures with shape and size distributions that diverged
from the amino acid free control, it is likely that they follow
different paths for controlling the particle structure. To this
end, only six amino acids could generate final materials of a
single morphology or with specific size control: Arg, Cys, Glu,
His, Lys, and Trp. As such, it is likely that these six residues
have the strongest degree of interaction with the growing
materials in the synthesis, potentially arresting growth in
specific directions to prepare the specific size or spherical
morphology. These biomolecules likely modulate the growth
process of the Cu,O in the reaction using various interactions
including those with the Cu®" and Cu’ ions throughout the
reduction process.

The distinguishing factor between amino acids is their side
chain, thus the differences in material morphology may arise
from these functional groups. To probe these effects, Cu,O
synthesis was processed using guanidine and imidazole, which
represent the side chains of Arg and His, respectively
(Supporting Information, Figure S25). Interestingly, when
using guanidine, spherical materials were generated with a size
of 685 + 164 nm, which is nearly identical to the size of the
materials prepared using Arg. However, when examining the
materials prepared using imidazole, large Cu,O structures were
prepared of varying morphologies. To this end, spheres, stars,
and bursts were observed in this sample with dimensions ~500
nm and larger on average. Such changes in morphology are
vastly different than the exceedingly small sized materials
prepared using His. Taken together, these controls demon-
strate that the side chain functional group is highly important
in controlling the material structure, but that the functional
groups attached to the a carbon may also play an important
role, depending upon how the side chain functions during
material synthesis. While these results provide information
over potential structural and size control, variations in their
adsorption and photocatalytic capabilities could also be
selected for based upon the amino acid used in the synthesis.

Cu,O is a well-known visible light photocatalyst with the
ability to degrade small molecules, including environmental
pollutants and organic dye molecules.””** This capability is
inherently controlled by the particle size, shape, facet exposure,
and affinity of the pollutant to the catalyst. Recent efforts have
also looked to understand differences in Cu,O materials as
molecular sponges compared to their photocatalytic capacities
to better predict final properties.”” To better understand how
the sphere directing materials interact with model organic
pollutants, for both molecular adsorption in the dark and
photocatalytic degradation in the light, the materials were
exposed to both methyl orange, an anionic dye, and methylene
blue, a cationic dye. For comparison, the control no ligand
material was also tested to see how shape selectivity may
enhance material adsorption and/or degradation.

Adsorption of a model organic pollutant to a catalyst surface
is often dictated by electrostatic interactions between the
substrate and the catalyst. To understand the effects of
adsorption as opposed to photocatalytic degradation, reaction
vials with 5.0 mg of each Cu,O material was dispersed in 20.0
mL of 80.0 mg/L methyl orange or methylene blue. At selected
time points, aliquots were extracted, and the amount of dye
remaining in solution was quantified using UV—vis. Figure 7a
compares the percent dye adsorption for methyl orange for the
selected Cu,O materials over 4.0 h in the dark. Fitting on the
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Figure 7. Photocatalytic analysis of the spherical Cu,O materials for
the degradation of methyl orange. Part (a) presents the dye
adsorption study in the dark, while part (b) displays the percent
dye degradation via photocatalysis. Part (c) compares the rate of dye
adsorption (k,4) to the rate of dye degradation (kdeg) where kg > kg
in all samples, demonstrating that the materials are photocatalytically

degrading the model pollutant.

data can then be exploited to extract first order rate constants
(k,q) to compare the rates of adsorption among the materials
as well as the rate of degradation (kdeg). From this analysis, it is
evident that the Cu,O materials prepared using Glu
demonstrated the least amount of dye adsorption with a k,q
value of (3.4 + 1.0) X 10™? min™". This suggests that negligible
adsorption of the methyl orange dye to these materials was
occurring. When the Cys-, Lys-, Trp-, and Arg-based materials
were studied, k,q values of (114 + 0.5) X 107>, (246 + 6.9) X
1075, (108 + 0.6) X 107, and (300 + 0.1) X 1075 min™" were
determined, respectively. Such values are larger than the Cu,O
control structures prepared without a biomolecule in the
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mixture, which gave rise to an adsorption rate constant of (42.9
+ 1.9) X 107> min~". Finally, maximum dye adsorption was
observed for the Cu,O particles prepared using His, which
demonstrated a k4 value of (4510 + 158) X 10™° min™'. When
the same experiment was completed in the presence of
methylene blue, no adsorption was observed by UV—vis,
consistent with previous work,” where no enhanced photo-
catalytic degradation of methylene blue was observed when
exposed to pristine Cu,O octahedra. In that study, Nguyen et
al. reasoned that the exposed (111) facet of the octahedra
presented a positively charged surface, resulting in electrostatic
repulsion of the dye from the particles, limiting the
photocatalytic effects.”***°

With a clear understanding of the rate of adsorption of
methyl orange to the Cu,O materials, the photodegradation
capacity of the oxide structures was analyzed and compared
(Figure 7b). Following a protocol similar to that of the
adsorption studies, 15.0 mg of each Cu,O material was
dispersed in 60.0 mL of 80.0 mg/L methyl orange or
methylene blue. Upon the addition of the dye to the Cu,O,
the suspension was immediately irradiated with a 1000 W Xe
arc lamp operating at ~100 mW/cm” in an Oriel Sol1A Class
ABB solar simulator. At selected time points, aliquots were
extracted and centrifuged. The supernatant was decanted, and
the dye concentration was quantified using UV—vis. The
materials were irradiated for 4 h to replicate the adsorption
conditions, where the resulting data was fit using pseudo first
order kinetic analysis. The results of the photodegradation
study follow the same pattern as the adsorption study where
the Glu-prepared oxide materials showed the least photo-
degradation with a kg, value of (36.6 + 0.2) X 10~ min™" and
the Arg-based materials displayed the greatest reactivity with a
kg, value of (2030 + 6.6) X 107> min~". The amino acid free
control, Cys-, Lys-, and Trp-based Cu,O materials displayed
intermediate reactivity with rate constants of (139 + S5.3) X
1075, (292 + 3.2) X 1075, (611 + 0.6) X 107°, and (268 + 6.3)
X 107° min~", respectively. Note that identification of the Keg
value for the His-based materials was not possible due to the
rapid rate of dye adsorption. To this end, the dye was nearly
completely adsorbed prior to light irradiation, preventing the
catalytic analysis. In all cases, as shown in Figure 7c, the rate of
dye degradation in the presence of light was substantially
greater than the rate of dye adsorption to the Cu,O surface
(e, ki > k,1), thus confirming that the materials are
photocatalytically degrading the model organic pollutant.

From the results of Figure 7, notable differences in the
adsorption and degradation capabilities are observed among
the different Cu,O materials, which does not directly correlate
with particle shape or size. To better understand the
adsorption properties of the selected metal oxide materials,
two different analyses were conducted: BET analysis to
quantify the reactive surface area and a saturation test’’ to
determine if a monolayer or multilayer of dye was present on
the oxide surface. Using standard BET analysis methods, the
surface area of each material was quantified. These results
indicated that the Cu,O particles prepared in the presence of
Arg have the highest reactive surface area (9.91 m?/g). For all
other amino acid-prepared structures, substantially smaller
surface areas were quantified with values of 1.63, 2.16, 3.39,
and 3.56 m’/g for the Trp-, Glu, Lys-, and Cys-based
materials, respectively. Such values are comparable to the
Cu,O particles made in the absence of any amino acid (2.66
mz/g). These results are consistent with the k values of

adsorption and photocatalytic degradation, demonstrating the
greatest reactivity for the Arg-based Cu,O, which possessed a
substantially greater surface area. For all other materials, the
surface area is notably smaller than the Arg-based structures,
resulting in greatly diminished reactivity. It is interesting to
also note that those Cu,O materials prepared with positively
charged amino acids (Arg and Lys) tended to have the greatest
adsorption and photocatalytic reaction rates with the
negatively charged methyl orange dye. It is possible that
residual positively charged species remain on the oxide surface,
facilitating the adsorption process, leading to enhanced
reactivity. This is further supported by the negatively charged
amino acid (Glu) displaying the lowest degree of adsorption/
reactivity. In this case, the negatively charged dye would be
repulsed from the surface. Unfortunately, due to the size of the
particles, zeta potential analysis of surface charge to explore
further this hypothesis could not be conducted.

For the second adsorption study, a saturation test was
conducted on all of the materials studied for photocatalytic
reactivity. For this, 500.0 uL of a 10.0 mg/mL particle
suspension was added to 20.0 mL of methyl orange dye with a
concentration between 20.0 and 1000.0 mg/L, where multiple
dye concentrations within this range were studied. After 48 h, a
150.0-uL aliquot was taken and centrifuged to remove the
Cu, O particles. The supernatant was then analyzed using UV—
vis to quantify the amount of dye remaining in solution. The
data was subsequently modeled using both the Freundlich and
Langmuir isotherms separately to understand the adsorption
mode of dye to the particle surface. In the fitting analysis, the
no ligand control, as well as the Arg-, Cys-, Glu-, and Lys-
prepared Cu,O materials have better R* associations with the
Langmuir model. This indicates that the dye more likely
adsorbs as a monolayer to the solid surface for these structures.
Interestingly, for the Trp-based materials, these structures were
better fit with the Freundlich model (based upon R* values).
These results suggest that the Trp-based structures have
heterogeneous binding capabilities, which would likely lead to
enhanced dye adsorption; however, based upon the BET
analysis, they also show the smallest surface area, thus leading
to diminished adsorption of dye molecules from solution.

When comparing the reactivity of the materials, it is
important to take into account the sustainability of the
material synthesis approach. Since photocatalytically reactive
Cu,O materials are prepared in the absence of any structure
directing ligand, the reactivity of the materials must be
substantially enhanced by a structure directing agent (e.g, the
amino acids) to warrant inclusion in the synthesis. If the
reactivity enhancement is negligible, then the addition of the
amino acid would minimize its impact and increase the amount
of waste from the system. In this specific case, the addition of
Glu for Cu,O preparation should be avoided as it leads to
diminished kg, values as compared to the materials prepared
in the absence of amino acids; however, significantly enhanced
reactivity is noted for the Arg-based Cu,O structures. For these
materials, their reactivity was >14-fold greater than the control
structures. This level of enhancement is critically important to
optimize the photocatalytic properties. Furthermore, the
structure directing agent in this situation, Arg, is a nontoxic
and naturally sourced ligand, thus enhancing its sustainable use
in material synthesis.

Taken together, these results provide a fundamental level of
understanding of the influence of amino acids on the synthesis
and reactivity of Cu,O materials. In this regard, six amino acids
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demonstrated a degree of morphology and size control over
the growing Cu,O materials: Arg, Cys, Glu, His, Lys, and Trp.
From this, four key points can be extrapolated: specific amino
acids can (1) influence the morphology and size of the oxide
material during particle growth, (2) disrupt the crystallinity of
Cu,O material, potentially allowing for differences in the
number of catalytic sites, (3) alter the catalytic properties of
the final materials through variations in the reactive surface
area, and (4) potentially vary the surface charge of the Cu,O
particles, altering the reactivity with charged reagents. Such
capabilities were determined in comparison to amino acid-free
control Cu,O materials, confirming the effects of the individual
biomolecules. Overall, Arg demonstrated the greatest effect
over Cu,O structure and properties providing spherical
materials with the greatest level of reactivity.

It is interesting to note that the amino acids with some
degree of control over Cu,O particle morphology are similar to
those residues well represented in peptide libraries identified
with affinity for the oxide: Arg, Trp, His, and Gly.”® While Gly
was not demonstrated herein to alter particle morphology,
both Arg and Trp were noted to prepare only spherical
materials, while His was able to control the final material size.
Furthermore, the residues that were generally underrepre-
sented from the Cu,O-binding peptides (Tyr, Pro, and Ser)
expressed no observable ability to alter Cu,O particle
formation. These results may allow for eventual fine-tuning
of peptide sequences to access enhanced control over the metal
oxide structure/property relationship. Furthermore, these
studies demonstrate that relatively facile analyses at the
individual amino acid level can provide important information
on the binding of peptides at material surfaces, especially for
peptides identified with affinity for the target inorganic
composition.

B CONCLUSIONS

Herein, we have identified the effects of amino acids on both
the sustainable production and reactivity of Cu,O materials. In
general, Arg, Cys, Glu, Lys, and Trp demonstrated shape
selectivity over the final particle morphology, and His
displayed a degree of control over particle size. These
capabilities likely come from specific interactions between
the growing oxide structure and the amino acid stabilizing Cu
ions in solution and the final Cu,O material surface. Beyond
synthesis, the particles prepared using Arg displayed the
greatest adsorption and photocatalytic reactivity for methyl
orange degradation. Such capabilities are likely controlled by
the interplay of the surface area and Cu,O facets displayed to
the dye solution. Taken together, these results provide a
roadmap for the development of new peptides with the ability
to sustainably produce Cu,O with optimal photocatalytic
reactivity for environmental remediation. While it is possible
that differences in residue affinity are likely to occur when the
amino acids are linked together in a peptide, these studies
provide the first-principles for Cu,O specific peptide design.
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