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Introduction

Semiconductor and metal nanocrystals (NCs) have been focused

A new insight into the thermodynamical criterion
for the preparation of semiconductor and metal
nanocrystals using a polymerized complexing
method+

Pingyun Li,*® Qingging Wang,® Guodong Deng,® Xiaode Guo,” Wei Jiang,’
Hongying Liu,® Fengsheng Li* and Nguyen Thi Kim Thanh (2 *°¢

This work reports the intrinsic thermodynamical criterion for the preparation of metal and semiconductor
nanocrystals using a polymerized complexing method. The basic principle of this method is the formation
of a polymerized complexing structure between mono-, binary-, or ternary-metallic ions and bonding
agents in aqueous or ethylene glycol solutions by evaporation of the solvents. Heat treatment of the
complexing structure under N, atmosphere produces H, and CH4 gases, which can reduce the oxide
crystalline nuclei to semiconductor and metallic nanocrystals. Experimental results show that Te, CdTe,
AgoTe, CuTe, NiTeys, CoTeys, BixTes, SbyTes, Bi-Sb, In;Tes, NixoSnTe,, CuGaTe,, and CulnS, semi-
conductors and Bi, Sb, Ag, Cu, and Ni metallic nanocrystals can be prepared by this method. Transmission
electron microscopy observations show that the obtained Bi, Ag,Te, BiTes, Sb,Tes, CdTe, and NiTe;s
nanocrystals have grain sizes in the nanometer range. The types of metallic and semiconductor phase that
can be obtained by this method are explained by the thermodynamical criterion based on calculations of
the Gibbs free energy and electrode potential. It is proposed that the crystalline phase of the final product
is controlled by the change of the Gibbs free energies of the reactions of the metal oxide with reducing
gases and the metal oxide redox electrode potentials, not the metal redox standard electrode potentials
and electronegativities of the elements. Furthermore, a prediction is presented for the preparation of other
kinds of binary and ternary compound based on the thermodynamical criterion. Our results provide new
insight into facile and green preparation of semiconductor and metal nanocrystals.

NCs is the hot-injection process where Cd(CHjs), and trioctyl-
phosphine selenide (TOPSe) or trioctylphosphine telluride
(TOPTe) are treated in organic solutions,”® which are detri-

on by researchers because of their excellent physical and chemical
properties and potential applications in biomedical,' optical,"*
thermoelectric,® and catalytic®® fields. For instance, metallic
Ni-Pt* and Cu-Pt> NCs can be used as electrocatalysts due to
their high catalytic activity. CdSe® and CdTe*’ semiconductor
NCs are applied in the optical field because they have superior
optical responses. Bi,Te; and Sb,Te; NCs® can be applied in
thermoelectric and topological insulator fields. One conventional
method for the preparation of CdSe and CdTe semiconductor
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mental to the environment.'* Metallic NCs are often prepared by
a reducing process in aqueous solution using typical reducing
agents such as borohydride'> or hydrazine,"* which are also
hazardous."* Citric acid (CA) can also be applied as a weak
reducing agent to reduce noble metal ions of Pd**, Ag", and
Pt In general, the standard electrode potential of a
reducing agent should be lower than that of metallic ions (metal
redox potential) so that the metallic ions can be reduced in
solution directly,'® and it seems that metallic NCs can not be
prepared when the standard electrode potential of the reducing
agent is higher than the metal redox potential.

Recently, we reported a polymerized complexing method for
the preparation of metallic NCs using inorganic metallic salts,
starch, and de-ionized water as the initial chemicals.'® The
metallic ions and starch formed a polymerized complexing
structure after evaporation of the solvent.'® Then the dried poly-
merized complexing structure was calcined under N, atmosphere,
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and monometallic Ni, Cu, Ag, Pd, and Pt or bimetallic Cu-Pt
and Ni-Pt NCs could be obtained. This method avoids high
boiling point organic solvents and toxic chemical agents. How-
ever, the underlying mechanism for the formation of metallic
NCs prepared by this method is not well understood, therefore
it is necessary to explore an intrinsic rule for the explanation of
the formation mechanism and present a prediction for the
preparation of other metallic NCs. In this article, we report a
general criterion for the preparation of semiconductor and
metallic NCs using this method from a thermodynamical point
of view for the first time. Based on calculation of the change of
Gibbs free energy (A¢GZ ) and electromotive force of a chemical
reaction, the criterion can explain and predict the types
of metallic, binary metallic, and semiconductor NC that can
be obtained by this method. Moreover, the thermodynamical
criterion is verified by experimental results where typical CdTe,
Te, Bi-Sb, NiTe;s, CuTe, Ag,Te, Bi,Tez, Sb,Te;, In,Tes,
Ni, ¢SnTe,, CuGaTe,, and CulnS, semiconductor NCs as well
as Ni, Cu, Ag, Bi, and Sb metallic NCs can be obtained by this
environmentally benign polymerized complexing method.
Based on this criterion, it is suggested that metallic and
semiconductor NCs can also be obtained during heat treatment
when the standard electrode potential of the reducing agent is
higher than the metal redox potential, which is contrary to
conventional reducing processes where the standard electrode
potential of the reducing agent should be lower than the metal
redox potential. Instead, the reducing agent serves as a bonding
agent in solution because the reducing ability is prohibited,
and the metal oxide redox potential rather than the metal redox
potential is responsible for the formation of the semiconductor
and metallic NCs.

Experimental

Ni(NO;),-6H,0 (98.5%), Cu(CH;COO),-H,0 (98%), Bi(NO3);-5H,0
(99%), Sb(CH;CO0); (99%), Cd(CH;CO0),-3H,0 (99%), HeTeOy
(98%), AgNO; (99%), Co(NO;),-6H,0 (98.5%), SnCl,-5H,0 (99%),
In(NO3); (99%), Ga(NO3);-H,O (99%), thiocarbamide (98.5%),
starch, gelatin, CA (98.5%), glucose (99%), sucrose (99%), lactose
(99%), arabinose (99%), trehalose (99%), inulin (99%), raffinose
(99%), ascorbic acid (99%), ethylenediaminetetraaceticacid
(EDTA, 99%), acrylamide (99%), de-ionized water (DW), ethylene
glycol (EG), polyvinylpyrrolidone (PVP, K-30), Tween 20, and nitric
acid (HNOj;, 65%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Coca-Cola and Sprite were purchased from a
grocery store. All the chemicals were used without any purifica-
tion. In a typical experimental process, 5 g gelatin was dissolved in
100 mL DW at 363 K, then 0.7030 g HsTeOg and 1.11 g PVP were
added into the clear solution for preparation of Te NCs. Then
the solution was heated at 363-383 K to evaporate the solvent
and induce the formation of a polymerized complexing struc-
ture. After the solvent was evaporated completely, heat treat-
ment was conducted on the dried polymerized complexing
precursor under a N, protecting atmosphere at different tem-
peratures in a tube furnace. The calcined product was collected

This journal is © the Owner Societies 2017

View Article Online

PCCP

and stored in a drying vessel in air without a glove box after
room temperature was reached during the cooling procedure.
For comparison, gelatin was also replaced by starch to prepare
Te NCs. However, 1 g starch and 200 mL DW solution were used
because of the low solubility of starch in DW, and the masses of
HeTeOg and PVP were 0.7030 and 1.11 g, respectively. The other
procedures were similar to that of the preparation of Te NCs
using gelatin. For the preparation of Ag NCs, an appropriate
amount of AgNO; was used to replace H¢TeOs, and Tween 20
was applied to substitute PVP. For the preparation of Cu NCs,
HeTeOg was replaced by Cu(CH3;COO),-H,O. For the preparation
of Ni NCs, 25 g Ni(NO3),-6H,0, 50 g gelatin, and 5.55 g PVP were
dissolved in 100 mL DW. For the preparation of Bi NCs, Bi(NO3);:
5H,0 and nitric acid were dissolved in DW, and glucose and PVP
were used as the bonding agent and surfactant, respectively.
In addition, Bi(NO3);-5H,0, CA, and PVP were also dissolved in
EG to prepare Bi NCs. For the preparation of bimetallic and
semiconductor NCs, H¢TeOs was replaced by an appropriate
amount of different metallic sources, and DW was substituted
by EG for the preparation of Bi,Te; and Sb,Te; NCs. Detailed
experimental conditions for the preparation of different NCs are
shown in Table S1 (ESIt).

X-ray diffraction (XRD, Bruker: D8 Advance) measurements were
conducted to analyse the crystalline phases of the as-obtained
products with Cu K, radiation (4 = 0.15406 nm). Transmission
electron microscopy (TEM, JEM-2100, 200 kV) observations were
performed to investigate the microstructures of the calcined
products. Before TEM observation, the samples were dispersed
in ethanol and dropped onto copper grids. The elemental compo-
sitions of the calcined products were determined using an energy
dispersive spectrometer (EDX, Oxford-2500) attached to a scanning
electron microscope (SEM, S-3400). An X-ray fluorescence (XRF,
Thermo Fisher ARL Perform) test was also carried out to
determine the elemental composition of the BiSb product.

Results and discussion

Since much attention has been paid to semiconductor NCs
because of their potential applications in various fields, we
extended the polymerized complexing method from the pre-
paration of metallic NCs to fabricate semiconductor NCs for the
first time. Here CdTe, Te, Ag,Te, CuTe, NiTe, 5, CoTe, 5, Bi,Tes,
and Sb,Te; were selected as typical semiconductors, and NCs
of these semiconductors can be successfully obtained by
this facile polymerized complexing method. As an example,
Fig. 1a-c display the XRD patterns of CdTe NCs formed using
Cd(CH3CO00),-3H,0, H¢TeOg, CA, PVP, and DW (a); HeTeOg,
gelatin, Tween 20, and EG (b); and H¢TeOg, gelatin, PVP,
and DW (c). In Fig. 1a and b, seven diffraction peaks can be
observed, and these diffraction peaks are in agreement with
those of face-centered cubic (fcc) CdTe,'* and the Miller indices
of these peaks are ascribed to (111), (220), (311), (400), (331),
(422), and (511), respectively. In Fig. 1c, the main crystalline
phase is fcc CdTe, and a secondary phase of Te also appears.
The corresponding TEM images of the CdTe NCs in Fig. 1a are
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Fig. 1 XRD patterns of the CdTe products calcined at different tempera-
tures employing CA, PVP, and DW (a), gelatin, Tween 20, and EG (b), and
gelatin, PVP, and DW (c).

presented in Fig. 2 in which nanograins with sizes of 5-20 nm
can be observed when DW is used as the solvent during the
synthesis procedure of the CdTe NCs. The selected area elec-
tron diffraction (SAED) pattern of the CdTe NCs is shown in
Fig. 2h where diffraction rings can be observed. According to
the radius (Ry, R,, and R;) of the three main diffraction rings
from the inner to the outer part, the ratio of the square of the
radius (R?) of R,®:R,*: R;* is 3:8:11, showing the fcc crystal-
line phase of the CdTe NCs, and then the Miller indices of the
three diffraction rings are ascribed to (111), (220), and (311), in
agreement with the XRD analysis result shown in Fig. 1a. TEM
images of CdTe NCs calcined at 723 K using HgTeOg, gelatin,
Tween 20, and EG are shown in Fig. Sla-c (ESIt) where grain
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Fig. 2 TEM analysis results of the CdTe NCs calcined at 623 (a and b), 723
(c—e), and 823 (f-g) K using CA as the bonding agent, PVP as the
surfactant, and DW as the solvent. SAED pattern of the CdTe NCs calcined
at 823 K (h).

sizes in the rage of 5-20 nm can also be observed, and the
diffraction rings of the (111), (220), and (311) reflection planes
of fcc CdTe NCs can also be observed from the SAED profile
(Fig. S1d, ESI¥).

Fig. 3 shows the XRD profiles of Te NCs where the diffraction
peaks are in accordance with those of the hexagonal close-
packed (hcp) Te crystalline phase (JCPDF: 36-1542).* Fig. 4
displays the TEM images and SAED analysis result of the Te
NCs prepared using CA as the bonding agent. Interestingly, the
Te NCs show a typical nanorod shape, and the high-resolution
transmission electron microscopy (HRTEM) image (Fig. 4d)
clearly displays the lattice fringes of the nanorods. Furthermore,
Sb (Fig. S2, ESIt), Bi (Fig. S3 and S4, ESIf), Bi-Sb (Fig. S5, ESI+),
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Fig. 3 XRD profiles of the Te products calcined at different temperatures
using HeTeOg, PVP, DW, and CA (a), gelatin (b), and starch (c), respectively.
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Fig. 4 TEM images and SAED analysis result of the Te NCs calcined at
623 K using CA as the bonding agent, PVP as the surfactant, and DW as the
solvent.

Ag,Te, CuTe, NiTe, 5, CoTe, 5, Bi,Te;, and Sb,Te; (Fig. S6-S11,
ESIT) NCs can also be prepared by this polymerized complexing
method. The crystalline phases of the as-prepared Ag,Te, NiTe, s,
Bi,Te;3, and Sb,Te; NCs are monoclinic (JCPDF: 65-1104), hexagonal
(JCPDF: 65-3377), rhombohedral (JCPDF: 15-0863),>° and rhombo-
hedral (JCPDF: 15-0874),>" respectively. The diffraction peaks in
Fig. S6b (ESIY) for the CuTe NCs prepared by this method are in
accordance with those of Cuy s5;Teg 43 (JCPDF: 37-1028).

For Ag,Te NCs, gelatin can be used as the bonding agent.
However, CA is not effective in the preparation of Ag,Te NCs.
The reason why is that CA can reduce Ag" ions directly into Ag
precipitate in aqueous solution, and then the Ag,Te crystalline
phase can not be obtained. Therefore, the first requirement of a
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bonding agent is a low reducing ability in solution. Interestingly,
for the CuTe system, CA is effective in the formation of CuTe NCs
and gelatin is not effective, and precipitation can be observed in
aqueous solution when gelatin is used. This result originates
from the fact that the value of Ccy2+)Cire2-) is higher than the
solubility product constant (K;,) of CuTe when gelatin is applied,
where C denotes the concentration of free ions. In aqueous
solution, the metallic ions are bonded with the bonding
agent, resulting in low concentrations of the free metallic ions.
However, due to the different bonding ability of CA and gelatin,
the concentrations of free ions are different. As a result, the
formation of CuTe NCs using CA and gelatin is quite different.
This implies that the second requirement of a bonding agent is a
strong bonding ability with metallic ions in solution. The total
effect of the bonding agent is to form chemical bonds with
metallic ions to reduce the concentrations of free metallic ions
and to prevent the occurrence of precipitation.

In addition, metallic Ag (Fig. S12, ESIt), Cu (Fig. S13a, ESI{),
and Ni (Fig. S13b and S14, ESI{) NCs can also be obtained by
employing gelatin as the bonding agent, and 4.8 g Ni NCs can
be obtained from one single batch experiment (Fig. S14, ESIT).
Cobalt NCs with a fcc crystalline phase can also be obtained
when the heating temperatures are higher than 873 K, and
oxide peaks can be observed when the heating temperatures are
lower than 873 K (Fig. S15, ESIf). For the preparation of Cd
metallic powders, the only successful result is obtained when
using glucose as the bonding agent (Fig. S16, ESIt). When the
heating temperatures are 623 and 723 K, the preparation of Sn
NCs is not successful by employing glucose as the bonding
agent, and only the SnO, crystalline phase can be observed
(Fig. S17, ESIt). However, both Sn and SnO, phases can be
detected by XRD when the heating temperature is 823 K
(Fig. S17, ESIt). This means that SnO, NCs first appear during
heat treatment under the protecting N, atmosphere, and then
SnO, NCs transform to Sn NCs. However, this transformation is
not completed at 823 K. When the heating temperature is 1173 K,
only the diffraction peaks of Sn with a tetragonal crystalline phase
can be observed (Fig. S17, ESL,¥ JCPDF: 04-0673), indicating that
SnO, transforms completely to Sn at this temperature.

These results show that typical semiconductor NCs of CdTe,
Bi-Sb, NiTe, 5, CuTe, Ag,Te, Bi,Te3, and Sb,Te; as well as elemental
Te semiconductor NCs can be prepared by this polymerized
complexing method besides typical metallic Bi, Sb, Ag, Cu, Ni,
and Co NCs. In order to explain the reason why these semi-
conductor and metallic crystalline phases can be obtained by
this environmentally friendly method, the intrinsic principle of
this method is explored. In general, the formation of a metallic
crystalline phase is a reducing process, and then factors that
can affect the redox reaction should be considered. Firstly,
electronegativity is a widely accepted parameter which reflects
the ability of an atom to attract electrons,” and a conventional
scale of electronegativity has been proposed by Pauling based
on the calculation of bond energies.'® This parameter can be
applied to explain the experimental results of the nanocrystal-
line inter-metallics and alloys formed by two metallic elements
in an octadecylamine solution-based synthesis system where
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the electronegativity should be higher than a critical value.***
It is then assumed that there may be a critical value of electro-
negativity in our experimental results. However, this critical
value does not apply to our experiments. The electronegativities
of Cd, Co, Cu, Ni, Ag, Bi, Sb, Te, Pd, Pt, and Sn are 1.69, 1.88,
1.90, 1.91, 1.93, 2.02, 2.05, 2.10, 2.20, 2.28, and 1.96 (Table S2,
ESIY), respectively. The electronegativity of Cd (1.69) is lower
than that of Sn (1.96). However, a Cd crystalline phase can
be obtained while Sn NCs can not be prepared in the range of
623-823 K. Using another scale of electronegativity such as the
table of Allred-Rochow (Table S3, ESIt), the corresponding
value of Cd (1.46) is also lower than that of Sn (1.72), and the
electronegativity of Ni (1.75) is very close to that of Sn. There-
fore, the electronegativity rule can not be applied in this
polymerized complexing method.

The second parameter is based on quantitative calculation of
the change of Gibbs free energy (A:GZ) of a chemical reaction.
The third parameter is the calculation of the electromotive force
(E°) of a reaction. These two parameters are intrinsically the
same according to the Nernst equation:

AGE = —ZFE° (1)
and
E° = E* (right half cell) — E~ (left half cell) (2)

where Z is the number of electrons in the reaction, F is the
Faraday constant (F = 96485 C mol™'),"” and E" and E~ are the
electrode potentials of the two half reactions.” If A;GZ < 0
and E° > 0, then the reaction can occur spontaneously. If
A:GZ > 0and E° < 0, then the inverse reaction can take place
spontaneously. The metal redox standard electrode potentials
(M™ +ne~ — M) at room temperature may be the second factor
controlling the formation of the metallic crystalline phase
in this method. Based on the list of metal redox standard
electrode potentials at room temperature (Table S4, ESIT), the
metal redox standard electrode potentials of Cd**, Co**, Ni**,
sn**, sbo*, Bi**, Cu**, Ag", Pd*", and Pt'* ions are —0.403,
—0.282, —0.257, 0.008, 0.204, 0.317, 0.340, 0.7991, 0.951, and
1.118 V, respectively. The standard electrode potential of Cd**
is the lowest and that of Sn*" is in the middle part of these
values. Therefore, the electrode potential of the half reaction of
M"™ + ne” — M can also not be the main controlling factor for
the preparation of metallic NCs in this method.

It is noted that heat treatment is carried out in the experiments,
and so high temperature parameters should be considered.
Since the high temperature values of electrode potentials are
not available, we resort to the calculation of A:GEZ as a function
of temperature, and the corresponding calculation results
match well with the experimental data. It is worth noting that
reducing gases such as H, and CH, are released during the
heat treatment procedure as confirmed by mass spectroscopy.*®
The formation mechanism is inferred that oxide crystalline
nuclei are formed during the calcination procedure under a N,
protecting atmosphere, then the oxide nuclei are reduced to
metallic or semiconductor NCs by reducing gases, which was
confirmed by the XRD analysis results of Co and Sn, where
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oxide phases occur at certain temperatures and then metallic
phases appear at higher temperatures. The reaction path for
the formation of element NCs can therefore be depicted as:

MO, + xH, - M + xH,0(g) (3)

where M represents a metallic element. By calculating the
standard enthalpy change (A¢H2) and standard entropy change
(AsS2), the relation between A;GZ and the temperature (K) of
reaction (3) is expressed as:

AfGr% = AfHI% — T x AfSI% (4)

where

AHES = vpAcHE  and ASZ =Y upSZ.  (5)

i i
In eqn (5), vp is the reaction coefficient (positive for reaction
products on the right side of reaction (3) and negative for initial
reaction substances on the left side of reaction (3)) and 2
is standard entropy. A;G2 can then be calculated from data
in the thermodynamical handbook.?® For instance, A¢H% and
A:SZ of the reaction of

TeO, + 2H, — Te + 2H,0(g) (6)
are expressed as:
A¢HE (reaction) = AHZ (Te) + 2AHZ (H,0(g)) — AHZ (TeO,)
— 2AHZ (H,)
and
AeSE (reaction) = 82 (Te) + 252 (H,0(g)) — 2 (TeO,)
— 252 (H,)

as an approximation, AsHZ and A:S2 are considered to be
constant. A;GZ < 0 is also the criterion for the spontaneous
occurrence of reaction (6). Thermodynamical data®® of A¢HS
and £ of pure substances are shown in Table S5 (ESIY),
and A;HZ and A:S2 of reaction (6) are calculated to be
—186.839 k] mol~* and 74.557 ] mol * K™%, and A¢GZ at room
temperature (298.15 K) is determined to be —209.07 kJ mol .
The same calculations can be performed on other reactions and
the corresponding results are displayed in Fig. 5 where metallic
elements can be divided into three types.

The type 1 elements are determined by A:HZ < 0 and
AsSZ > 0, and then A;GZ < 0 occurs at any temperature. As a
result, a metallic phase can be obtained during the calcination
procedure when the polymerized structure decomposes at a
certain temperature. This first type of metallic element includes
Ni, Cu, Sb, Pd, Bi, Te, As, Hg, Ru, Ir, Se, Rh, Os, and Au, as shown
in Fig. 5a and b. In the case of Co, AHEZ < 0and AsS2 > 0 if
the cobalt oxide is C050,. But A;HZ > 0 and AsSZ > 0 if the
cobalt oxide is CoO, and then high temperature is required to
make A;GZ < 0. Combined this calculation result with the
experimental result of Fig. S15 (ESIt), where the heating tempera-
ture needs to be higher than 873 K to induce the transformation
from any cobalt oxide phase to the fcc Co metallic phase, then Co
is also catalogued as a type 1 element.

This journal is © the Owner Societies 2017
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Fig. 5 Thermodynamical calculation results of A;GZ of reaction (3) of
metallic elements.

The type 2 elements are defined when A(HS < 0 and
A:SZ < 0, and the heating temperature should be lower than
an upper critical temperature to ensure that A¢GZ < 0. This
second type includes Ag and Pt (Fig. 5¢), and the upper critical
temperatures calculated according to eqn (7)

_ AHZ

= 7
AS? )

C
for Ag and Pt are 10361 and 2757 K, respectively. The heating
temperatures in our experiments (623-823 K) are much lower than
these two critical temperatures, indicating that Ag and Pt NCs can
also be prepared by this environmentally friendly method.

The type 3 elements are defined when AHZ > 0 and
AeSE > 0, and the heating temperature should be higher than
a lower critical temperature so that AGZ < 0, and the
calculation formula of this critical temperature is the same as
eqn (7). All the other metallic elements are included in this
type. Typical examples are In and Ga (Fig. 5d) where the lower
critical temperatures are 1512 and 2120 K, which are much
higher than the experimental range (623-823 K). Oxide NCs of
these elements can be obtained more easily although the heat
treatments are performed under a N, protecting atmosphere.
One exception is Cd because its critical temperature is calcu-
lated to be 310 K (Fig. 5d), which lies in the experimental
temperature range. However, the experimental preparation of
Cd NCs is much more difficult than the fabrication of NCs of
type 1 and 2 elements since only one successful result has been
obtained for Cd at present. The calculation results of Sn show
that the critical temperature is about 842 K, indicating that the
reduction reaction should not take place at temperatures lower
than 842 K, and then the oxide crystalline phase instead of the
metallic phase should be obtained. This is in agreement with
the XRD results of Sn (Fig. S17, ESIT) where the SnO, phase was
detected at 623 and 723 K and the coexistence of SnO, and Sn
can be observed at 823 K. A;GZ is calculated to be negative
when the temperature is higher than 842 K, and this is also
confirmed by the experimental result where a pure Sn tetra-
gonal phase can be detected by XRD when the heat treatment is
operated at 1173 K (Fig. S17, ESI¥).
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For the preparation of alloys or compounds consisting of
two kinds of element, the reaction path can be expressed as:

aAO, + bBO, + (ax + by)H, — A,By, + (ax + by)H,0(g)  (8)

where A and B denote different metallic elements. It is expected
that those alloys and compounds consisting of type 1 and 2
elements can be prepared by this method. A typical example is
Bi-Sb solid solution NCs with various atomic ratios of Bi:Sb
(Fig. S5, ESIY). Fig. 6a displays the thermodynamical calculation
results of typical compounds of NiTe,;, CuTe, Ag,Te, Bi,Te;s,
and Sb,Te;, consisting of type 1 and 2 elements. It can be seen
from Fig. 6a that all the calculated A¢GE values are lower than 0,
and A;HZ < 0 and AsSZ > 0. Therefore, these compounds are
predicted to be formed spontaneously during the heat treatment
procedure, and this prediction is verified by the corresponding
XRD profiles and TEM images in Fig. S6-S10 (ESIt).

For the compounds consisting of type 3 elements and those
of type 1 and 2 elements, it is expected that the compounds may
be prepared if the calculated A:GEZ value of reaction (8) is lower
than 0. Ni;Sn,>® CdTe, In,Te;, and SnTe are selected as this type
of compound to verify this prediction. Fig. 6b and ¢ show the
calculated results of these compounds, where all the A:GE
values are negative, AHZ is negative, and A:SZ is positive.
Interestingly, the In,Te;, SnSb, and SnTe products with a fec
crystalline phase can also be obtained when the heating
temperature is 723 K (Fig. S18, ESIt), and peaks indicating purity
appear at both 623 and 823 K. These results mean that the
combination of elements of type 1 and 2 with type 3 elements
can be used to prepare the corresponding compounds although
the type 3 metallic elements are very difficult to obtain. Further-
more, ternary compounds of Ni, ¢SnTe,, CuGaTe,, and CulnS,
can also be obtained by this method (Fig. S19, ESIt) when the
heating temperature is 723 K.

Since the thermodynamical calculation results are in excellent
agreement with experimental data, the calculation of A:GE of the
reaction paths can be regarded as the intrinsic thermodynamical
criterion for this polymerized complexing method, and the con-
trolling factor for the formation of metallic and semiconductor
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Fig. 6 Thermodynamical calculation results of A.GZ of reaction (8) of
compounds consisting of two metallic elements or metallic and semi-
metallic elements.
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NCs is the reduction reaction of oxide by reducing gases during
the heat treatment, not the electronegativities of the elements
or the metal redox standard electrode potentials. Based on the
calculation results of Fig. 5 and 6, A;GZ is mainly determined
by AHZ . If AcHZ < 0, then A:GZ is negative in the experi-
mental temperature range (623-823 K), and A¢GZ > 0 occurs
when AHZ > 0 with only one exception of Cd. Therefore, the
values of A;HZ and A;GZ of the reduction reaction of oxide
at room temperature (298.15 K) are the main parameters
that determine the reaction direction and formation of the
crystalline phase. According to eqn (1), A¢GZ at room tempera-
ture is proportional to the electromotive force (E°) of the
reduction reaction of oxide at room temperature, and so E° is
also the main parameter. For instance, the half reactions of
TeO, + 2H, — Te + 2H,0(]) are:

E": TeO, + 4H" + 4e~ — Te + 2H,0(]) 9)

and
E:2H, +4e~ — 4H' (10)
E=E —E (11)

where H,O(l) is the stable phase of H,O at room temperature
since electrode potentials are often measured at room tempera-
ture. In eqn (9)-(11), E" is 0.53 V at room temperature,>’ and
E is the standard hydrogen electrode potential, which is 0 V.
Therefore E° is 0.53 V, and A;G2 at 298.15 K is calculated to be:
AGZ = —ZFE° = —4 x 96485 Cmol ! x 0.53 V= —204.55 k] mol %,
in agreement with the value of A;GS at 298.15 K (—209.07 k] mol %)
calculated from A(HZ and A:S2. If H,0(g) is substituted by
H,0(l) in calculating A;G2 of reaction (6) from enthalpy and
entropy, the corresponding result of A;GZ is —199.50 k] mol %,
also in agreement with the A¢GE value determined from E°. For
other reduction reactions of oxides, ie.

E': MO, + 2xH" + 2xe~ — M + xH,0(]) (12)

E:2H +2e — H,

E°=E" — E- =E', then E" > 0 can also be the criterion for this
polymerized complexing method with E' being the metal oxide
redox standard electrode potential. Unfortunately, only E* of the
half reaction of the reduction of TeO, oxide can be retrieved,*”
and so calculation of AGZ from enthalpy and entropy is much
more convenient. The half reaction of the reduction of oxide is
quite different from those of the reduction of metallic ions, as
shown in the difference between the half reactions of:

NiO + 2H" + 2¢~ — Ni + H,O(1)

(13)
and

Ni*" +2e~ — Ni (14)

where reaction (13) represents the half reaction of the reduction of
NiO and reaction (14) denotes the half reaction of the reduction of
Ni** with a standard metal redox electrode potential of —0.257 V.
This is the reason why metal redox potentials (Table S4, ESIt)
can not be used in the reasoning for this polymerized
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complexing method. In addition, the controlling reaction is
the reduction of oxide, and then transfer of electrons takes
place between the oxide phase and reducing gases, thus using
the electronegativity of elements to predict the reaction rule is
also not appropriate for this method. However, it is worth
noting that standard metal redox electrode potentials still serve
an important role in determining the occurrence of polymer-
ized complexing between the bonding agent and metallic ions
or the reduction of metallic ions by a bonding agent in aqueous
solution. In our previous work, Ag" ions could be reduced
directly by glucose and CA in aqueous solution," and it is
difficult to control the reducing rate. Ni** ions can bond with
glucose and CA in aqueous solution and then form a polymer-
ized complexing structure during the drying procedure. This
difference originates from the different standard electrode
potentials of Ag™ (0.7991 V) and Ni** (—0.257 V). If the electrode
potential of the bonding agent is lower than that of Ag’ but
higher than that of Ni**, then Ag* can be reduced in aqueous
solution directly while Ni** ions can not be reduced by the
bonding agent. On the contrary, coordinate bonds form between
the Ni** ions and the bonding agent, and it is the metal oxide
redox electrode potential of NiO that should be responsible for
the occurrence of the Ni crystalline phase in the final calcined
product. Therefore, the metal redox standard electrode potential
is the controlling factor in determining the occurrence of poly-
merized complexing or the reduction of ions directly in aqueous
solution, and the metal oxide redox standard electrode potential
is the main factor controlling the crystalline phase of the NCs
prepared by heat treatment under a N, protecting atmosphere.
In addition, it should be pointed out that metal and metal
oxide NCs do not form during the evaporation of solvents
and the formation procedure of the polymerized complex, as
evidenced by the lack of diffraction peaks observed even when
the temperature reached 573 K; only diffraction peaks of Ni NCs
can be detected when heating at high temperatures in the range
of 623-1073 K (Fig. S13 and 520, ESIt).

Based on the above discussion, the basic principles of this
polymerized complexing method and conventional reduction
methods are displayed in Fig. 7. In general, metallic ions can be
reduced by a bonding agent if the metal redox electrode potential
(En) is higher than the electrode potential of the bonding agent
(E), which is the main principle of conventional reduction
methods. For the preparation of bimetallic NCs by these tradi-
tional reduction methods, it is difficult to simultaneously
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Fig. 7 Schematic illustration of the polymerized complexing method and
conventional reduction methods.
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control the reduction and nucleation processes of two distinct
metals because of the different redox potentials.>® The metallic
ions with higher Ey values can be reduced first, and the second
metal may deposit on the surface of the first metal, leading to
the formation of core-shell NCs.”®*° The second metal may
also diffuse into the lattice site of the first metal, and then the
alloy crystalline phase can be obtained. However, the distribu-
tions of the two kinds of metallic atom in the lattice are often
random, and so the alloy is often metastable with a disordered
crystalline phase.”® High temperature annealing should be
performed to induce the transition from a disordered phase
to an equilibrium ordered crystalline phase. A typical example is
the preparation of FePt NCs which have a metastable disordered
phase of the as-reduced product and high temperature anneal-
ing is required for the formation of FePt NCs with an equili-
brium ordered phase.>**' However, NCs will agglomerate and
the grain size distribution is very broad.*® Two kinds of metallic
ion can be reduced very quickly using a strong reducing agent
such as NaBH, and hydrazine hydrate.>® However, the reduction
rate is difficult to control.?® In this polymerized complexing
method, Ey; < Eg, the reduction in solution can not take place,
and the reducing ability of the bonding agent is prohibited.
Instead, the bonding agent can participate in polymerized com-
plexing with mono-, binary-, or ternary-metallic ions, and then
the difference between the standard electrode potentials of
metallic ions is overcome. If the metal oxide redox electrode
potential (") is positive, metallic and semiconductor NCs can be
obtained, and an equilibrium ordered alloy crystalline phase can
be obtained as evidenced by the occurrence of the ordered Cu;Pt
alloy phase in our previous work.'® Therefore, the crystalline
phase of alloy NCs can be controlled by this polymerized com-
plexing method. If E' < 0, reactions (3) and (8) will not take
place and the crystalline phase in the calcined product is oxide.

The requirement of Ey; < Eg can be used to direct the search
of appropriate bonding agents. For Ni and Ag, Eg > —0.257 V
and Eg > 0.7991V are required for bonding agents of Ni and Ag,
respectively. Therefore, the range of choice of bonding agents for
Ni is expected to be much broader than that of Ag. This is also
consistent with experimental results where various kinds of acid,
amine, polyalcohol, and polysaccharide can be used as bonding
agents for Ni and only starch, sucrose, and lactic acid can be
applied as bonding agents for Ag.'® At present, bonding agents
with a low reducing ability such as gelatin and starch are used
for the preparation of different kinds of semiconductor and
metal NC, and it is proposed that more kinds of bonding agent
can be discovered in further experiments. For instance, various
environmentally friendly plant extracts such as tea extract and
coffee extract can be used as reducing agents for the preparation
of Ag, Au, and Pd NCs,**** meaning that the Eg values of these
plants are lower than the metal redox potentials of Ag", Au**, and
Pd>". It is then expected that plant extracts can also be used to
prepare other metallic and semiconductor NCs through this
polymerized complexing method, and this is verified by the fact
that Te NCs can be obtained using the worldwide-popular drinks
Coca-Cola and Sprite as bonding agents (Fig. S21 and S22, ESIY),
and subsequent research work is in progress.
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According to the calculation results shown in Fig. 5b, it is
predicted that Ru, Ir, Os, Rh, and Au noble metallic NCs can
also be obtained because the calculated A¢G2 values of these
metallic elements are more negative than those of Ni, Cu, Bi,
Sb, Te, Ag, Pd, and Pt. For the elements As and Se, the
calculated values of A;GZ are also negative (Fig. 5b). However,
As and Se are semi-metallic elements and their metallicity is
lower than that of Sb, Bi, and Te. Therefore, the preparation of
As and Se NCs should be verified by further experimental work.
For alloys or compounds, those containing elements of type 1
and type 2 are expected to be obtained by this method, includ-
ing Ag-Pd, Ag-Pt, Ag-Sb, Ag,Se (Fig. 6d), BiPd, Bi,Pd, Bi,Pt,
BiPt, Bi,Se; (Fig. 6d), Co-Ni, Co-Pd, CuPt, CuPt;, Cu-Sb, CuSe
(Fig. 6d), Cu,Te, HgTe,” NiBi, NiBi3, NiSb, NiSe, NiSe, (Fig. 6d),
Sb,Se; (Fig. 6d), Se-Te, Cu-Bi-Se, Cu-Ni-Pt, and Cu-Te-Se.
Those containing type 3 elements and elements of type 1 and
type 2 may also be prepared, such as CdNi, Cd;Ni, CdSe
(Fig. 6d), SnSe (Fig. 6d), and Ga,Te; (Fig. 6d) NCs. Compounds
consisting of type 3 elements can not be obtained by this
method because of the positive A:GZ value.

Furthermore, it is worth noting that this calculation model
is based on the reaction between oxide and H,, and the gas of
the reaction product is considered to be H,O(g). In fact, CH,
and CO, gases are also detected by mass spectroscopy.® The
reaction between oxide and CH, also occurs, and reaction paths
similar to reactions (3) and (8) can also be depicted:

4MO,, + xCH, — 4M + 2xH,0(g) + xCO,(g)

(15)
4aA0, + 4bBO, + (ax + by)CH, — 4A,By, + 2(ax + by)H,0(g)

+ (ax + by)CO,(g)
(16)

In addition, C and CO may also serve as reducing agents,*> and
similar reaction paths can also be expressed as:

MO, + xCO(g) — M + xCO,(g) (17)

aAO, + bBOy + (ax + by)CO(g) — A,By, + (ax + by)CO,(g)
(18)

and

2MO, + xC(s) —» 2M + xCO,(g) (19)

2aA0, + 2bBO, + (ax + by)C(s) — 2A,B,, + (ax + by)CO,(g)
(20)

The A;G2 values of these reaction paths can also be calculated.
For eqn (15) and (16), Bi, Cu, Pd, and Te remain as type 1
elements, and Pt can also be catalogued as a type 2 element. Ag
is considered as a type 1 element. Ni and Sb are classified as
type 3 elements, and the lower critical temperatures are 420 and
417 K for Ni and Sb. Cd is also catalogued as a type 3 element
and the corresponding lower critical temperature is 594 K. The
calculated A;G2 values for the reaction paths of Ag,Te, Bi,Te;,
Sb,Te;, and CdTe are negative, and all the calculated AHZ
values are negative and A¢SZ values are positive. The lower
critical temperatures for NizSn and SnTe are 431 and 106 K, and
the heating temperatures in our experimental heat treatments
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are higher than these values. When the calculations are based on
the reduction of CO gas (eqn (17) and (18)), Bi, Cu, Ni, and Pd can
also be catalogued as type 1 elements. However, Cd is considered
as a type 1 element, which is contradictory to the experimental
results. Then it is suggested that CO can not be the main reducing
gas in this polymerized complexing method. When the calcula-
tions are based on eqn (19) and (20), the corresponding results are
the same as the results determined from eqn (15) and (16). Ag and
Pt are considered as type 1 elements. Ni and Sb are classified as
type 3 elements, and the lower critical temperatures for Ni, Sb, Cd,
Sn, and SnTe are calculated to be 448, 444, 616, 905, and 142 K
respectively. The calculated A;GZ values for the reaction paths
of Ag,Te, Bi,Te;, Sb,Te;, CdTe, and Ni;Sn are also negative, AHEZ
values are negative, and A:SE values are positive. The overall
reaction must take place with the coexistence of H, and CH,, and
C may also act as a reducing medium, and the occurrence of the
Ni and Sb crystalline phase in the experimental results is then
acceptable. Therefore, it is suggested that the substitution of
H, by CH, or C in the calculation equations does not affect the
main judgement of this thermodynamical criterion.

Conclusions

In summary, we have shown the thermodynamical criterion of the
environmentally friendly polymerized complexing method for the
preparation of Te, CdTe, Ag,Te, CuTe, NiTe, 5, Bi,Tes, Sb,Te;, and
In,Te;, ternary Ni, oSnTe,, CulnS,, and CuGaTe, semiconductor
NCs, and metallic Ag, Cu, Ni, Co, Bi, and Sb NCs. Based on the
calculation of A;GZ , AHP , and A:SZ of the reaction of metal
oxides with reducing gases, metallic elements can be divided
into three types. The type 1 elements are defined when A;GZ < 0,
AHZ < 0, and AS2 > 0, type 2 elements correspond to
A:GZ < 0, AiHZ < 0,and AsS2 < 0, and type 3 elements are
determined by AGE > 0, AdHD > 0,and AsSZ > 0. Type 1 and
2 elements can be readily prepared by this method, and Ni, Cu,
Bi, Sb, Te, Pd, Pt, and Ag are typical elements. Type 3 elements
can not be prepared by this method in the temperature range of
623-823 K with only one exception of Cd since A¢G& < 0 occurs
at temperatures higher than 594 K. Those compounds formed by
the elements of type 1 and type 2 can also be obtained by this
benign and facile process, and compounds consisting of type 1
and 2 elements with type 3 elements can also be prepared if the
calculated A;G2 value is negative. The theoretical results of the
thermodynamical criterion are in excellent agreement with
experimental results and the criterion can be considered as an
intrinsic rule for the polymerized complexing method. It is
suggested that the controlling factors in the determination of
the crystalline phase in the final calcined products are the A;GZ
values of the reaction of the reduction of oxide and the metal
oxide redox standard electrode potentials, not the electro-
negativity of the elements and the metal redox standard electrode
potentials. Finally, a prediction has been presented for the
compounds that can be prepared by this method from the
thermodynamical criterion. Our results open up a new approach
for the preparation of semiconductor and metallic NCs.
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