Volume 1 | Number 8 | August 2019 | Pages 2785-3290

Nanoscale

Advances

rsc.li/nanoscale-advances

' ROYAL SOCIETY
OF CHEMISTRY

ISSN 2516-0230

Celebrating

2019 PAPER

Marc R. Knecht et al.

Biomimetic strategies to produce catalytically reactive

CuS nanodisks

-~

-
-~
T -
oy
L |
. -
v e
“\ear 3
-
' -
P .
. A
< . N
G #
‘0 N w
aw\\? S
4 § » -
. | -
5 ’
| R
! i &
5=
.
» . 2
- 4 - Za P
i "4“,‘/) bW A |
\ L S il
yougi:
) " =y 2
7. - " i
3

t] NCNST



Open Access Article. Published on 14 June 2019. Downloaded on 3/2/2026 12:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Nanoscale Adv., 2019, 1, 2857

Received 28th May 2019
Accepted 11th June 2019

DOI: 10.1039/c9na00335e

Biomimetic strategies to produce catalytically
reactive CuS nanodiskst

Elise C. Bell,}? Catherine J. Munro,}? Joseph M. Slocik,” Dharmendra Shukla,®
Atul D. Parab,? Joshua L. Cohn @€ and Marc R. Knecht () *2d

Copper sulfide materials have diverse applications from cancer therapy to environmental remediation due
to their narrow bandgap and easily tuned plasmon. The synthesis of these materials often involves toxic
reagents and harsh conditions where biomimetic methods may provide opportunities to produce these
structures under sustainable conditions. To explore this capability, simple amino acids were exploited as
biological ligands for the ambient synthesis of CuS materials. Using an aqueous-based approach, CuS
nanodisks were prepared using acid-containing amino acid molecules that stabilize the materials against
bulk aggregation. These structures were fully characterized by UV-vis analysis, transmission electron
microscopy, dynamic light scattering, atomic force microscopy, selected area electron diffraction, and
X-ray diffraction, which confirmed the formation of CuS. The materials possessed a vibrant plasmon
band in the near IR region and demonstrated enhanced photocatalytic reactivity for the advanced
oxidation of organic dyes in water. These results demonstrate a room temperature synthetic route to
optically important materials, which could have important application in catalysis, optics, nanomedicine,

rsc.li/nanoscale-advances etc.

Introduction

Copper sulfide (CuS) materials are of interest due to their
dynamic applications in cancer therapy, environmental
remediation,**® and energy harnessing devices.”” These p-type
semiconductor materials have a narrow band gap, which
allows for efficient use of visible light for photocatalytic reac-
tions as compared to TiO,, SrTiO;z, and ZnO that require UV
light.'*"* Beyond the narrow band gap, CuS materials also
possess a strong plasmon band that is shifted into the near IR
region of the electromagnetic spectrum. Such a plasmon posi-
tion is highly unique, making it of interest for biomedical
applications.

While great advances in synthesizing CuS structures have
been achieved to control the plasmon,””™ band gap,'*** and
morphology of these materials, these methods generally

“Department of Chemistry, University of Miami, 1301 Memorial Drive, Coral Gables,
Florida 33146, USA. E-mail: knecht@miami.edu

*Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433, USA
‘Department of Physics, University of Miami, 1320 Campo Sano Drive, Coral Gables,
Florida 33146, USA

“Dr. J. T. Macdonald Foundation Biomedical Nanotechnology Institute, University of
Miami, UM Life Science Technology Building, 1951 NW 7" Ave, Suite 475, Miami,
Florida 33136, USA

T Electronic  supplementary (EST) UV-vis NIR of
non-reported materials, additional TEM and size distributions from TEM
analysis, and dye degradation See DOI:
10.1039/c9na00335e

1 These authors contributed equally.

information available:

control  study analysis.

This journal is © The Royal Society of Chemistry 2019

require unsustainable conditions.””?® In this regard, CuS
production typically requires harsh conditions, toxic organic
solvents,* and/or complex instrumentation that can limit their
long-term production. For instance, Chaudhuri and coworkers
generated a library of CuS materials of varying shape and
composition by using different ratios of chelating and non-
chelating solvents in a solvothermal process. Here, Cu(NOj3),
and thiourea were put into a Teflon-lined stainless steel auto-
clave with ethanol, ethylenediamine, and/or ethyleneglycol.
These contents were sealed and maintained at 130 °C for 12 h
prior to being washed with water/absolute ethanol and then
dried in a vacuum oven at 60 °C for 3 h.** Others have used
templates® or top-down> synthetic methods to achieve desired
CuS materials. Wu et al. established a large-scale synthesis of
CuS nanotubes in a two-step process where sacrificial copper
wires were first made in the presence of NaOH, ethylenedi-
amine, and hydrazine. These wires were washed and dried
before being sonicated at 80 °C for 12 h with ethyleneglycol and
thiourea.**

As an alternative to traditional synthetic approaches,
biomolecules have been widely used for the production of
inorganic nanostructures due to their inherent ability to stabi-
lize growing nanoparticle surfaces through non-covalent inter-
actions.**** In general, such approaches entail processing under
ambient conditions in aqueous solutions at room temperature
and pressure. Such biomimetic approaches have been exploited
to generate materials for specific applications including catal-
ysis,”**” nanomedicine,* plasmonics,*>*® etc. While bio-inspired
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methods have been applied to produce ZnS*+*> and CdS,*>* few
biomimetic methods have been used in the synthesis of CusS.
For instance, da Costa et al. exploited sulfide from sulfate
reducing bacteria to generate spherical CuS particles of ~3 nm
in diameter.** More recently, Ortiz-Ramos et al. have grown CuS
films using alanine, glycine, and serine as complexing agents.*

While these bio-based methods result in the production of
CuS materials, they generally rely on moderate temperatures
(>40 °C) and pH conditions to achieve material formation. More
information is required to advance the biomimetic production
of CuS nanoparticles under sustainable, eco-friendly conditions
(e.g. in water, on the benchtop, at room temperature).**** This
requires a foundation in understanding how simple small
biomolecules (e.g. amino acids) stabilize the materials, which
remains generally unclear.

Herein we describe a sustainable approach to produce CuS
nanodisks using acidic amino acids to passivate and stabilize
the inorganic materials. The materials were fabricated through
the reaction of Cu** and S>~ in the presence of aspartic acid
(Asp) or glutamic acid (Glu). Once prepared, the materials were
fully characterized by transmission electron microscopy (TEM),
including high-resolution TEM (HR-TEM), selected area elec-
tron diffraction (SAED), UV-vis near infrared (NIR) and diffuse
reflectance (DRS) spectroscopies, powder X-ray diffraction
(XRD), and dynamic light scattering (DLS). Interestingly,
a change in material structure as a function of the amino acid
passivant was observed after sample lyophilization, which was
required to probe the photocatalytic properties of the materials.
The dried materials were studied for the photocatalytic degra-
dation of three model organic dyes using Fenton type catalytic
processes, which revealed reactivity differences between the two
different structures. Taken together, these studies demon-
strated the production of important optically active materials
for both plasmonics and photocatalytic reactions, where their
stability and properties are dictated by the biomimetic surface
passivant used during material production.

Experimental
Chemicals

L-Aspartic acid and r-glutamic acid were obtained from Sigma-
Aldrich. Neutral red, methyl orange, methylene blue, CuCl,-
-2H,0, and Na,S were purchased from Alfa Aesar. Finally,
35 wt% hydrogen peroxide was purchased from VWR. All
chemicals were used as received without further purification.
Milli-Q water (18 MQ cm) was used for all experiments.

Synthesis of CuS

In a 25.0 mL vial, 3.0 mL of 0.01 M Asp, 1.0 mL of 0.01 M
CuCl,-2H,0, and 6.0 mL of H,O were added. The resulting
solution was stirred for 15 min, followed by addition of 0.3 mL
of 0.1 M Na,S and 9.7 mL of H,O. This reaction solution results
in a Cu®>": S ratio of 1:3. The solution was subsequently
stirred continuously for 24 h on the benchtop at room
temperature. Upon addition of Na,S to the reaction mixture, the
solution immediately turned burnt orange then slowly faded to
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a dark green color over the 24 h process. After stirring, the
materials were lyophilized, resulting in a fine black powder that
was used for catalysis.

Material characterization

Low-resolution TEM analysis was performed using a JEOL JEM-
2010 microscope operating at 80 kV, while HR-TEM studies
were completed using an FEI Cg-corrected Titan TEM micro-
scope operating at 300 kV. Selected area electron diffraction was
obtained using spot size 8 and a camera length of 360 mm. The
sample was prepared by drop-casting 10.0 pL of the CuS sample
onto a carbon-coated 400 mesh Cu grid (EM Sciences), which
was dried overnight. AFM samples were prepared in a similar
fashion. For this, 50.0 pL of the CuS sample was drop cast on to
a clean silicon surface and allowed to settle for ~2-3 h. After
this time, the remaining solution was removed and the surface
was dried overnight prior to analysis using Digital Instruments/
Veeco AFM (Dimension 3100).

The as prepared CuS materials were studied on a Cary 5000
UV-vis-NIR spectrophotometer using a quartz cuvette with
a 1.0 cm path length. UV-vis DRS analysis of the solid materials
was completed on a Shimadzu Model UV-2600 system. The
lyophilized CuS sample was put into a clean 2.0 mm quartz
cuvette with ~600 mg of the CuS 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(R. ), where
the band gap values can be obtained from the tangent line of
the Tauc plot.

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
CuS powdered material was added to the slide and analyzed.
Finally, for DLS analysis, the as prepared CuS materials were
inserted into a disposable folded capillary cell and run on
a Malvern Nano Series Nano-ZS to elucidate the surface
charge of the CuS materials.

Fenton dye degradation protocol

Degradation of neutral red, methyl orange, and methylene blue
was done using an advanced oxidation process in the presence
of H,0, employing modified methods.>® Briefly, 10.0 mg of the
lyophilized CuS material was suspended in 1.0 mL of water and
sonicated for 5 min before 206.0 pL of the suspension was
added to 1.38 mL of 125 mg L™ " dye solution in a 1.0 cm quartz
cuvette. This mixture was stirred in the dark for 1 h to allow for
dye adsorption to the material surface. Next, 412.0 pL of 35 wt%
H,0, was added to the cuvette under constant stirring. This
reaction solution was immediately exposed to a 1000 W Xe arc
lamp operating at ~100 mW cm 2 in an Oriel Sol1A Class ABB
solar simulator. The sample to light source distance was
~10 cm. The cuvette holding the reaction was analyzed at least
every 15 min on an Agilent 8453 spectrophotometer where the
dye absorbance was tracked at the A;.x. For recyclability, an
additional 172.0 uL of 1.0 g L' dye solution and 412.0 uL of

This journal is © The Royal Society of Chemistry 2019
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H,0, were added to the reaction mixture and immediately
exposed to the lamp source. This was done to re-establish the
catalyst to substrate ratio in the initial degradation cycle. Note
there is an increase in volume without the loss of catalyst for
each recycle analysis due to the available concentration of H,0,.

Results and discussion

Biomimetic production of CuS nanomaterials was examined
using a selection of amino acids based upon their side chain
composition. Gly and Val were selected as aliphatic amino
acids, while Tyr was used to represent aromatic side chains.
Both Cys and Met were used due to their sulfur containing
group, while Gln was tested to examine the effects of the amide-
based amino acids. Finally, basic amine-containing Arg, His,
and Lys were tested, while Asp and Glu were used because of
their acid-containing side chains. To prepare the CuS materials,
a simple one pot method was employed. For this, Cu®>" ions were
commixed with the selected amino acid in water, followed by
the addition of Na,S. The reaction was subsequently allowed to
stir for 24 h on the bench top to facilitate material production.
Substantial differences in the reactions were observed based
upon the amino acid in the mixture. For all the biomolecules
studied, only Glu and Asp prepared stable materials over 24 h
that presented a plasmon band; for the reactions in the pres-
ence of all other amino acids, no evidence of material produc-
tion was observed and/or the materials precipitated after ~4 h.
As such, all further studies were only processed with Asp and
Glu.

Fig. 1 presents the UV-vis-NIR analysis of the material
synthesis using Asp and Glu. Note that due to the absorbance of
water from 1360 to 1600 nm, no data is presented in that
window. Fig. 1a specifically presents the analysis for the mate-
rials prepared using Asp. The absorbance of the reaction
mixture after each component addition demonstrated no
absorbance over the region of interest; however, after 24 h of
reaction, formation of a strong plasmon band at 1300 nm was
observed. Such a peak position is consistent with the formation
of CuS-based materials that are known to have a strong absor-
bance in the NIR."******7 Such a change in optical properties is
consistent with changes in solution color that present as dark
orange immediately after S*>~ addition and evolve to dark green
after 24 h of reaction. Identical results were noted for the system
prepared in the presence of Glu (Fig. 1b) suggesting that the
material growth process is quite similar, regardless of which
acid-containing amino acid is employed.

Fig. 2 displays the morphology of the as prepared CuS
materials by low-resolution TEM, where the inset is a zoomed in
portion of the image. As is evident, both systems generated
nanodisks of CuS materials. Statistical analysis of at least 100
particles indicated that the structures prepared using Asp
demonstrated an average size 48.5 + 14.7 nm, while the Glu-
based materials presented an average size of 32.1 £+ 10.3 nm.
Fig. S2 in the ESIf presents the particle size histograms of the
two materials. Such values are similar to the sizes determined
by DLS for the Asp- and Glu-passivated materials, which indi-
cated hydrodynamic diameters of 30.2 £+ 5.6 and 30.7 & 6.6 nm,

This journal is © The Royal Society of Chemistry 2019
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Fig.1 UV-vis-NIR analysis of CuS materials produced in the presence
of (a) Asp and (b) Glu.

respectively. Note that zeta potential analysis of these nanodisks

indicated a surface charge of —18.1 + 2.1 mV for the Asp-capped
materials and —40.9 £ 2.4 mV for the Glu-passivated structures.

guthm 3 32.1£10.3

Fig. 2 TEM analysis of the CuS nanodisks prepared using (a) Asp and
(b) Glu. The inset shows a zoomed in region of the materials.
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This potentially suggests enhanced amino acid adsorption in
the presence of Glu to give rise to the larger negative change,
which may affect the catalytic properties of the materials.

Additional imaging and analysis of the CuS materials were
obtained, including HR-TEM and AFM. From the HR-TEM
analysis (Fig. 3), both the Asp- and Glu-based nanodisks were
highly crystalline, as anticipated. Clear lattice fringes of
~0.28 nm were observed for both samples, corresponding to the
(103) lattice of CusS. This crystallinity is supported by the SAED
analysis. For both materials (Fig. 3b and d), the SAED patterns
of the as prepared nanodisks demonstrated diffraction rings
consistent with the (101), (102), (103), (110), (108), and (116)
indices for CuS (JCPDS: 01-078-0876).

While the TEM analysis can observe the lateral dimensions
of the CusS nanodisks, it cannot measure the absolute height of
the material. To ascertain this level of information, the CuS
structures were imaged using AFM. For this, the materials were
deposited onto a silicon surface and allowed to settle before
excess solvent was wicked away and the surface dried overnight,
followed by AFM imaging. As shown in Fig. 4a, the Asp-capped
CuS nanostructures demonstrated their disk-like morphology.
Tracking the height profile of the materials for this sample
(Fig. 4b), they varied between 1 and 2 nm in thickness. Such
a value is substantially smaller than the lateral dimensions,
confirming the disk-like morphology. Fig. 4c presents the AFM
analysis of the Glu-prepared CuS materials, which were similar
to the Asp-based materials; however, they tended to be thicker
in dimension with heights ranging between 1.5 and 4 nm.

Although it is evident that CuS nanodisks were prepared
using both Asp and Glu, based upon the TEM and AFM imaging
studies, notable differences in material dimensions were

Fig. 3 HR-TEM and SAED analyses of the CuS materials prepared
using (a and b) Asp and (c and d) Glu. Parts (a and c) displays the HR-
TEM images, while parts (b and d) present the SAED patterns of the
corresponding materials.

2860 | Nanoscale Adv., 2019, 1, 2857-2865
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Fig. 4 AFM analysis of the CuS materials prepared using (a and b) Asp
and (c and d) Glu. The AFM image of the materials is shown in parts (a
and c), while the corresponding height profile is presented in parts (b
and d).

evident. In this regard, the lateral dimension for the Asp-based
structures was greater than that of the Glu-prepared materials;
however, the Asp-capped CuS were thinner in height as
compared to the Glu-stabilized sample. This suggests that
specific differences in material growth are likely to occur,
arising potentially from the affinity of the different amino acids
for the Cus surface. These differences could result in changes in
material stability and could affect their overall reactivity.

To prepare the CuS nanodisks for further analyses and for
catalytic studies, the materials were lyophilized to remove the
water solvent and stored in a vacuum oven at 60 °C for at least
24 h. To understand the potential changes in material
morphology, the dried powders were resuspended in water and
drop casted for additional TEM analysis (Fig. 5). TEM images of
the dried Asp-stabilized material are presented in Fig. 5a and b,
which indicate that the nanodisks collapsed into spherical
particles. The average size of the new spherical materials was
5.8 £ 3.1 nm. TEM images of the Glu-based structures after

Fig.5 TEM analysis of the (a and b) Asp- and (c and d) Glu-capped CuS
materials after lyophilization to a powder.

This journal is © The Royal Society of Chemistry 2019
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drying are presented in Fig. 5c and d. Remarkably, these
materials retained their disk-like morphology; however, their
average diameter increased to 85.7 £+ 54.8 nm.

To confirm the structure of the dried materials, powder XRD
was employed of the lyophilized samples (Fig. 6). The diffrac-
tion pattern presented by the Asp- and Glu-passivated materials
was analyzed and the peaks were labeled using literature
values.**** Both materials display peaks at 27.7°, 29.3°, 31.9°,
48.1°, 52.4°, and 59.0°, corresponding to (101), (102), (103),
(110), (108), and (116) diffraction planes of CusS, respectively.
These peak patterns closely represent the covellite form of CuS
due to the presence of the (102) plane at 29.3° and the (110)
plane at 48.1°, both of which disappear when digenite (Cu, gS)
and chalcocite (Cu;o6S) become more prevalent in the
crystal.®®® Such diffraction patterns are also fully consistent
with the SAED patterns, confirming the formation of the
covellite structure of CusS.

As a final characterization method, UV-vis DRS was per-
formed to characterize the optical properties of the materials to
quantify the band gap of the structures in the solid state. Fig. 7a
shows the diffuse reflectance absorbance spectra for both
material sets, while Fig. 7b and ¢ present the Tauc plots of Asp-
and Glu-prepared materials, respectively. Based upon the slope
of the tangent line, the Asp-based material has a band gap of
2.56 eV, while Glu-prepared structures have a band gap of
2.54 eV. These values are consistent with bulk CuS of the
hexagonal wurtzite structure that has an approximate band gap
of 2.5 ev.*

From the results presented above, only the acidic amino
acids (Glu and Asp) are able to make stable CuS materials. Using
these amino acids, the fabrication of CuS nanodisks occurs,
where the other biomolecules used led either to material
precipitation or the lack of particle formation. This suggests
that the acidic side chains are important for coordination to the

Glu
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Fig. 6 Powder XRD analysis of the Asp- and Glu-stabilized CuS

materials after lyophilization displaying diffractions associated with the
covellite form of CusS.
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Fig. 7 UV-vis DRS analysis of the CuS materials. Part (a) presents the
DRS spectra of the Asp- and Glu-capped CuS, while the Tauc plots for
the materials are presented in parts (b and c), respectively.

growing CusS surface to prevent particle aggregation and facili-
tate the formation of a stable colloidal suspension. In the work
of Nelwamondo et al. it is proposed that deprotonated Ala has
enhanced affinity for Cu** cations in solution, driving the
stability of the complex prior to material formation.** This
explanation may justify why Asp and Glu were effective under
our conditions. Asp has a pK, value of 3.71 while Glu has a pK,
value of 4.15. The pH of both syntheses was taken 1 h after
addition of the NaS and were found to be 6.58 and 6.79,
respectively. At these pH values both residues would exist in
their anionic form; however, this pH is too low to establish the
anionic form of the other amino acids studied. This potentially
identifies the basis of the acidic residues in their ability to
stabilize the CuS materials; however, additional factors beyond
molecular charge are probable.

Once the materials were dried into the solid state, their
structure changed, either to form nanoparticles (Asp) or larger
nanodisks (Glu). Such results suggest that the Glu may be more
strongly adsorbed to the material surface, thus prohibiting
particle collapse; however, the Asp-based materials do not fully

Nanoscale Adv., 2019, 1, 2857-2865 | 2861
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aggregate to bulk structures, indicating that the smaller acidic
residue is important to prevent complete material aggregation.
XRD analysis confirmed the CuS composition, which is impor-
tant in understanding the reactivity of the materials, where the
bandgap is well positioned for photocatalysis using visible light.

Once characterized, the two different CuS materials were
subsequently probed for their photocatalytic reactivity in the
degradation of three specific synthetic dyes: neutral red, methyl
orange, and methylene blue. These specific dyes were selected
because of their different charge states in solution: neutral
(neutral red), anionic (methyl orange), or cationic (methylene
blue). Dye degradation is a broadly used technique to quickly
understand if a material can effectively harvest solar energy, as
well as test the material's catalytic activity for potential envi-
ronmental remediation applications. This is highly important
as synthetic dyes are estimated to make up 20% of industrial
water pollution.”® To drive photocatalytic degradation using
a solar simulator, H,0, was employed as a sacrificial oxidizing
agent. For this reaction, the lyophilized CuS material was
dispersed in an aqueous dye solution in a 1.0 cm quartz cuvette.
This particle dye mixture was kept in the dark for 1.0 h under
constant stirring to allow for dye surface adsorption to reach
equilibrium. Upon reaching equilibrium, the H,0, was added
and the system was irradiated. The reaction was monitored for
90 min by UV-vis analysis of the decrease in dye absorbance due
to degradation.

Fig. 8a presents a plot of the percent degradation of the dyes
throughout the photocatalytic process employing the CuS
materials prepared with Asp. In general, these materials
degraded the neutral red dye the fastest, reaching completion in
~40 min. For anionic methyl orange and cationic methylene
blue, >97% of dye degradation was achieved within 90 min of
irradiation. Similar degrees of reactivity were noted when the
Glu-based CuS materials were employed as the catalysts, as
shown in Fig. 8b. For this system, neutral red was again rapidly
degraded within ~40 min; however, for the other dyes, slower
reactivity was noted. To this end, >97% of methyl orange was
degraded within 90 min, while methylene blue appeared to
reach completion at 75 min.

From the data of Fig. 8a and b, calculation of the pseudo first
order rate constants (k.ps) can be determined (Fig. 8c). Note that
the concentration of the H,0, is in substantial excess to ensure
that pseudo first order conditions are achieved. When consid-
ering the Asp-capped CuS materials, ks values of (7.4 + 1.2) x
1072, (3.8 £ 1.2) x 1072, and (2.1 #+ 0.8) x 10~ > min~" were
observed for the degradation of neutral red, methyl orange, and
methylene blue, respectively. For the Glu-based structures,
similar k.ps values were determined: (8.2 + 0.8) x 10~ > min ™"
for neutral red, (4.2 + 0.2) x 10> min " for methyl orange, and
(3.0 £ 0.7) x 107> min~' for methylene blue. As a control, the
degradation of all dyes was processed under the same reaction
conditions, but in the absence of CuS materials. In this situa-
tion, appreciable degradation only occurs with neutral red
giving rise to a kops of (0.12 4 0.03) x 10> min~". Such a value
is at least 61 times lower than the reaction driven by the CuS-
containing reactions, confirming the reactivity of the inor-
ganic materials.
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Fig. 8 Photocatalytic dye degradation analysis using the amino acid-
capped CuS materials. Parts (a and b) present the degradation analysis
for the (a) Asp- and (b) Glu-capped CuS materials, while part (c) display
a comparison of the kqps values for each reaction.

For both material sets, the degradation of neutral red was
substantially faster than the decomposition of the anionic
methyl orange and cationic methylene blue dyes. Such effects
suggest that charge on the dye molecule can substantially
inhibit the reactivity due to electrostatic considerations at the
particle surface. Thus, the neutral red molecule presents an
advantage in photocatalysis. For both the methyl orange and
methylene blue molecules, their individual charges are likely to
alter the affinity of the dyes for the particle surface, which is
negatively charged itself, potentially due to any bound acidic
amino acids. This charge effect is anticipated to alter the
interaction of the dyes for the CuS during the surface adsorp-
tion equilibration process in the dark, giving rise to the differ-
ences in observed photocatalytic reactivity. Such charge effects
were also visually observed in the dispersion of the materials in

This journal is © The Royal Society of Chemistry 2019
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the reaction medium; for the neutral red and methylene blue
reactions, the CusS particles remained well dispersed, but in the
degradation of methyl orange, formation of particle clumps at
the top of the reaction system were evident. This suggests that
electrostatics can substantially alter material dispersion and
resultant reactivity, which is likely controlled by dye adsorption
effects at the material surface.

Based upon the variety of reaction conditions and materials
used in the literature, a direct comparison of the present
materials to others is challenging. Differences in substrate
identity and concentration relative to the concentrations of
material and H,0, used in the reaction, as well as adsorption
times and light source all play significant roles in the final rates
of degradation and total degradation time. For instance, Xu
et al. employed a nanoporous CuS networked material as
a catalyst for the degradation of Rhodamine B, methyl orange,
and methylene blue. These materials were most reactive
towards methylene blue with a maximum ks value of 23.2 x
107> min~". While this system is comparable to the present
catalytic system, Xu employs substantially higher concentra-
tions of catalyst (4.9 times), peroxide (4.2 times), and dye
substrate (34.8 times).*

Separate work by Tanveer et al. also exploited CuS prepared
using solvothermal methods for the degradation of methylene
blue using natural light instead of a solar simulator. In this
work, two separate morphologies of CuS were examined: hollow
microspheres® and walled cuboctahedra.> For the microsphere
CuS materials, a maximal k¢ of 2.4 x 10~ min~" for methy-
lene blue was observed; however, for the walled cuboctahedra,
the supercomplex cuboctahedra of CuS demonstrated the
greatest reactivity with a rate constant of 4.0 x 10~ > min "
Such values are similar in magnitude to the present materials
for methylene blue degradation, but again differences in
substrate ratios and the light source were present, making
a direct comparison difficult. Additionally, it is important to
note that for all the materials prepared by Tanveer et al., high
reaction temperatures of =140 °C were employed, but for the
amino acid directed synthesis, room temperatures are required
to generate the catalytic materials.

Lastly, Yang et al. photodegraded methylene blue using the
most similar amounts of CusS, dye, and H,0, as compared to the
present system. For these studies, monodisperse CuS micro-
flowers were made using a one-pot solvothermal synthesis with
ethylenediamine and PVP at 160 °C. With these materials, they
are able to degrade 98% of the methylene blue in 25 min, sug-
gesting that the surface area of the materials is a key component
in controlling the reaction; however, the synthetic conditions
required high reaction temperatures over a long time period (12
h).

In general, the materials presented herein display substan-
tial reactivity; however, it is important to understand their long
term use for catalysis. Fig. 9 presents the recyclability analysis of
the CuS materials over four photocatalytic cycles. Fig. 9a pres-
ents the analysis for neutral red, while Fig. 9b presents the
results for the degradation of methylene blue. Note that due to
lack of material dispersion in methyl orange, the recyclability
analysis was not possible. For this study, the initial reaction was

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

0.16

icycle I [ cycle 2 [l Cycle 3 - Cycle 4

0.14
0.12
E 0.10
€ oo0s
=
0.06
x° 004
0.02
0.00

Asp

0.16 W cyoe T T
Cycle 2
0.14 | o’

012 | [ cycle 4 ]

E 0.10 + B
€ oo0s

e
0.06
x° 004
0.02
0.00

obs

Glu

Asp

Fig.9 Catalyst recyclability analysis for the photocatalytic degradation
of (a) neutral red and (b) methylene blue.

processed as described above, and a subsequent irradiation (30
min) after the end of the degradation cycle was employed to
eliminate extraneous material from the catalyst surface. Next,
fresh dye and H,0, was added to the reaction cuvette to rees-
tablish the initial reaction conditions to maintain the first order
kinetic analysis. Because there is likely residual H,O, in the
reaction from the previous cycle, the reaction is irradiated
immediately upon the addition of the new reagents and the
reaction is monitored.

For the recyclability analysis using neutral red, identical
results were observed for both the Asp- and Glu-based materials
(Fig. 9a). For the first cycle of the Asp-based Cus, a kops value of
(7.4 £ 1.2) x 107> min~" was noted that increased to (12.9 +
1.8) x 107> min~" for the second cycle. For all subsequent
cycles, the k values remain generally equivalent. Such effects
were identical for the Glu-based materials using neutral red.
This jump after the first reaction cycle may be the result of the
changes in the equilibration of surface adsorption of the dye to
the particle surface, which may change after the initial reaction
cycle. Additionally, changes to the atomic structure of the CuS
material at the particle surface may also be altered during the
initial reaction cycle, as has been seen previously with different
nanoparticle-driven catalytic reactions.*’

When methylene blue was used for the recyclability analysis,
increased reactivity as a function of reaction cycle was noted
(Fig. 9b). For both the Asp- and Glu-based structures, the kops
values increased as a function of reaction cycle. Such changes in
reactivity are likely due to changes in the surface equilibration
and structure of the materials, as discussed for the neutral red
recyclability analysis; however, the charged methylene blue may
be more adversely altering these effects. Nevertheless, reactivity
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for both dyes over multiple catalytic cycles was observed, indi-
cating that the materials are recyclable.

Conclusions

In conclusion, these results demonstrate that ambient, biomi-
metic synthetic pathways are available to produce CuS mate-
rials, which are growing in importance for a variety of
applications. We found that acidic amino acids are able to
passivate the growing metal sulfide materials in solution to
generate nanodisk shaped structures. Interestingly, the
dimensions of the structures changed as a function of the
amino acid used in the synthesis, suggesting that the molecular
structure is important in controlling the material structure. The
as synthesized materials possessed a substantial plasmon band
in the NIR; however, changes in the materials morphology were
noted upon drying to the solid state. These structures were
photocatalytically reactive using an H,0,-mediated Fenton-type
reaction for the degradation of organic dyes. The process is
highly recyclable and dependent upon the charge of the dye,
suggesting that the surface morphology of the materials is
critically important to the overall reactivity. The key result
herein focuses on the fabrication of these unique materials
under ambient, environmentally friendly, and sustainable
conditions, which has proven to be challenging. The sustain-
able methods for CuS nanomaterial production demonstrated
here may be important for a variety of applications from cata-
lytic to biomedical.
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