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(37) ABSTRACT

The mvention 1s directed to a method for producing non-
oxide semiconductor nanoparticles, the method comprising:
(a) subjecting a combination of reaction components to con-
ditions conducive to microbially-mediated formation of non-
oxide semiconductor nanoparticles, wherein said combina-
tion of reaction components comprises 1) anaerobic microbes,
1) a culture medium suitable for sustaining said anaerobic
microbes, 111) a metal component comprising at least one type
of metal 10n, 1v) a non-metal component comprising at least
one non-metal selected from the group consisting of S, Se, Te,
and As, and v) one or more electron donors that provide
donatable electrons to said anaerobic microbes during con-
sumption of the electron donor by said anaerobic microbes;
and (b) 1solating said non-oxide semiconductor nanopar-
ticles, which contain at least one of said metal 1ons and at least
one ol said non-metals. The invention 1s also directed to
non-oxide semiconductor nanoparticle compositions pro-
duced as above and having distinctive properties.
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MICROBIALLY-MEDIATED METHOD FOR
SYNTHESIS OF NON-OXIDE
SEMICONDUCTOR NANOPARTICLES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a continuation-in-part of copend-
ing application Ser. No. 12/364,638 filed Feb. 3, 2009.

[0002] This invention was made with government support
under Contract Number DE-ACO03-000R22725 between the

United States Department of Energy and UT-Battelle, LLC.
The Unmited States government has certain rights 1n this mnven-
tion.

FIELD OF THE INVENTION

[0003] The present mnvention relates to the field of micro-
bial synthesis of inorganic materials, and more particularly,
microbial synthesis of non-oxide semiconductor nanopar-
ticles.

BACKGROUND OF THE INVENTION

[0004] Nanoparticles having metal non-oxide composi-
tions (1.e., “semiconductor” or “quantum dot” nanoparticles)
are increasingly being used in numerous emerging applica-
tions. Some of these applications include electronics (e.g.,
transistors and diode lasers), LED displays, photovoltaics
(e.g., solar cells), and medical imaging. Quantum dot nano-
particles are also being mvestigated as powertul new com-
puter processing elements (1.e., qubits). Semiconductor nano-

particles often possess a metal chalcogenide composition,
such as CdSe and ZnS.

[0005] Asaconsequence of 1ts small size, the electron band
structure of a quantum dot differs significantly from that of
the bulk matenial. In particular, significantly more of the
atoms 1n the quantum dot are on or near the surface, 1n
contrast to the bulk material in which most of the atoms are far
enough removed from the surface so that a normal band
structure predominates. Thus, the electronic and optical prop-
erties of a quantum dot are related to its size. In particular,
photoluminescence 1s size dependent.

[0006] Several physical methods are known for synthesiz-
ing semiconductor nanoparticles. Some of the physical tech-
niques include advanced epitaxial, 1on 1mplantation, and
lithographic techniques. The physical techniques are gener-
ally usetul for producing minute amounts of semiconductor
nanoparticles with well-defined (1.e., taillor-made, and typi-
cally, uniform) morphological, electronic, magnetic, or pho-
tonic characteristics. The physical techniques are typically
not useful for synthesizing semiconductor nanoparticles in
commercially significant quantities (e.g., grams or kilo-
grams).

[0007] Several chemical processes are also known for the
production of semiconductor nanoparticles. Some of these
methods include arrested precipitation in solution, synthesis
in structured media, high temperature pyrolysis, and
sonochemical methods. For example, cadmium selenide can
be synthesized by arrested precipitation in solution by react-
ing dialkylcadmium (1.e., R,Cd) and trioctylphosphine
selenide (TOPSe) precursors 1n a solvent at elevated tempera-
tures, 1.e.,

R,Cd+TOPSe—CdSe+byproducts

Dec. 30, 2010

[0008] High temperature pyrolysis of semiconductor nano-
particles generally entails preparing an acrosol containing a
mixture ol volatile cadmium and selenium precursors, and
then subjecting the aerosol to high temperatures (e.g., by
carrying through a furnace) in the presence of an inert gas.
Under these conditions, the precursors react to form the semi-
conductor nanoparticles (e.g., CdSe) and byproducts.

[0009] Though the chemical processes described above are
generally capable of producing semiconductor nanoparticles
in more significant quantities, the processes are generally
energy intensive (e.g., by generally requiring heating and a
post-annealing step), and hence, costly. Accordingly, com-
mercially significant amounts of the resulting nanoparticles
tend to be prohibitively expensive. Furthermore, these pro-
cesses tend to be significantly limited with respect to control
of the physical (e.g., size, shape, and crystalline form) and
clectronic or photonic characteristics of the resulting nano-
particles.

[0010] The microbial synthesis of semiconductor nanopar-

ticles 1s known. See, for example, P. R. Smith, et al., J. Chem.
Soc., Faraday Trans., 94(9), 1235-1241 (1998) and C. T.

Dameron, et al., Nature, 338: 596-7, (1989). However, there
are significant obstacles that prevent such microbially-medi-
ated methods from being commercially viable. For example,
current microbial methods are generally limited to the pro-
duction of semiconductor nanoparticles on a research scale,
1.€., an amount suilicient for elucidation by analytical meth-
ods. In addition, current microbial processes generally pro-
duce semiconductor nanoparticles adhered to cell mem-
branes. Accordingly, numerous separation and washing steps
are generally needed.

[0011] Accordingly, there 1s a need in the art for a microbial
method for the synthesis of semiconductor nanoparticles
capable of producing semiconductor nanoparticles on a com-
mercial (1.e., bulk) scale at a non-prohibitive cost. There 1s
also a need for a microbial method of synthesis that provides
substantially pure semiconductor nanoparticle product bereft
ol microbial matter, thereby reducing or eliminating separa-
tion and washing steps. There 1s also a particular need for such
a microbial method of synthesis whereby characteristics of
the nanoparticles (e.g., particle size, morphology, electronic
or photonic characteristics, dopant composition, and doping
level) are more precisely or uniformly controlled.

SUMMARY OF THE INVENTION

[0012] In one aspect, the mvention 1s directed to a micro-
bially-mediated method for the production of semiconductor
nanoparticles. The method described herein can advanta-
geously produce a variety of semiconductor nanoparticle
compositions on a commercially viable scale. In addition, the
method can advantageously produce semiconductor nanopar-
ticles of a particular particle size, morphology, electronic or
photonic characteristic, dopant composition, or doping level.
In particular embodiments, the semiconductor nanoparticles
described herein are useful as photovoltaic materials, as used,
for example, 1n solar cell devices.

[0013] Inparticular embodiments, the method includes: (a)
subjecting a combination of reaction components to condi-
tions conducive to microbially-mediated formation of non-
oxide semiconductor nanoparticles, wherein the combination
of reaction components includes 1) anaerobic microbes (i.e.,
“microbes™), 1) a culture medium suitable for sustaining the
anaerobic microbes, 111) a chalcophile metal component (i.e.,
“metals” or “metal component™) that includes at least one
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type ol metal 1on to be imncluded 1n the nanoparticle compo-
sition, 1v) a non-metal component that includes at least one
non-metal selected from S, Se, Te, and As, and v) at least one
clectron donor that provides donatable electrons to the
anaerobic microbes during consumption of the electron donor
by the anaerobic microbes; and (b) 1solating the non-oxide
semiconductor nanoparticles, which include at least one of
the metal 1ons and at least one of the non-metals. In particular
embodiments, steps (a) and (b) are performed as a single step
pProcess.

[0014] Inaparticular set of embodiments, the nanoparticles
produced by the methodology described above have a CIGs-
type composition according to the general formula Cu(ln-
Ga,_)X,, wherein x 1s an 1ntegral or non-integral numerical
value greater than O and less than or equal to 1, and X repre-
sents at least one non-metal selected from S, Se, and Te. A
particular method considered herein for preparing the CIGs-
type nanoparticles, in accordance with the above methodol-
ogy, includes: (a) subjecting a combination of reaction coms-
ponents to conditions conducive to microbially-mediated
formation of the nanoparticles, wherein the combination of
reaction components includes 1) anaerobic microbes, 11) a
culture medium suitable for sustaining the anaerobic
microbes, 111) a metal component that includes Cu 1ons and at
least one type of metal 10n selected from In and Ga, 1v) a
non-metal component that includes at least one non-metal
selected from S, Se, Te, and As, and v) one or more electron
donors that provide donatable electrons to the anaerobic
microbes during consumption of the electron donor by the
anaerobic microbes; and (b) 1solating the nanoparticles.

[0015] In another particular set of embodiments, the nano-
particles produced by the methodology described above have
a kesterite-type composition according to the general formula
M,SnX ,, wherein M represents at least one chalcophile metal
and X represents at least one non-metal selected from S, Se,
and Te. A particular method considered herein for preparing
the kesterite-type nanoparticles, in accordance with the above
methodology, includes: (a) subjecting a combination of reac-
tion components to conditions conducive to microbially-me-
diated formation of the nanoparticles, wherein the combina-
tion of reaction components includes 1) anaerobic microbes,
11) a culture medium suitable for sustaining the anaerobic
microbes, 111) a chalcophile metal component that includes at
least one chalcophile metal other than Sn, 1v) a non-metal
component that includes at least one non-metal selected from
S, Se, and 'Te, and v) one or more electron donors that provide
donatable electrons to the anaerobic microbes during con-
sumption of the electron donor by the anaerobic microbes;
and (b) 1solating the nanoparticles.

[0016] Inanother aspect, the invention s directed to a nano-
particulate semiconductor composition produced by any of
the above methods. In a first set of embodiments, the nano-
particles have a quantum dot composition, such as CdS, ZnS,
CdSe, ZnSe, CdTe, or Zn'Te. In another set of embodiments,
the nanoparticles have a CIGs composition, as described
above. In yet another set of embodiments, the nanoparticles
have a kesterite-type of composition, as described above. The
nanoparticles produced herein possess any one or more of a
diverse set of properties that make them useful. Some of the
properties particularly considered herein include photovol-
taic, photoluminescent, light-emitting, and thermoelectric
properties. Such properties make these nanoparticles usetul
in one or more end applications, e.g., 1n photovoltaic, light-
emitting, and thermoelectric devices.
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[0017] In particular embodiments, the nanoparticles pro-
duced by the above method are crystalline (for example,
single-crystalline). The nanoparticles can have an average
s1ze ranging from, for example, about 1, 2, 3, 4, or 5 nm to

about 10, 20, 50, 100, 150, 200, or 500 nm.

[0018] Indifferent embodiments, the nanoparticles possess
a photoluminescence peak characterized by a full-width half

maximum (FWHM) value of about, at least, up to, above, or
less than 20 nm, 40 nm, 60 nm, 80 nm, 100 nm, 150 nm, 200

nm, 250 nm, 300 nm, 350 nm, 400 nm, 450 nm, 500 nm, 600
nm, 700 nm, 800 nm, 900 nm, 1,000 nm, 1,100 nm, or 1,200

nm.
[0019] The invention advantageously provides a method
capable of producing pure semiconductor nanoparticles on a
commercial (1.e., bulk) scale at a non-prohibitive cost. A
turther particular advantage of the method 1s that 1t provides
the capability of synthesizing semiconductor nanoparticles
having selected photoluminescent characteristics over a wide
range of such characteristics. For example, by controlling the
s1ze, shape, composition, and/or crystalline structure of the
nanoparticles, the location or width of the photoluminescence
peak can be accordingly controlled or fine-tuned over a wide
range.

[0020] Numerous electronic and photonic devices can ben-
efit from such precise control of the photoluminescent prop-
erties of semiconductor nanoparticles. In particular, photo-
voltaic devices are currently limited by the use of
photoluminescent materials that are not tunable, or semi-
tunable with great difficulty. Yet, there 1s a clear and present
need 1n the art of photovoltaic devices for photoluminescent-
tunable materials. Other types of devices that can benefit from
such tunable materials include light-emitting and laser
diodes. Accordingly, the method and compositions of the
invention can greatly advance several types of devices,
including photovoltaic devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1. A process diagram 1llustrating a preferred
embodiment of the invention for preparing metal-chalco-
genide crystalline nanoparticles.
[0022] FIG. 2. Depiction of a preferred batch-type reactor
useful for the described method.

[0023] FIG. 3. Depiction of a continuous-type reactor use-
tul for the described method.

[0024] FIGS. 4A, 4B. TEM photographs of CdS nanopar-
ticles produced by Thermoanaerobacter strain TOR-39 using
two different sources of sulfur.

[0025] FIGS. 5A-5D. Photoluminescence spectra of CdS
nanoparticles produced using different precursor compounds
and microbes: TOR-39 with thiosulfate (FIG. 5A) TOR-39
with sulfite (FIG. 3B), and Desulfovibrio sp. G-20 with SO,
(FI1G. 5C), as compared to standard CdS powder (FIG. 3D).

[0026] FIG. 6. Comparative photoluminescence spectra of
CdS nanoparticles prepared by inorganic synthetic tech-
niques of the prior art.

[0027] FIGS. TA-7D. Comparative X-ray diffraction spec-
tra for sulfide- and selenide-based nanoparticles.

[0028] FIGS. 8A, 8B. X-ray diffraction spectra of non-
oxide semiconductor nanoparticles (1.e., CIGSu) produced
according to the instant invention with varying stoichiometry.

[0029] FIG. 9. Absorption spectra of representative Cu, -
InyQa 1€, (CIGS) and Cu,In Ga,_S,,, (CIGSu) nano-
particles.

2+=CtL



US 2010/0330367 Al

[0030] FIG. 10. X-ray diffraction spectra of Cu,ZnSnS,
(Kesterite) nanoparticles produced by TOR-39.

[0031] FIGS. 11A-11F. X-ray diffraction spectra of CIGS
and CIGSu nanoparticles produced by thermophilic, meso-
philic, and psychrotolerant bactena.

DETAILED DESCRIPTION OF THE INVENTION

[0032] The non-oxide semiconductor nanoparticles (i.e.,
“nanoparticles™) produced herein are those containing one or
more chalcophile metals 1n a positive oxidation state, and one
or more non-metals selected from sulfur (S), selenium (Se),
tellurium (Te), and arsenic (As), 1n a negative oxidation state.
The chalcophile metal 1s one, as known 1n the art, which has
a propensity for forming metal-chalcogenide (i.e., metal-sul-
fide, metal-selenide, and metal-telluride) compositions.
Some examples of chalcophile metals include, for example,
V, Cr, Mn, Fe, Co, N1, Cu, Zn, Mo, W, Pd, Pt, Au, Ag, Cd, Hg,
Ga, In, T1, Ge, Sn, Pb, Sb, and Bi1. Some metals particularly
considered herein include Cd, Cu, Fe, Ga, In, Sn, and Zn.

[0033] In some embodiments, the nanoparticles have a
quantum dot type of composition. Some examples of nano-

particle compositions having a quantum dot composition
include CdS, CdSe, CdTe, CdS, Se,_., Cd;As,, ZnS, ZnSe,

/nle, /nS _Se, ., Zn As,, Ga,S,, Ga,dSe,, Ga,le,y, GaAs,
In,S;, In,Se,, In, Te,, InAs, CuS, CuSe, Cule, CusAs,, Fede,
Fe,As,, FeAs, PbS, PbSe, PbTe, Pb,As,, HgS, HgSe, HgTe,
Cd,.Zn,_Te, Cd Hg, . Te, Hg Zn,_ Te, Cd Zn, S, Cd Zn,_
e, Cd Zn, S Se _, Cd Hg, Se, Hg Zn, Se, Pb Sn, Te,
Ga_ In, Se,;, and Ga_In,__As, wherein x and vy are, indepen-
dently, an integral or non-integral numerical value greater
than O and less than or equal to 1 (or less than or equal to 2 for
the expression 2-x).

[0034] In other embodiments, the nanoparticles have a
composition encompassed by the following general formula:

CU(IHIGH"I—I)XE (1)

[0035] Indformula (1)above, x1s an integral or non-integral
numerical value of or greater than 0 and less than or equal to
1, and X represents at least one non-metal selected from S, Se,
and Te. In different embodiments, X represents S, Se, Te, or a
combination of two or three of these elements. X can also be
represented by the formula S Se, Te, , wherein j, k, and m are
independently O or an integral or non-integral numerical
value greater than O and less than or equal to 1, provided that
the sumofly, k, and m1s 1. Compositions according to formula
(1) and subformulas encompassed therein are collectively
referred to herein as CIGs compositions. The CIGs compo-
sitions encompassed by formula (1) may also contain a rela-
tive molar ratio of Cu that diverges from 1.

[0036] Inparticular embodiments, the CIGs composition is
according to the following sub-formula:

Culn, Ga, .S, (la)

[0037] Some specific examples of compositions according
to formula (1a) include CulnS,, Culn, ,Ga, S, Ciln, ;Ga,
2S,, Culn, ,Ga, 1S, Culn, Ga, ,S,, Culn, S,, Culn, ,Ga,

63,, Culn, ,Ga, 5S,, Culn,,Ga,<S,, Culn, ,Ga,oS,, and
CuQras..

[0038] In other particular embodiments, the CIGs compo-
sition 1s according to the following sub-formula:

Culn, Ga, Se, (1b)

[0039] Some specific examples of compositions according
to formula (1b) mclude CulnSe,, Culn, ,Ga, ,Se,, Culn,
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8Gag o5€,, Culng 7,Gag 35¢5, Culng 6Gag 45¢5, Culng sGag sSe;, Culng 4Gag,

65¢,, Culng 3Gag 75e5, Culng 5Gag gSe-, Culng (Gag gSe,, and CuGaSes.

[0040] In yet other particular embodiments, the CIGs com-
position 1s according to the following sub-formula:

Culn,Ga, Te, (1c)

[0041] Some specific examples of compositions according
to formula (1¢) include CulnTe,, Culn, ,Ga, ,Te,, Culn,
s(ra, , le,, Culn, ,Ga, sle,, Culn, (Ga, ,le,, Culn, Ga,
sle,, Culn, ,Ga, (le,, Culn,,Ga,-le,, Culn,,Ga, le,,
Culn, ,Ga, oTe,, and CuGa'le,.

[0042] Inother embodiments, the nanoparticles have a kes-
terite-type composition encompassed by the following gen-
eral formula:

M,SnX, (2)

[0043] Informula(2), M represents at least one chalcophile
(typically divalent) metal other than Sn, and X 1s as defined
above under formula (1). In particular embodiments, M rep-
resents one, two, three, or four metals selected from Cu, Fe,
/Zn, and Cd. In different embodiments, X represents S, Se, Te,
or a combination of two or three of these elements. The
relative molar ratio of Sn encompassed by formula (2) may
diverge from 1.

[0044] In some embodiments, the kesterite-type composi-
tions of formula (2) are encompassed by the following sub-
generic formula:

Cusy_ M’ SnX, (2a)

[0045] In formula (2a), M' represents one or more chalco-
phile metals other than Cu, and X 1s as defined above. In
particular embodiments, M' represents one, two, or three
metals selected from any chalcophile metal, such as, for
example, V, Cr, Mn, Co, N1, Fe, Zn, Cd, Cu, Mo, W, Pd, Pt, Au,
Ag, Hg, Ga, In, Tl, Ge, Sn, Pb, Sb, and Bi1. Some metals
particularly considered herein include Fe, Zn, and Cd. The
subscript X 1s an integral or non-integral numerical value of or
greater than 0 and up to or less than 1, 2, or 3. In different
embodiments, X can be selected to be a value of precisely or
about 1, 2, or 3, or a non-ntegral value between 0 and 3,
wherein the term “about” generally indicates within +0.5,
+0.4, £0.3, £0.2, or 0.1 of the value. For example, a value of
about 1 generically indicates, 1n 1ts broadest sense, that X can

be 0.5t0 1.5 (1.e., 1£0.5).

[0046] Some particular kesterite-type compositions of for-
mula (2a) are encompassed by the following sub-generic
formula:

Cu;_Zn _SnX, (2a-1)

[0047] In formula (2a-1), x and X are as described above

under formula (2a). Some specific examples of compositions
according to formula (2a-1) when X 1s S include Cu,SnS,
(kuramite), Cu,ZnSnS, (kesterite), CuZn,SnS,, Cu, Zn,
sSnS 4, Cu, Zn, -SnS, Cu, Zn, .SnS,, and Zn,SnS,. Other
examples ol compositions according to formula (2a-1) are
provided by replacing S 1n the foregoing examples with Se,
Te, or a combination of non-metals selected from S, Se, and
Te. The relative molar ratio of Sn encompassed by formula
(2a-1) may diverge from 1.

[0048] Other particular kesterite-type compositions of for-
mula (2a) are encompassed by the following sub-generic
formula:

Cu,_Fe SnX, (2a-2)
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[0049] In formula (2a-2), x and X are as described above
under formula (2a). Some specific examples of compositions
according to formula (2a-2) when X 1s S include Cu,SnS,,
Cu,FeSnS, (stannite), CuFe,SnS,, Cu,.Fe, .SnS,, Cu,
sFe, .SnS,, Cu, Fe, .SnS_, and Fe,SnS . Other examples of
compositions according to formula (2a-2) are provided by
replacing S 1n the foregoing examples with Se, Te, or a com-
bination of non-metals selected from S, Se, and Te. The
relative molar ratio of Sn encompassed by formula (2a-2)
may diverge from 1.

[0050] Other particular kesterite-type compositions of for-
mula (2a) are encompassed by the following sub-generic
formula:

Cu,_Cd, SnX, (2a-3)

[0051] In formula (2a-3), x and X are as described above

under formula (2a). Some specific examples of compositions
according to formula (2a-3) when X 1s S include Cu,SnS,,
Cu,CdSnS, (cernyite), CuCd,SnS,, Cu, Cd, -SnS,, Cu,
sCd, SnS,, Cu, Cd, ;SnS,, and Cd,SnS,. Other examples
of compositions according to formula (2a-3) are provided by
replacing S 1n the foregoing examples with Se, Te, or a com-
bination of non-metals selected from S, Se, and Te. The
relattve molar ratio of Sn encompassed by formula (2a-3)
may diverge from 1.

[0052] In other embodiments, the kesterite-type composi-
tions of formula (2) are encompassed by the following sub-
generic formula:

Cu,M' M',_SnX, (2b)

[0053] In formula (2b), each M' 1s defined as above under
formula (2a), X 1s an 1ntegral or non-integral numerical value
of or greater than 0 and up to or less than 1, and X 1s as defined
above. In particular embodiments, the two M' metals 1n for-
mula (2b) are not the same, 1.e., the two M' metals in formula
(2b) are different. The relative molar ratio of Sn encompassed
by formula (2Zb) may diverge from 1, and the relative molar
rat1o ol Cu encompassed by formula (2b) may diverge from 2.
[0054] Some particular kesterite-type compositions of for-
mula (2b) are encompassed by the following sub-generic
formula:

Cu,Fe Zn,_ SnX, (2b-1)

[0055] Some specific examples of compositions according
to formula (2b-1) when X 1s S include Cu,Fe, ,Zn, ,SnS,,
Cu,be, ,/Zn, Sns,, Cu,Fe, ;Zn, -SnS, Cu,Fe, ,Zn, sSnS,,
Cu,be, Zn, SnS,, Cu,lFe, Zn, ,SnsS,, Cu,Fe, ,Zn, ;505
Cu,Fe, oZn, ,SnS,, and Cu,Fe, ;Zn, ;SnS,. Other examples
of compositions according to formula (2b-1) are provided by
replacing S 1n the foregoing examples with Se, Te, or a com-
bination of non-metals selected from S, Se, and Te. The
relattve molar ratio of Sn encompassed by formula (2Zb-1)
may diverge from 1, and the relative molar ratio of Cu encom-
passed by formula (2b-1) may diverge from 2.

[0056] In other embodiments, the kesterite-type composi-
tions of formula (2) are encompassed by the following sub-
generic formula:

CuM’ . M'5_SnX, (2¢)

[0057] In formula (2¢), each M' 1s defined as above under
formula (2a), x 1s an 1ntegral or non-integral numerical value
of at least or greater than O and up to or less than 1 or 2, and
X 1s as defined above. In particular embodiments, the two M'
metals in formula (2¢) are not the same, 1.e., the two M' metals

* e

in formula (2¢) are different. In different embodiments, x can
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be selected to be a value of precisely or about 1 or 2, or a
non-integral value between 0 and 2, wherein the term “about™
1s as defined under formula (2a). The relative molar ratio of Sn
and Cu encompassed by formula (2¢) may each diverge from

1.

[0058] Some particular kesterite-type compositions of for-
mula (2c¢) are encompassed by the following sub-generic
formula:

CuFe,Zn, SnS, (2¢c-1)

[0059] Some specific examples of compositions according
to formula (2c-1) when X 1s S include CuFe, Zn,; SnS,,
CuFeZnSnS,, and CuFe, Zn, .SnS,. Other examples of
compositions according to formula (2c-1) are provided by
replacing S 1n the foregoing examples with Se, Te, or a com-
bination of non-metals selected from S, Se, and Te. The
relative molar ratio of Sn and Cu encompassed by formula
(2¢-1) may each diverge from 1.

[0060] The semiconductor nanoparticles have a size (i.e.,
“diameter” for spherical or polyhedral nanoparticles) in the
nanoscale regime, 1.€., less than 1 micron (1 um). In different
embodiments, the nanoparticles can have at least one dimen-
sion of at least 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 10 nm, 12 nm,
15nm, 20 nm, 25 nm, 30 nm, 40 nm, 50 nm, 100 nm, 150 nm,
200 nm, 250 nm, 300 nm, 400 nm, or 500 nm, or any range
therebetween (e.g., 1-10 nm, 2-10 nm, 1-20 nm, 2-20 nm,
3-20 nm, 1-3500 nm, 3-500 nm, 1-1350 nm, or 5-150 nm), or
between any of the foregoing values and up to or less than 1
um. In one embodiment, the nanoparticles are fairly disperse
in size (e.g., having a size variation of 20%, 30%, 40%, 50%,
or greater from a median or mean size). In another embodi-
ment, the nanoparticles are fairly monodisperse in size (e.g.,
having a size variation of or less than 50%, 40%, 30%, 20%,
10%, 5%, 2%, or 1% from a median or mean size).

[0061] The semiconductor nanoparticles can also have any
suitable morphology. Some examples of possible nanopar-
ticle shapes include amorphous, fibrous, tubular, cylindrical,
rod, needle, spherical, ovoidal, pyramidal, cuboidal, rectan-
gular, dodecahedral, octahedral, plate, and tetrahedral. Often,

the semiconductor nanoparticles are equiaxed euhedral crys-

tals (1.e., typically cubes, octahedra, and modifications
thereol).
[0062] The nanoparticles produced by the methodology

described herein generally possess at least one photolumines-
cence absorption or emission peak. The peak can be, for
example, 1 the UV, visible, and/or IR range. In different
embodiments, the photoluminescence peak i1s preferably

located at, or at least, or above, or less than 200 nm, 250 nm,
300 nm, 320 nm, 340 nm, 360 nm, 380 nm, 400 nm, 420 nm,

440 nm, 460 nm, 430 nm, 500 nm, 520 nm, 540 nm, 560 nm,
>80 nm, 600 nm, 620 nm, 640 nm, 660 nm, 630 nm, 700 nm,
720 nm, 740 nm, 760 nm, 730 nm, 8300 nm, 820 nm, 340 nm,
360 nm, 8380 nm, 900 nm, 920 nm, 940 nm, 960 nm, 980 nm,

1000 nm, 1020 nm, 1040 nm, 1060 nm, 1080 nm, 1100 nm,
1120 nm, 1140 nm, 1160 nm, 1180 nm, 1200 nm, 1220 nm,
1240 nm, 1260 nm, 1280 nm, 1300 nm, 1320 nm, 1340 nm,
1360 nm, 1380 nm, 1400 nm, 1420 nm, 1440 nm, 1460 nm,
1430 nm, 1500 nm, 1600 nm, 1700 nm, 1800 nm, 1900 nm,

2000 nm, 2500 nm, 3000 nm, 3500 nm, 4000 nm, 4500 nm, or
5000 nm, or within £5 nm, 10 nm, 20 nm, 30 nm, 40 nm, 50
nm, 60 nm, 70 nm, 80 mn, 90 nm, or 100 nm of any of these
values, or within a range bounded by any two of these values
(e.g., 400-500 nm or 960-980 nm). Some particular ranges
considered herein for photoluminescence peaks include 300-
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500 nm, 300-1500 nm, 500-1000 nm, 500-1500 nm, 435-445
nm, 430-450 nm, 475-525 nm, 1050-1150 nm, 970-980 nm,
and 970-1000 nm. In particular embodiments, the nanopar-
ticles described herein exhibit a photoluminescence peak

above 500 nm, 800 nm, 1000 nm, 1200 nm, or 1500 nm.

[0063] In some embodiments, the nanoparticles possess a
photoluminescence peak characterized by a tull-width half
maximum (FWHM) value of about or less than 20 nanom-
cters (20 nm). In other embodiments, the nanoparticles pos-
sess a photoluminescence peak characterized by a FWHM
value of about or greater than 20 nm. In different embodi-
ments, the nanoparticles possess a photoluminescence peak

characterized by a FWHM value of about or at least, or above,
or less than 20 nm, 40 nm, 60 nm, 80 nm, 100 nm, 150 nm, 200

nm, 250 nm, 300 nm, 350 nm, 400 nm, 450 nm, 500 nm, 600
nm, 700 nm, 800 nm, 900 nm, 1,000 nm, 1,100 nm, and 1,200
nm. In yet other embodiments, the semiconductor nanopar-
ticles possess a photoluminescence peak having a FWHM
value of about or less than 15 nm, 10 nm, 8 nm, or 5 nm.

[0064] In a particular aspect, the invention 1s directed to a
method for producing the semiconductor nanoparticles
described above. In the method, a precursor chalcophile metal
component (1.¢., one that can form semiconducting chalco-
genide compounds) and a precursor non-metal component
(1.e., “non-metal component™) are processed by anaerobic
microbes in a manner that produces non-oxide semiconductor
nanoparticles. As the precursor metal and non-metal compo-
nents are combined to make the nanoparticle composition, 1t
1s understood that, generally, none of the precursor compo-
nents are equivalent in composition to the nanoparticle com-
position. It 1s contemplated that a precursor composition
could be controlled and tuned to produce nanoparticles which
have a desired composition or physical characteristic, such as
amorphous vs. crystalline, or polycrystalline vs. single-crys-
talline, or polydispersed (in size) vs. fairly monodisperse in
S1ZE.

[0065] The precursor metal component contains one or
more types of metals in 10nic form, particularly as described
above. The one or more metals are typically in the form of a
salt or coordination compound, or a colloidal hydrous metal
oxide or mixed metal oxide, wherein “compound” as used
herein also includes a “material” or “polymer”. Some
examples of precursor metal compounds applicable herein

include the metal halides (e.g., CuCl,, CdCl,, ZnCl,, ZnBr.,,
GaCl,, InCl,, FeCl,, FeCl,, SnCl,, and SnCl, ), metal nitrates
(e.g. CA(NO;),, Ga(NO,);, In(NO,);, and Fe(NO,),), metal
perchlorates, metal carbonates (e.g., CdCQO,), metal sulfates
(e.g., CdSO,, FeSO,, and ZnSO,), metal oxides (e.g., Fe,O,,
CdO, Ga,0;, In,0O;, Zn0O, SnO, SnO,), metal hydroxides
(e.g., Fe(OH),; and Zn(OH),), metal oxyhydroxides (e.g.,
FeOOH, or FeO(OH), and their alternate forms), metal-
EDTA complexes, metal amines (e.g., metal alkylamine, pip-
eridine, pyridine, or bipyridine salt complexes), metal car-
boxylates (e.g., cadmium acetate), and metal acetylacetonate
(1.e., metal-acac) complexes.

[0066] One or more dopant species can be included in the
precursor metal component 1n order to likewise dope the
resulting nanoparticles. The dopant can be any metal or non-
metal species, such as any of the metal and non-metal species
described above. In some embodiments, the dopant may be or
include one or more lanthanide elements, such as those
selected from lanthanum (La), certum (Ce), prasecodymium
(Pr), neodymium (Nd), samarium (Sm), europium (Eu),
gadolintum (Gd), terbium (Tb), dysprosium (Dy), holmium
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(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lute-
tium (Lu). Generally, the dopant 1s present 1n an amount of
less than 0.5 molar percent of the resulting nanoparticles, orin
different embodiments, less than or up to 0.4, 0.3, 0.2, 0.1,
0.03, 0.02, or 0.01 molar percent of the resulting nanopar-
ticles. Some examples of doped compositions include ZnS:
N1, wherein N1 functions as a dopant, as described 1n, for
example, Bang et al., Advanced Materials, 20:2599-2603
(2008), Zn Cd,__S doped compositions, as described in Wang
et al., Journal of Physical Chemistry C 112:16754-16758
(2008), and ZnS:Mn and ZnS:Cu compositions, as described
in Song et al., Journal of Physics and Chemistry of Solids,
69:153-160 (2008). In other embodiments, a dopant 1s
excluded, or alternatively, one or more of any of the generic or
specific dopants described above are excluded.

[0067] Whentwo ormore metals are used as precursors, the
molar ratio ol metal 10ns can be adjusted such that a particular
molar ratio of metals 1s provided in the nanoparticle product.
Typically, the molar ratio of metal 10ns 1n the metal compo-
nent 1s the molar ratio of metals found 1n the nanoparticle
product. However, the molar ratio of metals in the product
may, 1n several embodiments, differ from the molar ratio of
metals 1n the metal component. In a particular embodiment, a
desired molar ratio of metals 1s achieved 1n the nanoparticle
product by suitable adjustment of metal ratios 1n the precursor
metal component.

[0068] The total metal concentration should be below a
concentration at which the metals are toxic to the microbes
being used. Typically, the total metal concentration 1s no more
than 100 mM. In different embodiments, the total metal con-
centration may preferably be no more than 90 mM, 80 mM,
70 mM, 60 mM, S0 mM, 40 mM, 30 mM, 20 mM, 15 mM, 10
mM, 5 mM, 1 mM, 0.5 mM, or 0.1 mM, or within a range
resulting from any two of the above exemplary values.

[0069] The precursor non-metal component provides the
resulting nanoparticle composition with one or more non-
metals selected from S, Se, Te, and As. The non-metal com-
ponent can include any suitable form of these non-metals,
including, for example, the elemental or compound forms of
these non-metals.

[0070] In a first embodiment, the non-metal component
includes a source of sultur. The source of sulfur can be, for
example, elemental sulfur (S°) or a sulfur-containing com-
pound. In one instance, the sulfur-containing compound 1s an
inorganic sulfur-containing compound. Some examples of
inorganic sulfur-containing compounds include the inorganic
sulfates (e.g., Na,S0,, K,SO,, MgSO,, (NH,),S0,, H,SO_,
or a metal sulfate), the inorganic sulfites (e.g., Na,SO;,
H,SO,, or (NH,),S0,), inorganic thiosulfates (e.g., Na,S,O,
or (NH,),S,0,), sulfur dioxide, peroxomonosuliate (e.g.,
Na,SO. or KHSO.), and peroxodisulfate (e.g., Na,S,O,
K.S,O,, or (NH,),S,04). In another instance, the sulfur-
containing compound 1s an organosulfur (i.e., organothiol or
organomercaptan) compound. The organosulfur compound
contains at least one hydrocarbon group and 1s typically char-
acterized by the presence of at least one sulfur-carbon bond.
Some examples of suitable organosulfur compounds include
the hydrocarbon mercaptans (e.g., methanethiol, ethanethiol,
propanethiol, butanethiol, thiophenol, ethanedithiol, 1,3-pro-
panedithiol, 1,4-butanedithiol, thiophene), the alcohol-con-
taining mercaptans (e.g., 2-mercaptoethanol, 3-mercaptopro-
panol, 4-mercaptophenol, and dithiothreitol), the mercapto-
amino acids (e.g., cystemne, homocysteine, methionine,
thioserine, thiothreonine, and thiotyrosine), mercapto-pep-
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tides (e.g., glutathione), the mercapto-pyrimidines (e.g.,
2-thiouracil, 6-methyl-2-thiouracil, 4-thiouracil, 2,4-dithiou-
racil, 2-thiocytosine, 5-methyl-2-thiocytosine, 3S-fluoro-2-
thiocytosine, 2-thiothymine, 4-thiothymine, 2,4-dithiothym-
ine, and their nucleoside and nucleotide analogs), the
mercapto-purines (e.g., 6-thioguamine, 8-thioadenine,
2-thioxanthine, 6-thioxanthine, 6-thiohypoxanthine, 6-thi-
opurine, and their nucleoside and nucleotide analogs), the
thioethers (e.g., dimethylsulfide, diethylsulfide, diphenylsul-
fide, biotin), the disulfides (e.g., cystine, lipoic acid, diphenyl
disulfide, 1ron disulfide, and 2-hydroxyethyldisulfide), the
thiocarboxylic acids (e.g., thioacetic acid), the thioesters, the
sulfonium salts (e.g., trimethylsulfonium or diphenylmethyl-
sulfonium chloride), the sulfoxides (e.g., dimethylsulioxide),
the sulfones (e.g., dimethylsulfone), thioketones, thioamides,
thiocyanates, 1sothiocyanates, thiocarbamates, dithiocarbam-
ates, and trialkylphosphine sulfide (e.g., trloctylphosphme
sulfide), thiourea compounds, or any of the inorganic sulfur-
containing compounds, such as those enumerated above,
which have been modified by inclusion of a hydrocarbon
group. In particular embodiments, the organosulfur com-
pound 1ncludes a sulfur-contaiming nucleic base (.e.,
S-nucleobase), such as any of the mercapto-pyrimidines and
mercapto-purines described above.

[0071] In asecond embodiment, the non-metal component
includes a selentum-containing compound. The source of
selenium can be, for example, elemental selenium (Se") or a
selentum-containing compound. In one instance, the sele-
nium-containing compound 1s an 1norganic selenium-con-
taining compound. Some examples ol morganic selentum-
containing compounds include the mnorganic selenates (e.g.,
Na,SeO,, K,SeO,, MgSeO,, (NH,),SeO,, H,SeO,, or a
metal selenate), the inorganic selenites (e.g., Na,SeO;,
H,SeO;, or (NH,),SeO,), morganic selenosuliates (e.g.,
Na,SSeO,; or (NH,),SSe0,), selentum dioxide, and selentum
disulfide. In another instance, the selentum-containing coms-
pound 1s an organoselenium compound. The organoselentum
compound contains at least one hydrocarbon group and 1s
typically characterized by the presence of at least one sele-
nium-carbon bond. Some examples of suitable organosele-
nium compounds include the hydrocarbon selenols (e.g.,
methaneselenol, ethaneselenol, n-propaneselenol, 1sopro-
paneselenol, and selenophenol (benzeneselenol)), the seleno-
amino acids (e.g., selenocysteine, selenocystine, seleno-
homocysteine, selenomethiomne), the selenopyrimidines
(e.g., 2-selenouracil, 6-methyl-2-selenouracil, 4-selenou-
racil, 2,4-diselenouracil, 2-selenocytosine, S-methyl-2-sele-
nocytosine, 5-tfluoro-2-selenocytosine, 2-selenothymine,
4-selenothymine, 2,4-diselenothymine, and their nucleoside
and nucleotide analogs), the selenopurines (e.g., 6-sele-
noguanine, 8-selenoadenine, 2-selenoxanthine, 6-selenoxan-
thine, 6-selenohypoxanthine, 6-selenopurine, and their
nucleoside and nucleotide analogs), the selenides (e.g., dim-
cthylselenide, diethylselenide, and methylphenylselenide),
the diselenides (e.g., dimethyldiselenide, diethyldiselenide,
and diphenyldiselenide), the selenocarboxylic acids (e.g.,
selenoacetic acid, selenopropionic acid), the selenosulfides
(e.g., dimethylselenosulfide), the selenoxides (e.g., dimeth-
ylselenoxide and diphenylselenoxide), the selenones, the
selenomium salts (e.g., dimethylethylselenonium chloride),
the vinylic selenides, selenopyrylium salts, trialkylphosphine
selenide (e.g., trioctylphosphine selenide, 1.e., TOPSe), sele-
nourea compounds, or any of the inorganic selentum-contain-
ing compounds, such as those enumerated above, which have
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been modified by inclusion of a hydrocarbon group. In par-
ticular embodiments, the organoselentum compound
includes a selenium-containing nucleic base (1.e., Se-nucleo-

base), such as any of the selenopyrimidines and selenopurines
described above.

[0072] In a third embodiment, the non-metal component
includes a tellurium-containing compound. The source of
tellurium can be, for example, elemental tellurium (Te®) or a
tellurium-containing compound. In one instance, the tellu-
rium-contaiming compound 1s an iorganic tellurium-con-
taining compound. Some examples of mmorganic tellurtum-
containing compounds include the inorganic tellurates (e.g.,
Na,TeO,, K, TeO,, MgTeO,, (NH,),1eO,, H,TeO,, H TeO,,
or a metal tellurate), the morganic tellurites (e.g., Na, TeO,),
and tellurium dioxide. In another instance, the tellurium-
containing compound 1s an organotellurium compound. The
organotellurium compound contains at least one hydrocarbon
group and 1s typically characterized by the presence of at least
one tellurtum-carbon bond. Some examples of suitable orga-
notellurium compounds include the hydrocarbon tellurols
(e.g., methanetellurol, ethanetellurol, n-propanetellurol, 1so-
propanetellurol, and tellurophenol (benzenetellurol)), the tel-
luro-amino acids (e.g., tellurocysteine, tellurocystine, tel-
lurohomocysteine, telluromethionine), the
telluropyrimidines and their nucleoside and nucleotide ana-
logs (e.g., 2-tellurouracil), the telluropurines and their
nucleoside and nucleotide analogs, the tellurides (e.g., dim-
cthyltelluride, diethyltelluride, and methylphenyltelluride),
the ditellurides (e.g., dimethylditelluride, diethylditelluride,
and diphenylditelluride), the telluroxides (e.g., dimethyltel-
luroxide and diphenyltelluroxide), the tellurones, the telluro-
nium salts, the vinylic tellurides, telluropyrylium salts, tellur-
ourca compounds, 24-telluracholestanol, or any of the
inorganic tellurium-containing compounds, such as those
enumerated above, which have been modified by inclusion of
a hydrocarbon group. In particular embodiments, the organo-
tellurium compound includes a tellurium-containing nucleic
base (1.e., Te-nucleobase), such as any of the telluropyrim-
idines and telluropurines described above.

[0073] In a fourth embodiment, the non-metal component
includes an arsenic-containing compound. In one instance,
the arsenic-containing compound 1s an 1norganic arsenic-
containing compound. Some examples of 1norganic arsenic-
containing compounds 1nclude the inorganic arsenates (e.g.,
Na,AsQO,, Na,HAsO,, NaH,AsO,, H,AsO,, Mg,(AsQO,),,
1 -arseno-3-phosphoglycerate, or a transition metal arsenate),
inorganic arsenites (e.g., Nay;AsO,, Na,HAsO3, NaH,AsO;,
H,AsO,, Ag,AsO,, Mg.(AsQO;),), and arsenic oxides (e.g.,
As,O, and As,Q.), and arsenous carbonate (1.¢., As,(CO;),).
In another 1nstance, the arsenic-containing compound 1s an
organoarsine compound. The organoarsine compound 1is
characterized by the presence of at least one hydrocarbon
group and at least one arsenic atom. Some examples of suit-
able organoarsine compounds include the hydrocarbon ars-
ies (e.g., trnmethylarsine, triethylarsine, triphenylarsine,
arsole, and 1,2-bis(dimethylarsino)benzene), arsenic-deriva-
tized sugars (e.g., glucose 6-arsenate), arsonic acids (e.g.,
phenylarsonic acid, 4-aminophenylarsonic acid, 4-hydroxy-
3-nitrobenzenearsonic  acid, 2,3,4-trihydroxybutylarsonic
acid, arsonoacetic acid, diphetarsone, diphenylarsinic acid,
and 3-arsonopyruvate), arseno-amino acids and their deriva-
tives (e.g., 3-arsonoalanine, arsenophenylglycine, and arsen-
ate tyrosine), organoarsine oxides (e.g., methylarsine oxide,
4-aminophenylarsenoxide, oxophenylarsine, and oxophe-
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narsine), 10,10'-0xybis-10H-phenoxarsine, 1-arseno-3-phos-
phoglycerate, arsenobetaine, arsenocholine, arsenotriglu-
tathione, or any of the i1norganic arsenic-containing
compounds, such as those enumerated above, which have
been modified by inclusion of a hydrocarbon group.

[0074] Preferably, the non-metal compound 1s not a
reduced sulfide (e.g., Na,S, K,S, H,S, or (NH,),S), reduced
selenide (e.g., H,Se or (NH,),Se), reduced telluride (e.g.,
H,Te or (NH,),Te), or reduced arsemide compound. As
known 1n the art, such reduced compounds have a propensity
for precipitating various metals from solution. Since direct
reaction of the non-metal compound and metal to form a
precipitate 1s preferably avoided in the method, a reduced
non-metal compound 1s preferably used under conditions
where an adverse reaction or precipitation does not occur.

[0075] The anaerobic microbes considered herein are any
microbes known 1n the art capable of forming semiconductor
nanoparticles from one or more types of metal 10ns and one or
more non-metals selected from S, Se, Te, and As. The microbe
can be, for example, a eukaryotic or procaryotic (and either
unicellular or multicellular) type of microbe having this abil-
ity. Of particular relevance herein are the procaryotic organ-
1sms, which are predominantly unicellular, and are divided
into two domains: the bacteria and the archaea. The microbes
can be, 1 addition, fermentative, metal-reducing, dissimila-
tory, sulfate-reducing, thermophilic, mesophilic, psychro-
philic, or psychrotolerant. The microbes are preferably those
capable of directly reducing (1.e., without the use of chemical
means) a sulfur-containing, selenium-containing, tellurium-
containing, or arsenic-contaiming compound to, respectively,
a sulfide (i.e., S°7)-containing, selenide (i.e., Se*~)-contain-
ing, telluride (i.e., Te*")-containing, or arsenide (i.e., As’7)-
contaiming compound, such as H,S or a salt thereof. In some
embodiments, the microbes reduce the sulfur-, selenium-,
tellurium-, or arsenic-containing compound without interme-
diate production of, respectively, elemental sulfur, selenium,
tellurtum, or arsenic. In other embodiments, the microbes
reduce the sulfur-, selenium-, tellurium-, or arsenic-contain-
ing compound with intermediate production of, respectively,
elemental sulfur, selenium, tellurium, or arsenic.

[0076] Inoneembodiment, the microbes considered herein
are thermophilic, 1.e., those organisms capable of thriving at
temperatures of at least about 40° C. (and more typically, at
least 45° C. or 50° C.) and up to about 100° C. or higher
temperatures. Preferably, the thermophilic microbes are
either bacteria or archaea, and particularly, those possessing
an active hydrogenase system linked to high energy electron
carriers.

[0077] A group of thermophilic bacteria particularly con-
sidered herein are the species within the genus Thermoa-
naervobacter. A particular species of Thermoanaerobacter
considered herein 1s Thermoanaerobacter strain TOR-39, a
sample of which was deposited with the American Type Cul-
ture Collection (10801 University Blvd., Manassas, Va.
20010) on Sep. 7, 2001 as accession number PTA-3695.
Strain TOR-39 15 a thermophile that grows optimally at tem-
peratures from about 65 to 80° C. The conditions needed to
grow and maintain this strain, including basal medium, nutri-
ents, vitamins, and trace elements are detailed in U.S. Pat. No.
6,444,453, the entire contents of which are incorporated
herein by reference. Some particular strains of Thermoa-
naervobacter ethanolicus particularly considered herein
include 7. ethanolicus strain C1 and 1. ethanolicus strain M3.

Dec. 30, 2010

[0078] Another group of thermophilic bacteria particularly
considered herein are the species within the class Thermo-
coccl. An order of Thermococci particularly considered
herein 1s Thermococcales. A family of Thermococcales par-
ticularly considered herein 1s Thermococcaceae. A genus of
Thermococcaceae particularly considered herein 1s Thermo-
coccus. A species ol Thermococcus particularly considered
herein 1s Thermococcus litoralis.

[0079] Another group of thermophilic bacteria particularly
considered herein are the species within the genus Thermot-
errabacterium. A species of Thermoterrabacterium particu-
larly considered herein 1s Thermoterrabacterium ferrvire-
ducens, and particularly, strain JW/AS-Y7.

[0080] Still another group of thermophilic bacteria particu-
larly considered herein are the species within the phylum
Deinococcus-Thermus. A class of Deinococcus-Thermus
particularly considered herein 1s Deinococci. An order of
Deinococci particularly considered herein 1s Thermales. A
genus of Thermales particularly considered herein 1s Ther-
mus. A species of Thermus particularly considered herein 1s
Thermus sp. strain SA-0O1.

[0081] Other thermophilic bacteria particularly considered
herein 1include thermophilic species within any of the genera
Thermoanaerobacterium (e.g., 1. thermosulfurigenes, 1.
polvsaccharolvticum, 1. zeae, 1 aciditolerans, and 1.
aotearoense), Bacillus (e.g., B. infernus), Clostridium (e.g.,
C. thermocellum), Anaerocellum (e.g., A. thermophilum),
Dictyoglomus (e.g., D. thermophilum), and Caldicellulosir-
uptor (e.g., C. acetigenus, C. hvdrothermalis, C. kristiansso-
nii, C. kronotskiensis, C. lactoaceticus, C. owensensis, and C.
saccharolyticus).

[0082] In another embodiment, the microbes considered
herein are mesophilic (e.g., organisms thriving at moderate
temperatures of about 15-40° C.) or psychrophilic (e.g.,
organisms thriving at less than 13° C.). As used herein, the
term “psychrophilic” also includes “psychrotolerant”. Psy-
chrophilic bactena are typically found 1n deep marine sedi-
ments, sea ice, Antarctic lakes, and tundra permatrost. Some
examples of such microbes include species within the genera
Shewanella (e.g., S. alga stramn PV-1, S. alga, PV-4, §.
pealeana, W3-7-1, S. gelidimarina, and S. frigidimarina),
Clostridium (e.g., C. frigoris, C. lacusfryxellense, C. bowma-
nii, C. psychrophilum, C. laramiense, C. estertheticum, and
C. schirmacherense), Bacillus (e.g., B. psychrosaccharolyti-
cus, B. insolitus, B. globisporus, B. psychrophilus, B. cereus,
B. subtilis, B. circulans, B. pumilus, B. macervans, B. sphaevi-
cus, B. badius, B. licheniformis, B. firmus, B. globisporus, and
B. marinus), and Geobacter (e.g., G. sulfurreducens, G.
bemidjiensis, and G. psychrophilus). Of particular interest are
those strains capable of anaerobic growth with nitrate as an
clectron acceptor.

[0083] In yet another embodiment, the microbes consid-
ered herein are sulfur-reducing (e.g., sulfate- or sulfite-reduc-
ing) microbes. In a preferred embodiment, the sulfur-reduc-
ing microbes are one or more species selected from
Desulfovibrio (e.g., D. desulfuricans, D. gigas, D. salixigens,
and D. vulgaris), Desulfolobus (e.g., D. sapovorans and D.
propionicus), Desulfotomaculum (e.g., D. thermocisternum,
D. thermobenzoicum, D. auripigmentum, D. nigrificans, D.
orientis, D. acetoxidans, D. reducens, and D. ruminis), Des-
ulfomicrobium (e.g., D. aestuarii, D. hypogeium, and D. sal-
suginis), Desulfomusa (e.g., D. hansenii), Thermodes-
ulforhabdus (e.g., 1. norvegica) the order Desulfobacterales,
and more particularly, the family Desulfobacteraceae, and
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more particularly, the genera Desulfobacter (e.g., D. hyvdro-
genophilus, D. postgatei, D. giganteus, D. halotolerans, and
D. vibrioformis), Desulfobacterium (e.g., D. indolicum, D.
anilini, D. autotrophicum, D. catecholicum, D. cetonicum, D.
macestii, D. niacini, D. phenolicum, D. vacuolatum), Des-
ulfobacula (e.g., D. toluolica and D. phenolica), Desulfo-
botulus (D. sapovorans and D. marinus), Desulfocella (e.g.,
D. halophila), Desulfococcus (e.g., D. multivorans and D.
biacutus), Desulfofaba (e.g., D. gelida and D. fastidiosa),
Desulfofrigus (e.g., D. oceanense and D. fragile), Des-
ulfonema (e.g., D. limicola, D. ishimotonii, and D. magnum),
Desulfosarcina (e.g., D. variabilis, D. cetonica, and D.
ovata), Desulfospira (e.g., D. joergemnsenii), Desulfotalea
(e.g., D. psychrophila and D. arctica), and Desulfotignum (D.
balticum, D. phosphitoxidans, and D. toluenicum). Several of
the sultur-reducing microbes are either thermophilic or meso-
philic. The sulfur-reducing microbes may also be psychro-
philic or psychrotolerant.

[0084] In still other embodiments, the microbes considered
herein are selenium-reducing (e.g., selenate-, selenite-, or
clemental selentum-reducing), tellurium-reducing (e.g., tel-
lurite-, tellurite-, or elemental tellurtum-reducing), or
arsenic-reducing (e.g., arsenate- or arsenite-reducing). In one
embodiment, the selenium-, tellurium-, or arsenic-reducing
microbe 1s one of the sulfur-reducing microbes described
above. In another embodiment, the selenium- or tellurium-
reducing microbe 1s selected from other microbes not
described above, e¢.g., Thauera selenatis, Sulfospivillum bar-
nesii, Selenihalanevobacter shriftii, Bacillus selenitire-
ducens, Pseudomonas stutzervi, Enterobacter hormaechei,
Klebsiella pneumoniae, and Rhodobacter sphaeroides. In yet
another embodiment, the arsenic-reducing microbe 1is
selected from any of the microbes described above, or 1n
particular, from Sulfurospirillum arsenophilum or Geospiril-
[um arsenophilus. It will also be appreciated that, 1n addition
to the exemplary microorganisms listed above, other types of
cultures, including mixed microbial cultures or uncharacter-
1zed microbial cultures from natural environments, and the
like, may also be used 1n the invention. For example, cultures
not yet characterized from natural hot springs where various
metals are known to be present can demonstrate suitably high
metal-reducing or selemum-reducing activity to carry out the
inventive methods even though the exact species or genus of
the microbes may be unknown and more than one species or
genus may be present in said culture.

[0085] The microbes can also be dissimilatory 1ron-reduc-
ing bacteria. Such bacteria are widely distributed and 1include
some species 1n at least the following genera: Bacillus, Defer-
ribacter, Desulfuromonas, Desulfuromusa, Ferrvimonas, Geo-
bacter, Geospirillum, Geovibrio, Pelobacter, Sulfolobus,
Thermoanaerobacter, Thermoanaerobium, Thermoterrabac-
terium, and Thermus.

[0086] The choice of microbe generally involves trade-oifs
relating to cost, etficiency, and properties of the nanoparticle
product. For example, thermophiles may be preferred when
more product per unit of time 1s the primary consideration,
since a high temperature process generally produces product
at a faster rate. Conversely, psychrophilic or psychrotolerant
microbes may be preferred 1n a case where one or more
improved characteristics are of primary consideration, and
where the improved characteristics are afforded to the prod-
uct by virtue of the cooler process.

[0087] The microbes used 1n the method described herein
can be obtained and cultured by any of the methods known 1n
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the art. Some of the general processes by which such bactena
may be used are taught i U.S. Pat. Nos. 6,444,453 and
7,060,473, the entire disclosures of which are incorporated
herein by reference. The 1solation, culturing, and character-
1zation of thermophilic bacteria are described 1n, for example,
T. L. Kieft et al., “Disstmilatory Reduction of Fe(Ill) and
Other Electron Acceptors by a Thermus Isolate,” Appl. and
Env. Microbiology, 65 (3), pp. 1214-21 (1999). The 1solation,
culture, and characterization of several psychrophilic bacteria
are described 1n, for example, J. P. Bowman et al.,
“Shewanella gelidimarina sp. nov. and Shewanella frigidima-
rina sp. nov., Novel Antarctic Species with the Ability to
Produce Ficosapentaenoic Acid (20:5w3) and Grow Anaero-
bically by Dissimilatory Fe(I111) Reduction,” Int. J. of Svstem-
atic Bacteriology 47 (4), pp. 1040-4°7 (1997). The 1solation,
culture, and characterization of mesophilic bacternia are
described 1n, for example, D. R. Lovley et al., “Geobacter
metalliveducens gen. nov. sp. nov., a microorganism capable
of coupling the complete oxidation of organic compounds to
the reduction of 1rron and other metals,” Arch. Microbiol., 159,
pp. 336-44 (1993), the disclosure of which 1s incorporated
herein by reference 1n 1ts entirety.

[0088] The culture medium for sustaining the microbes can
be any of the known aqueous-based media known 1n the art
usetul for this purpose. The culture medium may also facili-
tate growth of the microbes. As 1s well known 1n the art, the
culture medium 1ncludes such components as nutrients, trace
clements, vitamins, and other organic and inorganic com-
pounds, useful for the sustainment or growth of microbes.

[0089] In the method of the invention, the microbes are
provided with at least one electron donor. An electron donor
1s any compound or material capable of being oxidatively
consumed by the microbes such that donatable electrons are
provided to the microbes by the consumption process. The
produced electrons are used by the microbes to reduce one or
more non-metal compounds and/or metal 10ns.

[0090] Inone embodiment, the electron donor includes one
or more carboxylate-containing compounds that can be oxi-
datively consumed by the microbes. Some examples of suit-
able carboxylate-containing compounds include formate,
acetate, propionate, butyrate, oxalate, malonate, succinate,
fumarate, glutarate, lactate, pyruvate, glyoxylate, glycolate,
and citrate.

[0091] Inanother embodiment, the electron donor includes
one or more sugars (1.€., saccharides, disaccharides, oligosac-
charides, or polysaccharides) that can be oxidatively con-
sumed by the microbes. Some examples of suitable sugars
include glucose, fructose, sucrose, galactose, maltose, man-
nose, arabinose, xvlose, lactose, and disaccharides therefrom,
oligosaccharides therefrom, or polysaccharides therefrom.

[0092] Inanother embodiment, the electron donor includes
one or more morganic species that can be oxidatively con-
sumed by the microbes. The organic species can be, for
example, an oxidizable gas, such as hydrogen or methane.
Such gases can be oxidized by hydrogen-consuming or meth-
ane-consuming microbes which have the capacity to reduce
one or more metals or non-metal compounds by the produced
clectrons.

[0093] The five reaction components described above (i.e.,
anaerobic microbes, culture medium, metal component, non-
metal component, and electron donor component) are com-
bined in a suitable container and subjected to conditions (e.g.,
temperature, pH, and reaction time) suitable for producing
the nanoparticles from the reaction components. In one
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embodiment, the container for holding the reaction compo-
nents 1s simple by containing no more than container walls, a
bottom, and a lid. In another embodiment, the container 1s
more complex by including additional features, such as nlet
and outlet elements for gases, liquids, or solids, one or more
heating elements, nanoparticle separation features (e.g., traps
or magnets ), one or more agitating elements, fluid recirculat-
ing elements, electronic controls for controlling one or more
of these or other conditions, and so on.

[0094] The components may be combined 1n any suitable
manner. For example, each of the five reaction components or
a combination thereof (e.g., the anaerobic microbes and cell
culture) may be prepared belfore the components are com-
bined, or alternatively, obtamned in a pre-packaged form
before the components are combined. When components or
combinations thereof are provided 1n package form, the pack-
aged forms may be designed to be used 1n their entireties, or

alternatively, designed such that a portion of each 1s used
(e.g., as aliquots of a concentrate).

[0095] Insome embodiments, the order of addition of com-
ponents has essentially no bearing on the final compositional
and physical characteristics of the produced nanoparticles. In
other embodiments, the compositional and/or physical char-
acteristics of the resulting nanoparticles are affected 1n some
way by the order mn which components are combined. For
example, 1n some embodiments, 1t 1s preferable to first incu-
bate a bacterial culture with a non-metal source before intro-
ducing the metal source. The foregoing embodiment 1is
depicted 1n the flow diagram shown in FIG. 1. In other
embodiments, 1t 1s preferable to {first incubate a bacterial
culture before introducing the non-metal source and metal
sources. In yet other embodiments, 1t 1s preferable to incubate
a bacterial culture in the presence of a both a metal and
non-metal source at the same time. Typically, the electron
donor 1s included 1n the bacterial culture medium; however,
the electron donor may be added during an enrichment step
and/or during an incubation step with non-metal and/or metal.

[0096] Also shown in FIG. 1 are some optional steps, such
as growing the bacterial culture by incubating the bacteria
with only electron donor (enrichment step), and incubating,
the bacteria with a non-metal source and then addition of the
metal. The growth step 1s particularly usetul in culturing a
bacterial source to process a metal or non-metal under con-
ditions where the metal or non-metal, at the concentrations
used, would be excessively toxic to the bacteria. The growth
process, thus, can be particularly useful 1n producing a bac-
terial population that can efliciently process an ordinarily
toxic species (e.g., selenite, tellurate, arsenate, or a toxic
metal species) i order to produce nanoparticles therefrom.
An 1ncubation step after addition of the metal 1s generally
included when the metal needs to be reduced, such as in the
production of CIGS nanoparticles wherein, typically, cupric
ions are reduced to cuprous 10ons. Generally, an 1cubation
step 1s not employed after addition of the metal when the
metal does not require reduction, such as in the case of pro-
ducing CdS nanoparticles.

[0097] In one embodiment, the reaction components are
combined immediately before the reaction components are
subjected to reaction conditions suitable for producing semi-
conductor nanoparticles. This embodiment 1s particularly
usetul for the case when the reaction components react on
contact with each other (i.e., upon being combined) to pro-
duce nanoparticles.
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[0098] In another embodiment, at least two of the reaction
components are substantially unreactive with each other such
that they can be 1n a combined state for a substantial period of
time before use without significant degradation or unwanted
reaction. The substantial period of time 1s preferably a con-
ventional time of storage (e.g., at least one week, one month,
three months, six months, or a year). This embodiment can be
beneficial by simplitying the process, specifically, by lessen-
ing the number of addition steps (1.e., less than five). In a
particular embodiment, a solution containing at least three or
four of the components 1s storage-stable under specified con-
ditions (e.g., reduced temperature). Production of nanopar-
ticles can begin when the remaining one or two components
are added, and after the combination 1s subjected to condi-
tions conducive to microbially-mediated formation of semi-
conductor nanoparticles. Alternatively, a solution containing
all of the components 1s storage-stable. When production of
nanoparticles 1s desired, the solution 1s subjected to condi-
tions conducive to microbially-mediated formation of semi-
conductor nanoparticles. In addition, storage-stable samples
ol the reaction components can be provided in the form of a
kit. The samples 1n the kit can contain individual or combined
reaction components.

[0099] The method s practiced by subjecting the combined
components to conditions that induce the formation of semi-
conductor nanoparticles therefrom. Some of the conditions
that can affect formation of semiconductor nanoparticles
from the combined components include temperature, reac-
tion time, precursor metal concentration, pH, and type of
microbes used. In some embodiments, the reaction conditions
may not require any special measures other than combining
the reaction components at room temperature (e.g., 15-25°
C.) and waiting for nanoparticles to grow over a period of
time. In other embodiments, the combined reaction compo-
nents are, for example, either heated, cooled, or modified in

pH, 1n order to induce nanoparticle formation.

[0100] When thermophilic microbes are used, the tempera-
ture at which the reaction 1s conducted can preterably be at
least, for example, 40° C., 45° C., 50° C., 55° C., 60° C., 65°
C.,70°C.,75°C.,80°C.,85°C., or 90° C. depending on the
type of thermophilic microbes being used. Any range result-
ing from any two of the foregoing values 1s also contemplated
herein. When mesophilic microbes are used, the temperature
can preferably be atleast 15°C., 20° C., 25° C.,or 30° C., and
up to any of the temperatures given above for thermophilic
microbes. When psychrophilic microbes are used, the tem-
perature at which the reaction 1s conducted can preferably be
less than, for example, 40° C., or at or less than 35° C., 30° C.,
25°C.,20°C,15°C.,10°C,, 5°C.,0° C.,or -5° C., or any
range resulting from any two of the foregoing values. It 1s to
be appreciated that, even though different exemplary tem-
peratures have been given for each type of microbe, each type
of microbe may be capable of thriving in temperatures well
outside the typical temperatures given above. For example, a
thermophilic microbe may also be capable of thriving to a
usetul extent at temperatures below 40° C. where mesophilic
microbes traditionally thrive; or mesophilic or thermophilic
microbes may be capable of thriving to a useful extent at
temperatures below 15° C. (i.e., by being psychrotolerant in
addition to mesophilic or thermophilic). Particularly when
employing Thermoanaerobacter sp. strain TOR-39, the tem-
perature 1s preferably maintained between about 45° C. and

75° C.
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[0101] The reaction (incubation) time is the period of time
that the combined reaction components are subjected to reac-
tion conditions necessary for producing nanoparticles. The
reaction time 1s very much dependent on the other conditions
used, as well as the characteristics desired 1n the nanoparticle
product. For example, shorter reaction times (e.g., 1-60 min-
utes) may be used at elevated temperature conditions whereas
longer reaction times (e.g., 1-7 days, or 1-3 weeks) may be
used at lower temperatures to obtain a similar yield of prod-
uct. Typically, shorter reaction times produce smaller par-
ticles than particles produced using longer reaction times
under the same conditions. The incubation may be, for
example, between 3 and 30 days, depending on the amount
and size of the crystalline nanoparticle product desired.

[0102] The pH can also be suitably adjusted. Generally,
when using thermophilic bacteria, the pH value 1s preferably
within the range of 6.5-9. For example, particularly when
employing Thermoanaerobacter sp. strain TOR-39, the pH 1s
preferably maintained at a level between about 6.9 and 7.5. In
different embodiments, depending on the microbe and other
conditions, the pH 1s preferably acidic by being less than 7
(e.g., apH of or less than 6.5, 6.0, 3.5, 5.0, 4.5, 4.0, 3.5, 3.0,
2.5,2.0, 1.5, 1.0, or a range resulting from any two of these
values), or preferably alkaline by being above 7 (e.g., apH of
or greater than 7.5, 8.0, 8.5, 9.0, 9.5, 10, 10.5, 11, 11.3, or a
range resulting from any two of these values), or preferably
approximately neutral by havingapH ofabout7,e.g.,6.5-7.5.

[0103] In addition to selecting reaction conditions (e.g.,
temperature, reaction time, and pH) on the basis of permitting
or inducing the formation of nanoparticles, the reaction con-
ditions can also be selected for numerous other purposes,
including to modily or optimize the product yield, production
elliciency, particle size or size range, particle composition or
phase (e.g., crystalline vs. semicrystalline vs. amorphous), or
particle morphology. For example, lower reaction tempera-
tures may be employed to provide a more pure or single-
crystalline product.

[0104] Once the nanoparticles are produced, they are 1so-
lated (1.e., separated) from the reaction components and
byproducts formed by the reaction products. Any method
known 1n the art for separation of nanoparticles from reaction
components can be used herein.

[0105] In one embodiment, nanoparticles are separated
from the reaction components by allowing the nanoparticles
to settle to the bottom of the container and then decanting the
liquid medium or filtering oif the nanoparticle product. This
settling may be accomplished with or without centrifugation.
When centrifugation 1s used, the centrifugal (1.e., “g” force)
causes settling of denser nanoparticles to the bottom or distal
end of the spun containers. The collected nanoparticle prod-
uct may be washed one or more times to further purnify the
product. The reaction container may optionally be fitted with
a drain valve to allow the solid product to be removed without
decanting the medium or breaking gas seals.

[0106] In another embodiment, the container in which the
reaction components are housed 1s attached to (or includes)
an external trap from which the nanoparticle product can be
removed. The trap 1s preferably 1n the form of a recess situ-
ated below flowing reaction solution. Nanoparticles 1in the
flowing reaction solution are denser than the reaction solu-
tion, and hence, will settle down into the trap. The flowing
reaction solution is preferably recirculated.

[0107] In another embodiment, a filter 1s used to trap the
nanoparticles. The filter can be 1n the form of multiple filters
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that trap successively smaller particles. Depending on the
particle size and other variables, one or more filters that trap

the nanoparticles may contain a pore size of no more than
about 0.5, 0.4, 0.3,0.25,0.2, 0.1, or 0.05 um.

[0108] In yet another embodiment, in the case where the
nanoparticle product 1s magnetic, a magnetic source (e.g.,
clectromagnet or other suitable magnetic field-producing
device) can be employed to collect the nanoparticles. The
magnetic source can be used as the sole means of separation,
or used 1n combination with other separation means, such as
a trap or filter.

[0109] In a particular set of embodiments, the general
method described above 1s specifically directed to the prepa-
ration of nanoparticles having a ClGs-type composition
according to the general formula (1) described above. The
method generally includes: (a) subjecting a combination of
reaction components to conditions conducive to microbially-
mediated formation of the nanoparticles, wherein the combi-
nation ol reaction components includes 1) anaerobic
microbes, 11) a culture medium suitable for sustaining the
anaerobic microbes, 111) a metal component that includes Cu
ions and at least one type of metal 10n selected from In and Ga,
1v) a non-metal component that includes at least one non-
metal selected from S, Se, and Te, and v) one or more electron
donors that provide donatable electrons to the anaerobic
microbes during consumption of the electron donor by the
anaerobic microbes; and (b) 1solating the nanoparticles.

[0110] In another particular set of embodiments, the gen-
eral method described above 1s specifically directed to the
production of nanoparticles having a kesterite-type composi-
tion according to the general formula (2) described above.
The method generally includes: (a) subjecting a combination
of reaction components to conditions conducive to microbi-
ally-mediated formation of the nanoparticles, wherein the
combination of reaction components includes 1) anaerobic
microbes, 11) a culture medium suitable for sustaining the
anaerobic microbes, 111) a chalcophile metal component that
includes at least one chalcophile metal other than Sn, 1v) a
non-metal component that includes at least one non-metal
selected from S, Se, and Te, and v) one or more electron
donors that provide donatable electrons to the anaerobic
microbes during consumption of the electron donor by the
anaerobic microbes; and (b) 1solating the nanoparticles.

[0111] The method of the invention can be performed 1n a
batchwise manner or in a continuous manner. Examples of
suitable arrangements for performing the method of the
invention 1n a batchwise or continuous manner are described
in U.S. Pat. No. 6,444,433, all of which 1s incorporated by
reference herein, and as herein shown in FIGS. 2 and 3,
respectively, and as herein described in Examples 7 and 8,
respectively. Because the nanoparticles tend to grow larger
the longer they remain 1n the culture, continuous collection of
nanoparticle product from a recirculating fluid may be used as
a means ol controlling particle size. In addition, the degree of
fluid circulation (e.g., tlow rate) can be modulated to promote
shedding of the nanoparticles from the microbes.

[0112] Themethod may include one or more chemicals that
can facilitate reduction of one or more non-metal compounds
or metal 1ons. However, the production of nanoparticles
remains microbially-mediated. Therefore, conditions are
avoided in which non-metal compounds and/or metal 10ns are
chemically (i.e., directly) reduced such that semiconductor
nanoparticles are produced without microbial mediation.
Some of the conditions that can affect whether nanoparticle
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production 1s direct or microbially-mediated includes the
absence or presence of a chemical reductant, the choice of
chemical reductant, the processing temperature, and the
choice of microbes. The method described herein preferably
excludes the use of strong reductants because such reductants
may have the ability to directly reduce one or more metal 1ons
or non-metal compounds before microbial consumption can
take place. As used herein, a “strong reductant’ 1s meant to be
a chemical stronger in reducing power than the known weaker
reductants, such as citrate, reducing sugars, alcohols, and
hydrogen gas, under standard conditions. Some examples of
chemical reductants preferably excluded from use in the
method include the hydrides (e.g., borohydrides and alumi-
num hydrides), hydrazines, hypophosphorous acid, and
Sn(Il) metal salts. It 15 understood that weaker reductants,
such as the exemplary ones given, may also be unsuitable for
the method described herein if conditions are provided that
render these reductants capable of directly reducing non-
metal compounds or metal 10ns (e.g., by use of temperatures
high enough to cause direct reduction as the main reductive
Process).

[0113] In some embodiments, a mediator, such as
anthraquinone disulfonic acid (AQDS), 1s included as an
additional component during nanoparticle synthesis. In other
embodiments, mediators are excluded in the method of the
istant invention. Furthermore, 1n some embodiments, one or
more stabilizing (1.e., surface-active) compounds or materials
(e.g., glutathione, 2-mercaptoethanol, triphenylphosphine,
thioglycerol, or other surface-active mercaptan or phosphine
compound) 1s included as an additional component during
nanoparticle synthesis for stabilizing or controlling the size of
the produced nanoparticles. In another embodiment, stabiliz-
ing compounds are excluded in the method, whereby the
produced chalcogenide nanoparticles are suiliciently stable
in the absence of a stabilizing compound or matenal.

[0114] Examples have been set forth below for the purpose
of 1llustration and to describe certain specific embodiments of
the invention. However, the scope of this invention 1s not to be
in any way limited by the examples set forth herein.

Example 1

Preparation of ZnS Nanoparticles Using Sulfate-
Reducing Microbes

[0115] A mesophilic sulfate-reducing strain Desulfovibrio
(-20 was grown 1n a lactate/SO, culture medium as taught
generally by Li et al., “Reduction of 1ron oxides enhanced by
a sulfate-reducing bacterium and biogenic H,S”, Geomicro-
biol. J., 23:103-117 (2006), the entire disclosure of which 1s
incorporated herein by reference. Zn>* was added as ZnCl,, at
0.2 mM and well-formed highly crystalline ZnS (sphalerite
phase) nanoparticles were formed. Precipitated semi-conduc-
tor materials were harvested by repeated centrifugation fol-
lowed by one or more times of washing with detonized water.
Particle size was estimated at approximately 5.9 nm. A simi-
lar experimental run using standard medium containing nutri-
ents, vitamins, trace elements, lactate as an electron donor at
50 mM, and Na,SQO, as a non-metal component with S0 mM

and with Zn”* added as ZnCl, at 5 mM yielded ZnS particles
estimated at approximately 3.7 nm 1n size.

[0116] Theforgoing example demonstrates that the sulfate-
reducing strain G-20 was able to make the target ZnS phase in
a desirable size range. The product nanoparticles were
tormed externally to the cells, making 1t easy to separate the
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product without killing the bacteria. Significantly, these
nanoparticles were fluorescent, as expected for quantum dots
of this size and composition.

Example 2

Preparation of CdS Nanoparticles Using Sulfate-
Reducing Microbes

[0117] CdS nanoparticles were synthesized using the same
mesophilic sulfate-reducing strain Desulfovibrio G-20. In
this case, CdCl, as a precursor metal component was added at
0.06 mM and a sulfur-containing non-metal compound as
0.06 mM Na,SO, based on CO,-buffered medium containing
nutrients, vitamins, trace elements, and lactate as an electron
donor at 50 mM. Precipitated nanoparticles were harvested
by repeated centrifugation followed by one or more times
washing with deionized water. Well-formed highly crystal-
line CdS nanoparticles with an extremely sharp photolumi-
nescent peak characterized by a full-width half maximum
value of or less than 20 nm, as shown in FIG. 5C, were
formed.

[0118] The foregoing example demonstrates that the sul-
fate-reducing strain G-20 was able to make the target CdS
phase 1n the desired size range. Remarkably, the process
showed no deleterious toxicity of Cd on the bacteria used.
Again, the product nanoparticles were formed externally to
the cells, making 1t easy to separate the product without
killing the bacteria. These nanoparticles had exceptionally
good photoluminescence, e.g., exceptionally sharp photolu-
minescent peaks. The exceptionally sharp photoluminescent
peak exhibited by the inventive quantum dot materials may
arise through one or more factors that have not as yet been
conclusively 1dentified. Without intending to restrict the
invention in any way or to limit the invention to any particular
theoretical mechanism, 1t 1s conjectured that a very sharp (or
narrow ) photoluminescent peak could be attributed to any of
the following: (1) more uniform particle size distribution; (2)
more uniform particle-to-particle chemical composition; (3)
more chemical homogeneity within each particle; (4) fewer
point defects (particularly vacancies); and (5) more uniform
particle morphology. Regardless of the exact mechanism(s),
it 1s observed that batches of particles made by the inventive
technique exhibit batch properties that are clearly superior to
previously reported quantum dot products.

Example 3

Preparation of ZnS Nanoparticles Using Metal-Re-
ducing Microbes

[0119] In an effort to demonstrate the generality of the
process, the following series of experiments were performed
using a metal-reducing strain of bacteria rather than a sulfate-
reducing strain. Fluorescent ZnS nanoparticles were synthe-
s1ized using the thermophilic metal-reducing strain TOR-39
cultured 1n low-NaCl medium for one month. Because TOR -
39 cannot efficiently reduce sulfate per se, sulfur-containing
non-metal component was added in the form of thiosulfate.
/Zn was added as ZnCl,. One experiment used 5 mM thiosul-
fate and 5 mM ZnCl,, added as sequential aliquots (1
mM/day). A second experiment used 10 mM thiosulfate and
10 mM ZnCl,, added as sequential aliquots (1 mM/day). The
two experiments produced highly crystalline ZnS quantum
dots with average particle sizes of 6.5 nm and 12 nm, respec-
tively.
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[0120] This surprising result may be interpreted as follows.
Although TOR-39 15 a metal-reducing bacterium (e.g., typi-
cally reducing Fe’* to Fe**), in this case the metal was Zn”",
which 1s not microbially reducible. However, the TOR-39
apparently reduced thiosulfate, thereby providing suificient
sulfide to form the desired ZnS phase. As in the previous
examples, the sulfide nanoparticles were produced externally
to the cell; they had broad photoluminescent peaks centered at
460 to 480 nm. TOR-39 has other desirable characteristics,
notably the fact that 1t 1s thermophilic and grows optimally at
around 65° C., making the culture fairly msensitive to con-
tamination by bacteria from the environment, most of which
would die at this process temperature.

Example 4

Preparation of CdS Nanoparticles Using Metal-Re-
ducing Microbes

[0121] CdS nanoparticles were synthesized using the same
thermophilic metal-reducing strain TOR-39 as in the previous
example, using a modified TOR-39 medium (without bicar-
bonate buifer and mineral solution). Applicants have found
that using NaHCO, buffer caused the precipitation of Cd
carbonate (otavite), so bulfering with NaOH and MOPS 1is
preferred. Recognizing that TOR-39 cannot reduce suliate,
several sulfur-containing non-metal sources were used as
shown 1n the following table.

Table Showing CdS Production by TOR-39 Using
Different Sulfur Substrates

10122]

TEM
S source Concentration Cd concentration Precipitates® images
cysteine-S 0.5 mL/day 5 ppm/day Haw
cysteine-S 0.5 mL/day 5 ppm/day Haw FIG. 4B
thiosulfate 10 mM 5 ppm/day Haw + Gre  FIG. 4A
sulfite 10 mM 5 ppm/day Haw + Gre
thiosulfate 10 mM 30 ppm/day Haw + Gre
thiosulfate 10 mM 100 ppm/day Haw + Gre

“Haw = hawleyite and Gre = greenockite

[0123] The above series of experiments demonstrates, sur-
prisingly, that fermentative strain TOR-39 can produce CdS
quantum dots using a number of sultfur sources, and further-
more, did not suffer any adverse effects from Cd concentra-
tions up to 100 ppm per day. The quantum dots produced in
these runs showed superior photoluminescence. For example,
samples made using cysteine-S at 0.5 mL and Cd at 5 ppm/
day showed a sharp photoluminescent peak at ~440 nm and
broader photoluminescence at ~550 nm. Another sample pre-
pared using thiosulfate at 10 mM and Cd at 5 ppm/day showed
a photoluminescent peak at ~440 nm with a FWHM of about
10 nm, as shown 1n FIG. 5A. This value represents a nearly
three-fold improvement over conventionally-prepared mate-
rials, as further discussed below and as shown by FIG. 6.

Example 5

Preparation of Nanoparticles of CIGSu Composition
Culn, sGag S,

[0124] A series of experiments were run to synthesize par-
ticles having the nominal composition Culn, Ga, <S,. Cul-
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tures of Thermoanaerobacter sp. strain TOR-39 were cul-
tured 1in “FeS medium”, which 1s based on the standard TOR -
39 culture medium as taught, for example, in U.S. Pat. No.
6,444,453, modified by omitting NaHCO, bufter, and includ-
ing approximately 15 mM MOPS (1.e., 3-(N-morpholino)
propanesulfonic acid sodium salt or 4-morpholinepropane-
sulfonic acid sodium salt). MOPS at a 1.5 M stock solution
was titrated to pH~8.0 with 10 N NaOH and added to the
culture medium at a final concentration of ~15 mM to prevent
carbonate formation, at 65° C. for three weeks. The electron
donor was 10 mM glucose. Thiosulfate concentration was 10
mM. Metal stock solution consisted of cupric or cuprous
chloride, indium chloride, and gallium chlornide 1n molar
ratios of 2:1:1, so that a 0.2 M stock solution has 0.2, 0.1, and
0.1 M Cu, In, and Ga, respectively. Metals were typically
added at the rate o1 0.2 mM (copper basis) per day 1n order to
avoid toxicity to the bacteria.

[0125] AsshownbyFIG.7A, X-ray diffraction results con-
firmed that control samples (i.e., without microbes) did not
produce the desired CIGSu phase or the ternary end-members
CulnS, or CuGaS,. However, as shown i FIG. 7B, well-
defined diffraction lines were observed 1n the batches con-
taining TOR-39, corresponding to the (112), (204), and (312)
reflections of Culn, -Ga, S, fitting between end-members of
CuGaS, and CulnS,, and exhibiting a linear relationship of
diffraction angle (20) following Vegard’s Law. The crystallite
s1ze was estimated to be about 3 nm. It was also observed that
using a cupric source produced a higher yield than using a
cuprous source (1.e., CuCl), and that yields as high as 300 mg
per liter of medium could be obtained.

[0126] Based on the foregoing results, the skilled artisan
will appreciate that substitutions of other metals (or modifi-
cations of the In:Ga ratio) may be carried out by routine
experimentation. Similarly, substitution with selenium or tel-
lurium can be used to synthesize analogous selenide or tellu-
ride particles.

Example 6

Preparation of Nanoparticles of CIGS Composition
Culn, (Ga, Se,

[0127] A series of experiments were run to synthesize par-
ticles having the nominal composition Culn, ;Ga, ,Se,. Cul-
tures of Thermoanaerobacter sp. strain M1 were cultured 1n
“FeS medium”, which 1s based on the standard TOR-39 cul-
ture medium as taught, e.g., 1n U.S. Pat. No. 6,444,433 but
with 15 mM MOPS bufler as described above. The electron
donor was 10 mM glucose. Sodium selenite concentration
was 5 mM. Metal stock solution consisted of cupric chlonde,
indium chloride, and gallium chloride in molarratios o1 2:1:1,
so that a 0.2 M stock solution has 0.2, 0.1, and 0.1 M Cu, In,
and Ga, respectively. The enriched culture, including the elec-
tron donor and M1, was dosed with sodium selenite as a
non-metal component and then several minutes to hours later
the culture was additionally dosed with a solution containing
metal component. Metals were typically added at the rate of
0.25 mM (copper basis) per day 1n order to avoid toxicity to
the bactena.

[0128] Precipitated nanoparticles were harvested by
repeated centrifugation followed by one or more times wash-
ing with detonized water without lysing, then freeze-dried for
turther phase 1dentification using XRD. As shown by FIG.
7C, X-ray diffraction results confirmed that control samples
(1.e., without microbes) did not produce the desired CIGS
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phase. However, as shown by FI1G. 7D, well-defined diffrac-
tion lines corresponding to the (112), (220), and (312) reflec-
tions of Culn, ;Ga, -Se,were observed in the microbial
batches. In another experiment utilizing an uncharacterized
thermophilic anaerobic culture growing at 65° C., ten discrete
fractional additions of metals were added over a period of
fourteen days. After a total of three weeks of incubation the
culture produced Culn, ;Ga, -Se, which exhibited clear
XRD peaks.

[0129] Based on the foregoing results, the skilled artisan
will appreciate that substitutions of other metals (or modifi-
cations of the In:Ga ratio) and the reduction of secondary
phases may be carried out through routine experimentation.

Example 7
A Batch-Type Bioprocessing Reactor

[0130] FIG. 2 1s a simplified diagram of a batch-type bio-
processing reactor 30 suitable for carrying out the mnventive
process shown in FIG. 1. The reactor includes a container 32
constructed of glass or other inert material. A culture medium
34 1s introduced 1n the container 32. The culture medium 34
contains an aqueous solution of nutrients, trace elements,
vitamins, and other organic and inorganic compounds as
described in the foregoing examples. The solutions described
above are provided for illustrative purposes. Other solution
constructs are possible, depending on the specific implemen-
tation.

[0131] The container 32 1s sealed to prevent the entry of air
into the headspace gas region 36, thereby maintaining anaero-
bic conditions within the culture as well as permitting the
inventive process to be carried out at pressures greater or less
than ambient 1f desired. A gas conduit 38 is preferably
included to allow the introduction of selected gases into the
container and to allow gases to exit the container. A heating
clement 40 1s preferably provided proximate to the container
32 to maintain the culture medium 34 at a desired temperature
for growth of the anaerobic thermophilic bacteria. An elec-
tron donor 1s introduced 1nto the culture (e.g., as a gas, such as
hydrogen or CO) through the gas conduit 38, or dissolved
directly into the culture medium 34 1n the case of simple
organics, such as glucose, lactate, and pyruvate. An electron
acceptor (1.e., non-metal component) 1s provided 1n the form
of one or more reducible species of S, Se, Te, or As, preferably
dissolved or suspended 1n the culture medium 34. A source of
a desired transition metal, preferably a chalcophile element
such as Zn, Cd, Hg, Ga, In, Ag, W, Fe, Co, Cu, Ni, etc., 1s
provided as either a soluble species or a suspended particu-
late. One or more additional dopant species, which may or
may not be reducible, may be provided in the culture medium
34. The dopant species may be a metal, such as a small
amount of Ag added 1n substitution for some of the Zn 1n ZnS
(1.e., a ZnS:Ag doped composition), or Hg added 1n substitu-
tion for Cd in CdTe. Alternatively, substitutions may be made
in the nonmetal, such as replacing some of the S with Se
and/or Te. Thus, the skilled artisan may vary the characteris-
tics of the product over a wide range by selection of a variety
of different dopants 1n a variety of different concentrations or
molar ratios.

[0132] A crystalline product 42 forms in the container 32 as
the bacteria reduces the reducible species. When a suilicient
quantity of crystalline product 42 has been produced and
allowed to settle to the bottom of the container 32, the culture
medium 34 1s preferably decanted and the crystalline product
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42 collected and washed. The incubation may be between 3
and 30 days, depending on the amount and size of the crys-
talline product desired.

Example 8
A Continuous-Type Bioprocessing Reactor

[0133] The disclosed process may also be performed 1n a
continuous arrangement as shown schematically by the biore-
actor 50 shown in FIG. 3. The bioreactor 50 operates 1n a
similar manner as the bioreactor 30 of FIG. 2. The bioreactor
50 preferably includes a fluid recirculator 52 that allows the
culture medium 34 to pass through an external trap 54 from
which the crystalline product 42 can be removed. The trap 54
may separate the crystalline product 42 from the circulating,
culture medium by settling, due to the greater density of the
crystalline product 42. Continuous collection of product {from
the circulating fluid may also be used as a means of control-
ling particle size, because the particles tend to grow larger the
longer they remain 1n the culture.

[0134] An additional fluud valve 58 may be provided
through which additional culture medium or nutrients 34 may
be added from an external reservoir 60 while maintaining the
anaerobic conditions within the container 32. Furthermore,
because the photoluminescence of quantum dots 1s generally
a function of their size and composition, a source of UV light
and a spectrophotometer may be provided to periodically or
continuously analyze the circulating fluid so that product may
be extracted when the photoluminescent values reach the
desired values.

[0135] The composition of the culture medium 34 may be
changed periodically 1n order to make crystalline products 42
of various selected compositions. The electron acceptor may
be adjusted during the process, to make, for example, par-
ticles with a compositionally zoned or layered structure for
special applications.

Example 9
TEM and XRD Analysis of CdS (Quantum Dots

[0136] FIG. 4 shows TEM photographs of exemplary CdS
quantum dots formed in accordance with the present inven-
tion at a temperature of about 65° C. The particles clearly
exhibit substantially equiaxed, euhedral crystallite morphol-
ogy. The upper photo shows particles produced by TOR-39
using thiosulfate as the source of sulfur. XRD measurements
determined that two predominant crystalline phases are cubic
CdS (hawleyite) and hexagonal CdS (greenockite). The lower
photo shows particles produced by TOR-39 using cysteine-S
as the source of sulfur. XRD measurements indicate that the
predominant crystalline phase 1s cubic CdS (hawleyite). This
surprising result indicates not only that nanometer-sized par-
ticles can be synthesized by fermentative bacteria, but also
that the choice of sulfur source can influence the particular
crystalline phase when a compound can exist 1n more than
one polymorph.

Example 10
Photoluminescence Analysis of CdS Quantum Dots

[0137] Optical photoluminescence data collected on sev-
eral batches of particles made according to embodiments of
the instant invention are presented 1n FIG. 5, wherein 1t can be
seen that the microbially-produced materials exhibit very
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sharp photoluminescence, with peaks having a FWHM
around 10 nm. FIGS. 5A and 5B show almost identical emis-
s10on spectra of CdS quantum dots produced by TOR-39 using
different sulfur sources, thiosulfate and sulfite, respectively.
FIG. 5C shows emission spectrum of nanoparticles produced
by G-20 exlibiting a tail toward longer wavelength, which
may have been caused by minor impurities in the XRD pat-
tern (data not shown). By comparison, FIG. 5D shows the
photoluminescence spectrum for standard CdS powder hav-
ing a particle size 1n the micron range. As shown, the standard
CdS powder exhibits an extremely broad and poorly defined
photoluminescence spectrum as compared to the CdS nano-
particles produced according to the present invention.
[0138] For further comparison, CdS quantum dots prepared
inorganically by current state of the art methods (see, for
example, Darugar et al., “Observation of optical gain 1n solu-
tions of CdS quantum dots at room temperature in the blue
region”’, Appl. Phys. Lett. 88: 261108 (2006) exhibited pho-
toluminescence peaks (as shown in FIG. 6) that were not
nearly as sharp as those of the present invention (e.g.,
FWHM=28 nm). Accordingly, a roughly three-fold improve-
ment has been provided by using the bactenally-mediated
process of the invention.

[0139] It will be appreciated that process variables such as
choice of electron donor and incubation time may be con-
trolled to adjust the average crystallite size. Adjusting the
crystallite size (and particularly the size distribution 1n a
particular batch) will generally influence the observed pho-
toluminescent behavior, and particularly, the sharpness of the
PL peak. In particular, without being bound by any theory, 1t
1s believed that the sharpness of the PL peak of the nanopar-
ticle compositions of the present invention can be attributed to
either the increased size uniformity (1.e., monodispersity) or
the increased uniformity in composition or crystalline mor-
phology of the nanoparticles as compared to nanoparticle
compositions of the art.

Example 11

Tunable Stoichiometry of Non-Oxide Semiconductor
Nanoparticles

[0140] The conditions used 1n the bacternial-mediated pro-
cess of the mvention can advantageously be adjusted in order
to adjust, tune, or optimize the compositional or physical
characteristics of the produced nanoparticles. For example,
X-ray diffraction results confirmed that compositions of vari-
ous stoichiometries within the formulas Cu, In Ga,_Se,,,
(CIGS) and Cu,In Ga,_S, ., (CIGSu) can be produced by
using the bacterially-mediated process of the mvention. In
particular, when x=1 and a=0, the stoichiometry of single
phase CIGSu was reproducibly tuned based on the mole
fraction of the metal-compounds, 1.e., as y 1s changed from O
to 1, the endpoints of which correspond to the end-members
CuGaS, and CulnS,, respectively. For example, theoretically,
metal precursors of nominal composition Culn, ;Ga, -S,,
Culn, ,Ga, S,, Culn, Ga, <S,, and Culn, (Ga, .S, have
0.7, 0.6, 0.5, and 0.4 Ga/(Ga+In) molar ratios, respectively.
The observed Ga/(Ga+In) ratios, as obtained using ICP-MS,
revealed 0.45, 0.39, 0.31, and 0.24, respectively, showing
good correlation coefficient (R*=0.995). A discrepancy can
arise from various factors, for example, the different hydroly-
s1s constant of each metal 1n the aqueous system, supplied
anion species (1.€., sulfur or selenium), and reducing kinetics
of non-metal components.
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[0141] As shown 1n FIG. 8A, Thermoanaerobacter strain
TOR-39 culture produced Culn, .Ga, 3S,, Culn, ;Ga, -5,
Culn, ,Ga, S,, Culn, Ga, S,, and Culn, Ga, .S, (FIG.
8A), as X, y, and a were varied. As shown 1n FIG. 8B, tun-
ability 1n stoichiometry was also demonstrated by use of
Desulfovibrio strain G-20, by which the same or similar com-
positions of various stoichiometries were produced.

Example 12
Absorption Spectra of CIGS and CIGSu

[0142] Significantly, absorption and/or emission character-
istics of CIGS and CIGSu nanoparticles produced by the
methodology described herein can be adjusted by corre-
sponding adjustment 1n the percent atomic composition of
clements, such as Ga, In, S, Se, and Cu. By such adjustment,
the bandgap of CIGS and CIGSu nanoparticles can be tuned
from 1.0 eV to 2.4 eV, the key bandgap range for photovol-
taics (see, for example, Banger et al., “Single source precur-
sor for thin film solar cells”, NASA/TM-2002-211496). As
shown by FIG. 9, the bandgaps of Culn,, ,Ga, ,Se, and Culn,
sGa, S, produced in accordance with the methodology
described herein were 1.82 eV and 2.1 €V, respectively.

Example 13

Preparation of Nanoparticles of Composition of
Cu,ZnSnS, (Kesterite)

[0143] A series of experiments were performed to synthe-
s1ze particles having the nominal composition Cu,ZnSnS,,.
Cultures of Thermoanaerobacter sp. strain TOR-39 were cul-
tured 1n “FeS medium”, which 1s based on the standard TOR -
39 culture medium as taught, for example, in U.S. Pat. No.
6,444,453, modified by omitting NaHCO, bufter, and includ-
ing approximately 15 mM MOPS (1.e., 3-(N-morpholino)
propanesulfonic acid sodium salt or 4-morpholinepropane-
sulfonic acid sodium salt). MOPS at a 1.5 M stock solution
was titrated to pH~8.0 with 10 N NaOH and added to the
culture medium at a final concentration of ~15 mM to prevent
carbonate formation, at 65° C. for three weeks. The electron
donor was 10 mM glucose. Thiosulfate concentration was 10
mM. The metal stock solution consisted of cupric chlonde,
zinc chloride, and stannous chloride 1n molar ratios of 2:1:1,
so that a 0.2 M stock solution has 0.2, 0.1, and 0.1 M Cu, Zn,
and Sn, respectively. Metals were typically added at the rate
of 0.2 mM (copper basis) per day 1n order to avoid toxicity to
the bacteria. The incubated culture containing electron donor,
TOR-39, and thiosulfate as a nonmetal component was dosed
by the stock solution contaiming the metal component.

[0144] As shown by FIG. 10, X-ray diffraction results con-
firmed that well-defined difiraction lines were observed in the
batches containing TOR-39, corresponding to the (112),
(220), and (312) retlections of nominal Cu,ZnSnS,. It was
turther discovered that use of an impact dosing (which doses
the total concentration at one time compared to pulsed dos-
ing) also produced a kesterite phase. The foregoing observa-
tion indicates that there was little toxicity from Cu, Zn, and
Sn, thus allowing microbial activity. This 1s 1n contrast to the

greater toxicity found using Cu, In, and Ga during the forma-
tion of CIGs.

[0145] Based on the foregoing results, the skilled artisan
will appreciate that substitutions of other metals, or adjust-
ment of Cu, Zn, and Sn ratios, may be employed by routine
experimentation to produce other related compositions usetul




US 2010/0330367 Al
15

in photovoltaics. In particular, substitution of S for Se or Te,
or combining S with Se and/or Te can produce other related
and useful nanoparticles for photovoltaics.

Example 14

Non-Oxide Semiconductor Nanoparticles Produced
by Various Microbes

[0146] FIG. 11 shows the X-ray difiraction (XRD) spectra
of several CIGS and CIGSu nanoparticles produced 1n accor-
dance with the methodology of the instant invention. The
XRD spectra show that the methodology described herein 1s
capable of producing non-oxide semiconductor nanomateri-
als using various microbes. For example, the top XRD pattern

1s for Culn, ,Ga, sSe, as produced by Thermoanaerobacter
(TOR-39), while the second from the top XRD pattern 1s for

Culn, ;Ga, -Se, as produced by 1. ethanolicus (M1). The
middle two XRD patterns show Culn, ,Ga, ,Se, produced by
thermophilic enrichments (OB), as well as Culn, ,Ga, -Se,
produced by a separate thermophilic enrichment culture des-
ignated WC. The bottom two XRD patterns are for Culn,
s(a, 45,, as produced by Desulfovibrio desulfuricans
(G-20), and Culn, ;Ga, ,S,, as produced by Shewanella
algae (BrY). All of these nanoparticles show the characteris-
tic XRD peaks expected for the indicated compositions,
although the peaks 1n some of the XRD spectra are more
pronounced or sharper than in others in that a higher ratio of
peak height over full-width half maximum 1s evidenced.
Higher ratios of peak height over full-width half maximum
are generally indicative of a higher degree of crystallinity.
Furthermore, higher degrees of crystal structure order were
found to generally correlate with higher purity and more
uniform composition.

[0147] The thermophilic enrichment culture OB was
obtained from sediments around the edges of Obsidian Pool
in Yellowstone National Park (YNP). Temperatures at the
discrete sample locations ranged from 58-75° C. Enrichment
culture WC was dertved from discrete samples of multiple hot
springs along the flow path of White Creek of YNP. Tempera-
tures of the discrete sample locations were greater than 55° C.
[0148] As indicated by FIG. 11, 1t has surprisingly been
found that nanoparticles produced by thermophiles (i.e.,
Thermoanaerobacter, FIGS. 11A to D) tend to exhibit a
higher degree of crystallinity compared to nanoparticles pro-
duced by mesophilic (1.e., Desulfovibrio, F1G. 11E) and psy-
chrotolerant (1.e., Shewanella, F1G. 11F) bacteria. The fore-
going observations imply that, at least under some conditions,
higher temperatures may {facilitate crystal growth and/or
enhance the crystallinity characteristics of the nanoparticles.
[0149] Whuile there have been shown and described what
are at present considered the preferred embodiments of the
invention, those skilled 1n the art may make various changes
and modifications which remain within the scope of the
invention defined by the appended claims.

What 1s claimed 1s:

1. A method for producing non-oxide semiconductor nano-

particles, the method comprising:

(a) subjecting a combination of reaction components to
conditions conducive to microbially-mediated forma-
tion of non-oxide semiconductor nanoparticles, wherein
said combination of reaction components comprises 1)
anaerobic microbes, 1) a culture medium suitable for
sustaining said anaerobic microbes, 111) a chalcophile
metal component comprising at least one type of metal
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101, 1v) a non-metal component comprising at least one
non-metal selected from the group consisting of S, Se,
Te, and As, and v) one or more electron donors that
provide donatable electrons to said anaerobic microbes
during consumption of the electron donor by said
anaerobic microbes; and

(b) 1solating said non-oxide semiconductor nanoparticles

comprised of at least one of said metal 10ns and at least
one of said non-metals.

2. The method of claim 1, wherein said metal component
comprises one or more metals selected from V, Cr, Mn, Fe,
Co, N1, Cu, Zn, Mo, W, Pd, Pt, Au, Ag, Cd, Hg, Ga, In, T1, Ge,
Sn, Pb, Sb, and Biu.

3. The method of claim 1, wherein said metal component
comprises one or more metals selected from Cd, Cu, Fe, Ga,
In, Sn, and Zn.

4. The method of claim 1, wherein said non-metal compo-
nent 1s a reducible sulfur-containing, selenium-containing,
tellurium-containing, or arsenic-containing component.

5. The method of claim 4, wherein said reducible sulfur-
containing component comprises sulfate, sulfite, elemental
sulfur, or thiosulfate.

6. The method of claim 4, wherein said reducible selentum-
containing component comprises selenate, selenite, elemen-
tal selenium, or selenosulfate.

7. The method of claim 4, wherein said reducible tellurium-
containing component comprises tellurate, tellurite, or
clemental tellurum.

8. The method of claim 4, wherein said reducible arsenic-
containing compound 1s an arsenate or arsenite compound.

9. The method of claim 4, wherein said non-metal compo-
nent comprises a sulifur-containing, selemmum-containing, or
tellurium-containing amino acid or nucleic base.

10. The method of claim 1 wherein said one or more elec-
tron donors include one or more carboxylate-containing com-
pounds that can be oxidatively consumed by the microbes.

11. The method of claim 1 wherein said one or more elec-
tron donors 1include one or more sugar compounds that can be
oxidatively consumed by the microbes.

12. The method of claim 1 wherein said one or more elec-
tron donors 1nclude one or more oxidizable gaseous com-
pounds or elements that can be oxidatively consumed by the
microbes.

13. The method of claim 1 wherein the non-oxide semi-
conductor nanoparticles possess a size within arange of about
1 nm to about 500 nm.

14. The method of claim 1 wherein the non-oxide semi-
conductor nanoparticles possess a size within arange of about
1 nm to about 200 nm.

15. The method of claim 1 wherein the non-oxide semi-
conductor nanoparticles possess a size within arange of about
1 nm to about 100 nm.

16. The method of claim 1 wherein the non-oxide semi-
conductor nanoparticles possess a size within a range of about
1 nm to about 20 nm.

17. The method of claim 1 wherein the non-oxide semi-
conductor nanoparticles possess a size within a range of about
1 nm to about 10 nm.

18. The method of claim 1, wherein said anaerobic
microbes are thermophilic, and said method 1s conducted at a
temperature of at least 40° C.

19. The method of claim 1, wherein said anaerobic
microbes are mesophilic or psychrotolerant, and said method
1s conducted at a temperature of less than 40° C.
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20. The method of claim 1, wherein said anaerobic
microbes are sulfate-reducing microbes.

21. The method of claim 1, wherein said anaerobic
microbes are metal-reducing microbes.

22. The method of claim 1, wherein the method 1s con-
ducted under substantially anaerobic conditions.

23. A nanoparticulate semiconductor composition com-
prising crystalline nanoparticles having an average size rang-
ing from about 1 to about 500 nm, said crystalline nanopar-
ticles comprising one or more metals and one or more non-
metals selected from S, Se, Te, and As, wherein said
crystalline nanoparticles exhibit a photoluminescence peak
characterized by a full-width half maximum value of less than
20 nm.

24. The composition of claim 23 further characterized by
having at least one photoluminescent peak 1n the range o1 300
to 500 nm.

25. The composition of claim 23 further characterized by
having at least one photoluminescent peak above 500 nm.

26. The composition of claim 23, wherein said one or more
metals are selected from Cd, Cu, Fe, Ga, In, Sn, and Zn.

27. The method of claim 1, wherein said non-metal com-
ponent 1s comprised of one or more 1norganic substances
selected from sulfur-containing, selenium-containing, tellu-
rium-containing, and arsenic-containing substances.

28. The method of claim 1, wherein said non-metal com-
ponent 1s comprised of one or more organic compounds
selected from organsuliur, organoselenium, organotellurium,
and organoarsine compounds.

29. The method of claim 1, wherein said non-oxide semi-
conductor nanoparticles exhibit a photoluminescence peak
characterized by a full-width half maximum value of less than
20 nm.

30. A method for producing nanoparticles having a com-
position according to the formula:

CU(IHJ:GHI—I)XE (1)

wherein X 1s an integral or non-integral numerical value of

or greater than O and less than or equal to 1, and X

represents at least one non-metal selected from S, Se,

and Te:
the method comprising:

(a) subjecting a combination of reaction components to
conditions conducive to microbially-mediated forma-
tion of said nanoparticles, wherein said combination
of reaction components comprises 1) anaerobic
microbes, 11) a culture medium suitable for sustaining
said anaerobic microbes, 111) a metal component com-
prising Cu 1ons and at least one type of metal 10n
selected from In and Ga, 1v) a non-metal component
comprising at least one non-metal selected from S, Se,
and Te, and v) one or more electron donors that pro-
vide donatable electrons to said anaerobic microbes
during consumption of the electron donor by said
anaerobic microbes; and

(b) 1solating said nanoparticles.

31. The method of claim 30, wherein said non-metal com-
ponent 1s comprised of one or more inorganic substances
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selected from sulfur-containing, selenium-containing, and
tellurium-containing inorganic substances.

32. The method of claim 30, wherein said non-metal com-
ponent 1s comprised of at least one organic compound
selected from organsulfur, organoselenium, and organotellu-
rium compounds.

33. The method of claim 32, wherein said at least one
organic compound 1s selected from sulfur-containing, sele-
nium-contaiming, and tellurium-containing amino acids and
nucleic bases.

34. The method of claim 30, wherein said nanoparticles
exhibit at least one photoluminescent peak between 400 nm
and 1500 nm.

35. A method for producing nanoparticles having a kester-
ite-type composition according to the formula:

M,SnX, (2)

wherein M represents at least one chalcophile metal other
than Sn, and X represents at least one non-metal selected
from S, Se, and Te;

the method comprising;

(a) subjecting a combination of reaction components to
conditions conducive to microbially-mediated forma-
tion of said nanoparticles, wherein said combination
of reaction components comprises 1) anaerobic
microbes, 11) a culture medium suitable for sustaining
said anaerobic microbes, 111) a chalcophile metal com-
ponent comprising at least one chalcophile metal
other than Sn, 1v) a non-metal component comprising
at least one non-metal selected from S, Se, and Te, and
v) one or more electron donors that provide donatable
clectrons to said anaerobic microbes during con-
sumption of the electron donor by said anaerobic
microbes; and

(b) 1solating said nanoparticles.

36. The method of claim 35, wherein said chalcophile

metal component comprises one or more metals selected
from Cu, Fe, Zn, and Cd.

37. The method of claim 35, wherein said non-metal com-
ponent 1s comprised of one or more 1norganic substances
selected from sulfur-containing, selentum-containing, and
tellurium-containing iorganic substances.

38. The method of claim 35, wherein said non-metal com-
ponent 1s comprised of at least one organic compound
selected from organsulfur, organoselenium, and organotellu-
rium compounds.

39. The method of claim 38, wherein said at least one
organic compound 1s selected from sulfur-containing, sele-
nium-containing, and tellurium-containing amino acids and
nucleic bases.

40. The method of claim 35, wherein said nanoparticles
exhibit at least one photoluminescent peak between 400 nm

and 1500 nm.

41. The method of claim 1, wherein steps (a) and (b) are
performed as a single step process.
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