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ABSTRACT: CuZnSnS (CZTS) quantum dots (QDs) have potential application in quantum dot sensitized solar cells
(QDSSCs); however, traditional synthesis approaches typically require elevated temperatures, expensive precursors, and organic
solvents that can hinder large-scale application. Herein we develop and utilize an enzymatic, aqueous-phase, ambient temper-
ature route to prepare CZTS nanocrystals with good compositional control. Nanoparticle synthesis occurs in a minimal buffered
solution containing only the enzyme, metal chloride and acetate salts, and L-cysteine as a capping agent and sulfur source.
Beyond isolated nanocrystal synthesis, we further demonstrate biomineralization of these particles within a preformed mesoporous
TiO2 anode template where the formed nanocrystals bind to the TiO2 surface. This in situ biomineralization approach facilitates
enhanced distribution of the nanocrystals in the anode and, through this, enhanced QDSSC performance.

KEYWORDS: quantum dots, biomineralization, quantum dot sensitized solar cells (QDSSC), nanocrystals, copper zinc tin sulfide,
nanocrystals, green synthesis

1. INTRODUCTION

Quantum confined metal chalcogenide nanocrystals find
potential application as sensitizers in quantum dot sensitized
solar cells (QDSSCs) due to their size-tunable optical band
gap, high extinction coefficient, potential stability, and ease of
fabrication when compared with molecular dyes.1−3 As with
any potential large-scale energy technology, a challenge in
scaling up production of these devices to impactful levels will
lie in minimizing the environmental impact and energy demands
of nanocrystal synthesis. Typical nanocrystal synthesis routes
utilize elevated temperatures, organic solvents, and expensive
precursors that, while providing high performance nanomateri-
als, present challenges in meeting these environmental impact
goals. Beyond these synthesis demands, the use of nontoxic,
earth abundant materials as the QDs themselves will likely be
critical in promoting wider application.
One class of materials of particular interest is the kesterite

family of CuxZnySnzS(Se)4 (CZTS) compounds,4−6 as they are
direct band gap semiconductor materials with tunable band
gap in the desirable 1.0−1.5 eV range.4 These materials have

been extensively researched for incorporation into photovoltaic
devices, most commonly as thin films7 and as sensitizers on
TiO2-based anodes.8−11 The performance in photovoltaic
devices is reported to depend on the cation ratios within CZTS,
with target compositions suggested as Cu/Zn + Sn and Zn/Sn
in CZTS in the ranges of 0.73−0.96 and 1.00−1.71, respectively,
with the stoichiometric Cu2ZnSnS4 typically utilized in the
highest performance electrodes.
However, even with these more benign materials, there is a

persistent challenge to develop benign processes for nano-
crystal synthesis and formation of films from these nanocrystal
inks. Typical CZTS nanocrystal synthesis is conducted via
pyrolysis, where organometallic precursors are rapidly injected
into a hot organic solution to facilitate rapid particle formation
and control size.6,12−16 While the resulting particle composi-
tion reflects the ratio of injected metal cations, Cu deficiency6
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and Sn enrichment16 relative to Cu2ZnSnS4 are both frequently
reported17 and have been suggested to lead to improved
performance.17,18 Some of the highest efficiency photovoltaic
cells have utilized thin CZTS films formed by the deposition of
small nanocrystals followed by thermal annealing.17,19 These
processes typically utilize organic solvents, vacuum processing,
and elevated temperature annealing. Perhaps the highest
efficiency has been achieved using hydrazine as a solvent,20,21

which is highly undesirable at industrial scale. A number of
more benign approaches have been suggested.22 One frequently
pursued alternative that enables the use of benign and even
aqueous solvents is successive ionic layer adsorption and reac-
tion (SILAR), which utilizes multistep deposition, followed by a
high temperature anneal to synthesize a CZTS film.20,23−28

Our group has recently developed an alternative bioinspired
enzymatic biomineralization route to the ambient temperature,
aqueous-phase, size-controlled synthesis of metal sulfide and
metal selenide quantum confined nanocrystals as single com-
positions, alloys, and core−shell heterostructures. This is achieved
by utilizing an engineered cystathionine γ-lyase enzyme that
actively turns over the amino acid L-cysteine in solution to
form reactive sulfur, likely HS−. This sulfur can then react with
a metal ion in solution to form a metal sulfide. Through careful
tuning of the growth conditions, solution composition, and
relative enzyme activity, high quality, size-controlled nanocrystals
can be formed in a minimal buffered aqueous solution containing
the metal salt, enzyme, and L-cysteine as the sulfur source and
capping agent.29,30 While these quantum dots have numerous
potential applications, the benign synthesis of environmentally
benign CZTS sensitizers for QDSSCs is an attractive proposition.
Incorporation of QD sensitizers into the TiO2 layer of the

QDSSC anode is commonly achieved through chemical bath
deposition where nucleation and growth of the QDs occurs
directly on an immersed TiO2 substrate.

31,32 Alternative approaches
include SILAR-based methods and the incorporation of externally
synthesized QDs either by physisorption or using tether molecules.
In all cases, it is desirable to obtain a uniform distribution of
the sensitizer within the mesoporous TiO2 layer to achieve
a high active surface area. We have previously reported an
unoptimized QDSSC where biomineralized PbS and PbS@
CdS core@shell nanocrystals were added to a mesoporous
TiO2 layer by a simple drop-casting approach.33

In the current work, we address two challenges around this
goal, namely the synthesis of a ternary metal sulfide in the
CZTS family with control of composition within the most
active target range and the efficient integration and dispersion
of these materials into a TiO2 electrode mesostructured through
in situ biomineralization of the CZTS nanocrystals within the
preformed TiO2 structure.

2. EXPERIMENTAL SECTION
2.1. Enzyme Expression and Purification. Biomineralization of

quantum confined metal sulfide nanocrystals via the smCSE enzyme
has been described in detail in previous publications.30,34−36 Briefly,
the expression of smSCE cloned within a BL21 strain of E. coli was
started by subculturing the plasmid in 200 mL of LB broth at 37 °C
for 16 h. The main expression was induced at dilution of OD600 =
0.8 by adding an additional 800 mL of LB broth and 1 mM IPTG at
20 °C and incubating for 16 h. The solution was then centrifuged at
3225g for 10 min, and the pellet was resuspended in lysis buffer and
sonicated for 30 min. The sonicated solution was centrifuged at 3225g
for 10 min prior to enzyme purification via immobilized metal affinity
chromatography38 with 500 mM imidazole buffer. The purified
enzyme was stored at 4 °C prior to use in further experiments.

2.2. SnS and CZTS Biomineralization. SnS nanocrystal
synthesis was achieved through incubation of a buffered solution
(Tris−HCl at pH 7) of tin(II) chloride (Alfa Aesar, anhydrous, 98%),
L-cysteine (8.25 mM, Spectrum Chemicals, 99.55%), and purified
smCSE enzyme (OD600 = 500) incubated at 37 °C for 6 h. As with
our previous reports, particle formation occurs by reaction of the
metal cations with reactive sulfur formed by the enzymatic turnover
of L-cysteine by smCSE. An identical procedure was utilized for the
biomineralization of CuxZnySnzS4 (CZTS) alloy nanoparticles by
replacing tin(II) chloride with a mixtures of tin(II) chloride, copper
acetate (Alfa Aesar Puratronic, 99.995% metals basis), and zinc
acetate (Alfa Aesar Puratronic, 99.995% metals basis). Optimization
of the CZTS composition within the biomineralized nanocrystals was
pursued by changing the molar ratio of Cu:Zn:Sn in the synthesis
solution. After synthesis, the nanoparticles were precipitated with
ethanol as well as centrifuged at 3225g for 15 min, and the resulting
pellet was resuspended in deionized water.

2.3. Material Characterization. Ultraviolet−visible (UV−vis)
absorbance spectra (2600 Shimadzu spectrophotometer with an ISR-
2600-Plus integrating sphere) and corresponding photoluminescence
spectra (QuantaMaster 400 spectrometer) of the biosynthesized nano-
crystals were recorded at periodic intervals during synthesis and after
synthesis.

TEM samples were prepared by dialyzing the solution containing
the nanocrystals against deionized water. The solution was then diluted
and drop-cast onto a holey carbon film supported on a Ni-mesh grid.
High angle annular dark field (HAADF) and bright field (BF) scanning
transmission electron microscopy (STEM) imaging and X-ray energy-
dispersive spectroscopy (XEDS) experiments were conducted at
200 kV using an aberration corrected JEOL ARM 200CF analytical
electron microscope equipped with a JEOL Centurio XEDS system.
Digital Micrograph and JEMS software were used to filter and analyze
the STEM images, while ImageJ was used to quantify particle size
distributions. DTSA-II software was used to model the XEDS results.
Additional scanning electron microscopy (SEM) images and XEDS
spectra were obtained from centrifuged and dried nanocrystal samples
and completed solar cells using a Hitachi 4300SE/N FEG-SEM
operating at 20 kV, which was equipped with an EDAX-SDD energy-
dispersive X-ray spectrometer.

2.4. QDSSC Fabrication and Testing. Two approaches were
adopted to prepare quantum dot sensitized TiO2 solar cell anodes,
namely, (i) drop-casting of preformed QDs onto a TiO2 matrix and
(ii) in situ growth of QDs within the TiO2 matrix. The TiO2 anode
structure was formed utilizing a standard process. FTO glass (Sigma-
Aldrich, 7 Ω sq−1) was cleaned by sonication in a Contrad 70 soap
and deionized water solution for 15 min, followed by sonication in
ethanol for 15 min.36 The TiO2 layer was formed utilizing the approach
previously reported by Kumnorkaew et al.37 A TiO2 blocking layer
(13 μm thick) was deposited on the clean FTO by submerging the
glass at 70 °C for 30 min in diluted TiCl4 (40 mM) solution. A 1 cm2

area of the dried and washed substrates was coated with TiO2 paste
(opaque titania paste, Sigma-Aldrich) utilizing a doctor blade and
Scotch magic tape (3M) to set the height. Annealing the resulting
structure at 450 °C for 1.5 h led to a 13 μm thick porous coating of
TiO2 on the FTO substrate. Drop-cast electrodes were prepared by
depositing 20 μL of as-synthesized biomineralized QD solution onto
the anode with overnight drying at room temperature. In situ growth
of quantum dots in the anode structure was achieved by placing the
TiO2-coated FTO glass into the biomineralization solutions at the
beginning of nanocrystal synthesis and incubating at 37 °C for 6 h.
The adsorption of CZTS QDS onto TiO2 was investigated by mixing
as-synthesized CZTS QDs with TiO2 particles. The mixture was
shaken and centrifuged at 3225g for 10 min, and the UV−vis absorbance
spectra were measured.

The CuS cathode was prepared by electrochemical deposition
of Cu onto cleaned FTO glass followed by sulfidation.40 The FTO
glass was immersed in 9 mM Cu2SO4 electrolyte solution with a Cu
foil counter electrode, and a current of 80 mA/cm2 was applied for
2000 cycles containing two steps with −2.0 V for 0.2 s and 0 V for
0.4 s.38 The deposited Cu was washed with deionized water and
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ethanol and dried at room temperature. The Cu-coated FTO was
then immersed in 1 M Na2S solution for 1 min followed by washing
with ethanol.40

The solar cells were assembled by clamping the two electrodes
together with one layer of Parafilm (13 μm) as a spacer and seal. The
polysulfide electrolyte, 1 M Na2S (Alfa Aesar), 1 M S (Alfa Aesar,
99.5%), and 0.1 M NaOH(BDH),41 was injected into the interstitial
space to complete the cell. Electrical connections were made using
conductive copper tape (VWR). The electrochemical performance of
the cells was analyzed utilizing a Reference 3000 potentiostat (Gamry
Instruments). Current density−voltage (J−V) curves were recorded
at a linear sweep voltammetry rate of 100 mV/s under 1 sun
illumination (Solar Simulator, ABET Technologies). Multiple solar
cells were fabricated and tested in at minimum triplicate with average
and ranges of J−V performance reported herein.

3. RESULTS AND DISCUSSION
3.1. Biomineralization of CZTS Alloy Nanocrystals.

While we have previously demonstrated the enzymatic biomin-
eralization of Cu and Zn sulfides, the first step in extending this
work to CZTS was to confirm biomineralization of tin sulfide
nanocrystals. The UV−vis absorption spectra and correspond-
ing photoluminescence spectra resulting from solutions of
tin(II) chloride, L-cysteine, and the smCSE enzyme that had
been incubated for 6 h are shown in Figure 1a. The absorption
feature beginning at 350 nm is consistent with the formation of
quantum confined SnS nanocrystals.39 The corresponding
direct optical band gap of 3.3 eV determined from a Tauc plot
of the absorption data, Figure S1, is higher than the bulk
SnS direct band gap, which is reported to be between 1.30 and
1.43 eV,40 and is in the range of previous reports for quantum
confined SnS nanocrystals.39

The X-ray diffraction pattern of the precipitated, centrifuged,
and dried particles, Figure 1b, shows broad peaks at positions
expected for the orthorhombic structure of SnS. The expected
peak positions for SnS having the orthorhombic space group
Pnma (ICDD 96-900-8786) are shown for reference. The XRD
pattern shows peak broadening, consistent with the formation
of small nanocrystals, with no observable impurity peaks.
SEM−XEDS analysis of the material, Figure 1c, confirms the
presence of both Sn and S in the particles. Note that while it is
feasible that some residual chlorine f rom the synthesis process may
be present in the particles, if present, the quantity is below the
detection limit of the XEDS instrument when we analyze the
as-synthesized particle.
Direct evidence for the biomineralization of quantum

confined SnS nanoparticles is provided by HAADF-STEM
imaging and associated XEDS analysis. Figure 2a shows an
HAADF-STEM image of a cluster of nanocrystals displaying
clear lattice fringes. Analysis of 80 particles yields an average

Figure 1. (a) UV−vis absorption spectrum, (b) XRD pattern, and (c) typical SEM−XEDS spectrum acquired from our SnS nanocrystals.

Figure 2. (a,b) Representative HAADF-STEM images, (c) FFT
pattern corresponding to the image in b, and (d) STEM−XEDS
spectrum of biomineralized SnS showing the coexistence of Sn and S
within the nanocrystals.
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particle size of 2.25 ± 0.54 nm, Figure S2, which is sub-
stantially below the 7 nm Bohr radius reported for SnS.41,42

Analysis of the lattice fringes of one particle, Figure 2b, by fast-
Fourier transform (FFT), Figure 2c, indicates interplanar
spacing and angles consistent with orthorhombic SnS viewed
along the [001] axis, Table S1. XEDS analysis of a single
nanocrystal, Figure 2d, confirms the coexistence of Sn and S in
individual particles. Therefore, optical, structural, and composi-
tional analysis results are all consistent with the formation of
quantum confined SnS nanocrystals, confirming that our single
enzyme biomineralization approach can be extended for SnS
biomineralization. As noted above, we have reported the appli-
cation of our enzymatic direct biomineralization synthesis method
to the formation of CuS and ZnS quantum confined nano-
crystals,34,35 and in combination, these results point to the
feasibility of CZTS biomineralization.
Incubation of a buffered mixture of Cu acetate, Zn acetate,

tin chloride (Cu:Zn:Sn = 1:2:2 molar ratios), L-cysteine, and
smCSE for 6 h yields solutions and nanocrystals with signifi-
cantly different optical properties to those where only one of
the metal precursors is present, Figure 3a. The UV−vis absorp-
tion spectra, Figure 3a, and photoluminescence spectra, Figure S3,
of CuS, SnS, and ZnS are consistent with the previously reported
formation of quantum confined nanocrystals of these materials.
In contrast, the UV−vis spectrum of CZTS shows broad
absorption in the visible region with a shoulder at 375 nm,
consistent with other reports for CZTS nanocrystals.12,43 The
corresponding photoluminescence of CZTS, Figure S3, shows
a very low intensity, similar to the low intensity observed
for Cu2S, which is often attributed to partial oxidation of the
CZTS particle.
The XRD pattern of the precipitated, centrifuged, and dried

as-synthesized particles is consistent with the reported tetrag-
onal structure of CZTS (space group I-4, ICCD 96-432-8659).
The SEM-based XEDS spectrum for these particles confirms
the coexistence of Cu, Zn, Sn, and S, Figure 3c, with an average
composition of Cu1.4Zn1.3Sn1.3S4. Note that a variance between
the relative ratios of the CZT cations in the synthesis solution
and the final CZTS nanocrystals is frequently reported and is
typically attributed to differences in reactivity of the precur-
sors.12,13,15,44,45 Also note that no chlorine signal is detected, as
with the SnS particles in Figure 1.
As with SnS, direct evidence of CZTS alloy nanocrystal

formation is provided by HAADF-STEM imaging, Figure 4a,b,
FFT-based analysis of the structure of a single particle,
Figure 4c and Table S2, and STEM−XEDS confirming the
presence of Cu, Zn, Sn, and S in a single particle, Figure 4d.

Figure 3. (a) UV−vis absorption of biomineralized crystals formed from solutions with Zn acetate, Cu acetate, Sn chloride, and a mixture ratio of
Cu:Zn:Sn = 1:2:2, (b) XRD pattern, and (c) SEM−XEDS spectrum of the synthesized particles.

Figure 4. (a,b) Representative HAADF-STEM images, (c) FFT
pattern corresponding to the image in b, and (d) STEM−XEDS
spectrum of biomineralized CZTS showing the coexistence of Cu, Zn,
Sn, and S in a cluster of particles with an average composition of
Cu1.4Zn1.3Sn1.3S4. The Ni and Si peaks in this spectrum are artifacts
and originate from the Ni-containing TEM grid and the Si-based
XEDS detector, respectively.
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The HAADF-STEM images show clear lattice fringes indi-
cating crystalline material. Analysis of the corresponding FFT
pattern indicates that the interplanar angles and spacings
are consistent with reported values for tetragonal structured
Cu2ZnSnS4 viewed along the [110] zone axis. Measurement of
the diameters of more than 180 particles provides an average
particle size of 3.85 ± 0.83 nm, Figure S4. The STEM−XEDS anal-
ysis on a single particle provides a composition of Cu1.4Zn1.3Sn1.3S4.
Optimization of the particle composition is discussed later in this
manuscript.
3.2. Integration into Quantum Dot Sensitized Solar

Cells. Obtaining a uniform distribution of well-anchored
quantum dot sensitizers throughout the TiO2 structure of the
QDSSC electrode is thought to be critical for optimizing device
performance. The attachment of our biomineralized CZTS to
TiO2 was first investigated by mixing TiO2 particles into an
as-synthesized nanocrystal solution. The UV−vis absorption
spectrum of this CZTS/TiO2 mixture shows strong absorption
due to both TiO2 and CZTS particles. Measuring the centri-
fuged supernatant of this mixture shows only background
absorption, indicating that the CZTS nanocrystals adsorb onto
the larger TiO2 particles and are thus pelletized and removed
from solution by centrifugation, Figure 5a. Note that as-synthesized
CZTS particles are too small to be pelletized by the same
centrifugation process in the absence of TiO2. The UV−vis
absorption spectra of as-synthesized CZTS in the absence of
TiO2 after centrifugation are the same as those of the original
CZTS particles shown in Figure 3a. This confirms strong asso-
ciation between as-synthesized CZTS in the synthesis solution
and the larger TiO2 particles without requiring any further
processing.
This spontaneous attachment of biomineralized CZTS nano-

crystals enables the direct biomineralization of the nanocrystals
within a preformed porous TiO2 QDSSC electrode structure,
in a process somewhat analogous to the use of chemical bath

routes to grow QD sensitizers into TiO2 by more traditional
chemical syntheses. This in situ biomineralization was achieved
by placing a presintered TiO2 on an FTO electrode structure
into the buffered biomineralization synthesis solution contain-
ing CSE enzyme, L-cysteine, and the Cu, Sn, and Zn precursors
(Cu:Sn:Zn = 1:2:2 molar ratio). The electrode was then
incubated in solution at 37 °C for 6 h, analogous to the CZTS
particle synthesis method. SEM−XEDS maps across the resulting
electrode show no discernible gradient in S Kα, Sn Lα,β, Cu Kα,
or Zn Kα signals, Figure 5b−f. An individual SEM−XEDS
spectrum taken from a spot within the TiO2 layer is provided in
Figure S5. This is indicative of an even distribution of the CZTS
nanocrystals throughout the electrode being achieved by this in
situ synthesis approach. Note that a small chlorine signal is
detected in the QDSSC anode where it is absent in the pure
particle spectra. This signal is likely due to some salt con-
tamination.
In contrast, drop-casting of previously synthesized CZTS

nanocrystals onto the surface of the TiO2 electrode with sub-
sequent drying leads to strong composition gradients and accu-
mulation of sensitizer at the inactive TiO2 surface rather than
within the crucial TiO2/FTO interface region. SEM−XEDS
point analysis, Figure S6, at the TiO2/FTO interface, center of
the TiO2 layer, and close to the TiO2 surface, shows strong signals
for Cu, Zn, Sn, and S at the surface but dramatically decreased
intensity inside the anode and almost undetectable amounts near
the interface, confirming this gradient in Cu1.4Zn1.3Sn1.3S4
nanocrystal distribution.
This even distribution of the nanocrystals, stretching right

up to the critical TiO2/FTO interface region, achieved through
in situ biomineralization, is reflected in substantially higher
QDSSC J−V performance when compared with cells prepared
by drop-casting of nominally identical nanocrystals onto the
TiO2 electrode surface. This latter approach gives a poorer
distribution of the nanocrystals in the electrode. The J−V

Figure 5. (a) UV−vis absorption spectrum of biomineralized CZTS after centrifugation (green line), the same particles after addition of TiO2
particles (blue line), and the supernatant of the CZTS/TiO2 mixture after centrifugation (orange line); (b) SEM cross-sectional view of the
QDSSC TiO2-based anode following in situ biomineralization of CZTS with superimposed XEDS map at the Ti Kα peak energy, corresponding
XEDS maps at the (c) Cu Kα, (d) Zn Kα, (e) Sn Lα, and (f) S Kα peak energies.
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performance curves and parameters for the resulting QDSSCs
are provided in Figure 6 and Table S3.
For pure SnS nanocrystals, the performance improves from

open circuit potential, VOC = 0.45 V, short circuit current, JSC =
0.60 mA/cm2, and fill factor, FF = 39%, for drop-cast SnS to
VOC = 0.44 V, JSC = 1.58 mA/cm2, and FF = 53% for the in situ
biomineralized SnS. The performance is further enhanced to
VOC = 0.51 V, JSC = 1.96 mA/cm2, and FF = 55%, by utilizing
drop-cast Cu1.4Zn1.3Sn1.3S4 nanocrystals. The highest perform-
ance, VOC = 0.53, JSC = 3.10 mA/cm2, and FF = 62%, was
achieved through in situ synthesis of Cu1.4Zn1.3Sn1.3S4 nano-
crystals, Figure 6. The similarity in VOC between drop-cast and
in situ formed cells for each composition is expected, as the
particle synthesis process is nominally identical in both the
presynthesized and in situ synthesized photoanodes, such that
size, composition, and resulting optical band gap should be
nominally identical. The improvement in short circuit current
is directly attributable to the increased concentration of CZTS
nanocrystals within the critical interfacial region of the cathode.
Any possible detrimental impact of residual enzyme on cell
performance is overcome by the improvement in nanocrystal
distribution but remains a topic for future study.
Note that data for two control experiments, Figure S7 and

Table S3, utilizing just (i) a pure TiO2 electrode structure and
(ii) a TiO2 electrode incubated in the biomineralization solu-
tion in the absence of metal cations show substantially lower
current densities and Voc values. This second control experi-
ment confirms no significant role of the enzyme or generated
reactive sulfur. The small performance improvement observed
is likely due to some sulfur deposition on the surface of the
TiO2.
3.3. Particle Composition Control. As noted earlier, the

highest performing CZTS composition is reported to lie closer
to the stoichiometric Cu2SnZnS4 composition rather than the
Cu1.4Zn1.3Sn1.3S4 material produced from the stoichiometric
2:1:1 mixture of cation salts in the synthesis solution.12,13,15,44,45

We thus investigated manipulating the metal cation ratios in the
biomineralization synthesis solution as a route to control CZTS
nanocrystal composition. The resulting nanocrystal composition,
determined from SEM−XEDS analysis, as a function of cation

ratio in solution, is plotted on a ternary diagram in Figure 7,
and further details are provided in Table S4. The suggested
composition region for the highest QDSSC performance is
highlighted in Figure 7. The nanocrystal composition we
achieved that was closest to the suggested optimal Cu2ZnSnS4
was Cu1.9Zn1.2Sn0.9S4, which was synthesized from a solution
with an initial 2:2:1 atomic ratio of Cu:Zn:Sn. We note that
while the resulting particle composition is reflective of the
relative ratios of metal ions in the precursor solution, as with
chemical synthesis routes, the composition of the particles is
not the same as that in solution and is, in general, enriched in Cu.
This difference between solution and particle composition

has been widely reported12,13,15,44,45 and agrees in this case
with the previous report by Shavel et al. for organic-phase
synthesis of Cu2SnSnS4, where an increased Cu ratio is
attributed to the more rapid reaction of the Cu precursor with
sulfur.44 Based on such considerations, Chesman et al. utilized
a similar approach of reducing the Cu concentration in the pre-
cursor solution to tune the composition of the final nanocrystal
to be closer to the desired ratio.45 While our synthesis occurs
in the aqueous phase, we may anticipate a similar explanation.
We have previously reported that the nanocrystal biomineral-
ization mechanism relies on the reaction between a chelated
metal precursor and dissolved HS− formed by the enzyme in
solution.36 The biomineralization solution contains an excess
of L-cysteine in relation to the metal cations, such that we
would expect the metal cations to be fully chelated by L-cysteine
with Cu(II) reported to have a higher binding affinity to
L-cysteine in aqueous solution than Zn(II).46 We have previously
noted significant differences in metal sulfide nanoparticle
formation rate as we change the metal precursor, for example,
conducting PbS synthesis at 4 °C in order to reduce the rate to
prevent rapid precipitation of bulk material.33 As such, the
variations in composition are most likely due to differences in
precursor reaction rates.
Detailed microstructural analysis was conducted to confirm the

crystallinity and composition of the optimized Cu1.9Zn1.2Sn0.9S4
particles. A representative HAADF-STEM image of these CZTS
particles is shown in Figure 8a. A particle size distribution was
derived from analysis of 169 particles, Figure S8, demonstrating a

Figure 6. J−V curves of QDSSCs with TiO2 anodes with drop-cast
SnS (dashed red line), in situ biomineralized SnS (solid red line),
drop-cast Cu1.4Zn1.3Sn1.3S4 (dashed green line), and in situ
biomineralized Cu1.4Zn1.3Sn1.3S4 (solid red line) QDs. Shaded regions
denote performance range of triplicate cells.

Figure 7. Ternary composition diagram of CZTS nanocrystals
determined from SEM-EDAX analysis. The molar cation composition
in the synthesis solution is indicated by open symbols, with the linked
closed symbol denoting the composition of the synthesized
nanocrystals.
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mean diameter of 2.96 ± 0.69 nm. Figure 8b is an FFT pattern
obtained from the area shown as a filtered image in Figure 8c.
Analysis of the interplanar spacings and angles, Table S5, in
this image shows it to be consistent with the [201] zone axis of
Cu1.9Zn1.2Sn0.9S4. Quantitative analysis of the STEM−XEDS
data collected from a region containing 10 particles gives an
average composition of Cu2.3Zn0.75Sn0.95S4 or a ratio of copper to
zinc to tin of 2.4:0.8:1. While this differs from the SEM-based
XEDS composition shown in Figure 7, when considering the errors
that are associated in both cases with the use of precalculated
coefficients for quantitative analysis, this measurement is within a
95% confidence interval of the composition of SEM-based
Cu1.9Zn1.2Sn0.9S4 or a ratio of Cu to Zn to Sn of 2.1:1.3:1.

Finally, these optimized particles and related compositions
from Figure 7 were incorporated by in situ biomineralization
within QDSSC electrodes, Figure 9 and Table S5. As may be
anticipated, the closer the composition is to the suggested ideal
compositional region highlighted in Figure 7, the higher the
solar cell performance, with the Cu1.9Zn1.2Sn0.9S4 CZTS nano-
crystals providing the highest performance, VOC = 0.55 V, JSC =
5.35 mA/cm2, and FF = 65%, when directly biomineralized
within the TiO2 layer. Performance metrics for all solar cells
that were manufactured are provided in Table S6. While the
cell performance is not fully optimized, these performance
trends support the efficacy of controlled composition ternary
alloy quantum dot biomineralization and the feasibility of
integrating these materials into devices.

4. CONCLUSIONS
Single enzyme direct biomineralization is an ambient temper-
ature, facile approach to the synthesis of CZTS nanocrystals.
The Cu, Zn, and Sn ratios in the final nanocrystals can be
tuned through the composition of the biomineralization solution;
however, the correlation is not direct. In general, the nanoparticles
are Cu deficient compared to the synthesis solution, most likely
due to differences in reactivity between the cations in solution and
the HS− generated in solution via the enzymatic turnover of
L-cysteine. This biomineralization process can be conducted
directly within a preformed TiO2 QDSSC anode structure to
achieve an even distribution of sensitizers throughout the elec-
trode. Such an even distribution enhances the cell performance
further when compared to simple drop-casting of preformed
CZTS quantum dots onto the electrode surface.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.9b15545.

Additional structural and optical characterization of the
SnS and CZTS nanocrystals including particle size
distributions, lattice fitting, and photoluminescence spectra.
Supplementary characterization of the solar cells includes
SEM−XEDS data of the drop-cast cell anode, tabulated
performance parameters, blank cell performance, and

Figure 8. (a) Representative HAADF-STEM image; (b) FFT pattern
corresponding to the image in c; (c) a filtered region of interest from
image a; and (d) an XEDS spectrum from 10 particles showing a
mean composition of Cu2.4Zn0.75Sn0.95S4. Ni and Si peaks are present
as artifacts from the Ni grid and Si detector.

Figure 9. QDSSC J−V curves for cells with TiO2 anodes and
incorporating in situ biomineralized CZTS with denoted composition.
The shaded regions represent the performance ranges measured for
triplicate cells.
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