ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue,

Macrocycle-assisted synthesis of hon-
stoichiometric silver(1) halide electrocatalysts for
efficient chlorine evolution reactiont

{ ") Check for updates ‘

Cite this: Chem. Sci., 2017, 8, 5662

Qiong-You Zhang, ©2 1 Xin He (2} and Liang Zhao

The electrocatalytic oxidation of chloride to chlorine is a fundamental and important electrochemical
reaction in industry. Herein we report the synthesis of non-stoichiometric silver halide nanoparticles
through a novel macrocycle-assisted bulk-to-cluster-to-nano transformation. The acquired positively
charged nanoparticles expedite chloride transportation by electrostatic attraction and facilitate the
formation of silver polychloride catalytic species on the surface, thus functioning as efficient and
selective electrocatalysts for the chlorine evolution reaction (CER) at a very low overpotential and within
a wide concentration range of chloride. The formation of uncommon non-stoichiometric nanoparticles
prevents the formation of a AgCl precipitate and exposes more coordination unsaturated silver atoms to
catalyze CER, finally causing a large enhancement of the atomic catalytic efficiency of silver. This study
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Introduction

The chlorine evolution reaction (CER, 2Cl~ — Cl, + 2e7) is one
of the most important electrochemical reactions in industry
(e.g. the chlor-alkali process). The great significance of CER, as
reflected by the extensive applications of chlorine in polymers,
disinfectants, and drugs etc.,”> has stimulated a tremendous
number of studies focused on developing efficient catalysts and
an in-depth understanding of related catalytic mechanisms.**
Moreover, CER has also been deemed as a potential alternative
to the oxidation of water to oxygen (2H,O — 4H' + O, + 4e7) in
a water-splitting cell because the two-electron CER would
consume less energy than the four-electron oxygen evolution
reaction (OER). From a thermodynamic viewpoint, OER (equi-
librium potential E° = 1.23 V vs. NHE) is preferred over CER
(E° = 1.36 V).* Therefore, in addition to the pursuit of efficient
catalysts for making CER proceed at low overpotentials, much
effort has also been devoted to achieving high selectivity of the
anodic reaction toward CER over OER.®

Among the existing classes of electrocatalysts for CER, RuO,,
together with iridium and titanium oxides, constitute the most
extensively applicable catalyst family.” However, such RuO,-
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showcases a promising approach to achieve efficient catalysts from a bottom-up design.

based anodes tend to be deactivated by surface poisoning® and
are likely to degrade under harsh conditions (low pH, high
current density, etc.). Therefore, homogeneous catalysts, such
as polypyridine Ru-aqua complexes,® Ru-centered coordination
polymer derivatives,' and ferrocene in micellar media™ are
desirable in order to avoid instability. Although silver(i) has long
been recognized as an excellent oxidant and applied in many
oxidative coupling reactions, it has been seldom employed as
an electrocatalyst for CER due to the easy formation of AgCl
precipitate (Ks, = 1.77 x 10~ ' at 25 °C) and the high potential
required for accessing the Ag(u/1) couple (E° = 1.98 V). Recently,
Chen and co-workers manifested that the silver(i) polychloride
species [AgCl,]” and [AgCl;]*~ provided access to the higher
formal oxidation states of silver by delocalizing the oxidative
charge over the chloride anions and thus catalyzed CER at a low
overpotential."* However, a high concentration of chloride is
required as a prerequisite to avoid AgCl precipitation and to
form the catalytic species [AgCl,]""' (n = 2-4). Herein, we
disclose a facile synthesis of non-stoichiometric silver halide
nanoparticles [Ag,,X,,]™ ™" (m > n, X = CI, Br, I) through a novel
macrocycle-assisted  bulk-to-cluster-to-nano transformation
(Scheme 1). The [Ag,,X,]™ ™" nanoparticles can be steadily
dispersed in NaCl solution without the formation of AgCl
precipitate. The positively charged nature of [Ag,X,]™ ™"
expedites chloride transportation by electrostatic attraction and
facilitates the formation of a silver polychloride catalytic species
on the surface of the nanoparticles, thus functioning as a highly
efficient and selective electrocatalyst for CER at a very low
overpotential (10 mV) and within a wide concentration range of
chloride (0.05-1 M). The non-stoichiometric elemental ratio
between the silver and halogen atoms in the newly synthesized

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Macrocycle-assisted bulk-to-cluster-to-nano trans-
formation for the fabrication of non-stoichiometric silver halide
nanoparticles as electrocatalysts for CER.

nanoparticles makes the coordination unsaturated silver atoms
easily exposed to catalyze the chloride oxidation, consequently
resulting in a large enhancement of the atomic catalytic effi-
ciency of silver.

Results and discussion

To date the synthesis of stoichiometric AgX nanoparticles has
been extensively reported via direct precipitation,' reverse
micellar/microemulsion,” hydrothermal'® methods, etc. It is
a formidable challenge to achieve non-stoichiometric silver
halide complexes because the stoichiometric compounds AgX
are thermodynamically stable. We envisioned that a polydentate
macrocyclic ligand would facilitate the formation of a poly-
nuclear silver halide cluster [Ag,X] (n > 1) inside it. The subse-
quent aggregation of [Ag,X] would engender the formation of
non-stoichiometric silver halide complexes, as shown in
Scheme 1. With reference to our previous synthetic methods for
silver-sulfide clusters,"” azacalix[7]pyridine (Py[7]) was applied
as an outer template to induce the formation of silver halide
clusters. Diffusion of diethyl ether into the AgX-AgCF;SO;-Py[7]
(X = Cl, Br and I) mixture produced yellow crystals of three silver
halide cluster complexes. X-ray crystallographic analysis
revealed their formulae as [Ag,Cl(CF3SO;);(Py[7])(CH;0H)] (1),
[AgsBr(CF;S0;),(H,0)4(Py[7])](CF3S0;),-H,0 (2) and [Ag,I(H,-
0),(Py[7])](CF3S03); (3). As shown in Fig. 1, 1-3 all comprise
a central halide that is encompassed by three or four silver
atoms. Each halogen-bonded silver atom is coordinated by one
or two pyridyl nitrogen atoms, plus oxygen atoms of triflate
groups and solvent molecules, and is further supported by
silver-aromatic 7 interactions (Ag-C distances: 2.515-2.705 A).
The restricted coordination of Py[7] gives rise to a systematic
variation of the silver-halide bonding from 1 to 3. In complex 1,
the Ag—Cl bond lengths are in the range of 2.473(3)-2.560(3) A,
approximately 0.2 A shorter than in reported pyramidal [Ag;CI]
clusters.” Thus, the chlorine atom is 0.34 A above the Ag1-Ag2-
Ag3 plane. In contrast, the long Ag-Br bond lengths of 2.550(2)-
2.570(1) A in 2 cause the bromine atom to be 1.05 A above the
Ag; triangle. Due to the small size of the [Ag;Cl] and [Ag;Br]
clusters, one or two additional silver atoms are included in the
Py[7] of 1 and 2. In complex 3, the Ag-I bond lengths are
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Fig. 1 Crystal structures and silver halide cluster core structures of (a)
1, (b) 2 and (c) 3. Some uncoordinated triflates are omitted for clarity.
Color coding: Ag, purple; C, black; H, gray; N, blue; O, red; F, cyan; S,
yellow; Cl, green; Br, brown; |, dark yellow.

2.725(1)-2.740(1) A. The expansion of the Ag; triangle from 1 to
3 results in the inclusion of one more silver atom capping the
silver triangle in 3 through a linkage of Ag-I coordination and
threefold argentophilic interactions (2.867(4)-2.909(4) A).*® The
iodide anion finally bonds to four silver atoms by 0.92 A above
the Ag1-Ag2-Ag2A plane.

The formation of the silver halide clusters [Ag; ,X] inside Py
[7] in solution was also confirmed by electrospray ionization
mass spectrometry (ESI-MS) and elemental analysis (see Fig. S1-
S3 in the ESI for detailst). The ESI-MS spectrum of 1 displayed
two isotopically well-resolved peaks at m/z = 1251.00 and
551.03, corresponding to [(Ag;Cl)(Py[7])(CFsSO5)]" and [(Ags-
Cl)(Py[7])]**, respectively. In addition, the other two observed
peaks at m/z = 1506.86 and 678.95 can be ascribed to the above
two charged species plus a silver triflate group, respectively
(Fig. S171). Similarly, several [Ag;Br]-related isotopically well-
resolved peaks consistent with [(Ag;Br)(Py[7])(CF5S0s)]" (m/z =
1295.45), [(AgsBr)(Py[7])]*" (m/z = 573.19), and [(Ags;Br)(Py
[7])(CFsS0;) + (AgCF5S03)]" (m/z = 1552.39) were observed in
the ESI-MS spectrum of complex 2 (Fig. S21). These ESI-MS
experiments confirm the dominant presence of the Py[7]-stabi-
lized [Ag;Cl] and [Ag;Br] clusters in the solutions of 1 and 2 and
the possible involvement of a silver triflate molecule, respec-
tively. The ESI-MS spectrum of the AgI-AgCF;SO;-Py[7] reaction
mixture revealed two peaks at m/z = 1342.94 and 595.99, cor-
responding to the [(AgsI)(Py[7])(CF5SO3)]" and [(AgsD)(Py[7])]**
species, respectively (Fig. S31). This result is not consistent with
the [Ag,I] cluster, as shown in the crystal structure of 3,
although the composition of complex 3 has been further evi-
denced by elemental analysis. We hypothesize that the fourth
silver atom of the [Ag,I] cluster may be involved in the crystal-
lization process.

In addition, the biased size matching and unmatching
scenarios between Py[7] and different silver halide clusters as
shown in the crystal structures were also reflected in the 'H
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NMR analysis of 1-3. In the "H NMR spectrum of complex 1,
there are two sets of broad peaks at 7.74/7.60 and 6.83/
6.72 ppm, corresponding to the pyridyl y- and B-protons of Py[7]
(Fig. S47). The typical downfield shifts relative to the neat Py[7]
(7.37 and 6.72 ppm for pyridyl y- and B-protons)* suggest the
occurrence of coordination between Py[7] and silver(1) ions. The
broad peaks may result from the many possible conformations
of Py[7] upon its interaction with the size-unmatching [Ag;Cl].
In contrast, the "H NMR spectra of 2 and 3 both exhibit only one
set of triplet and doublet sharp signals at 7.77 and 6.85 ppm for
the y- and B-protons of Py[7], respectively (Fig. S5 and S6%).
These NMR spectra conflict with the coordination behavior of
Py[7] in the crystalline structures of 2 and 3, wherein both
coordinated and uncoordinated pyridine rings can be clearly
discriminated. In view of the excellent flexibility of azaca-
lixpyridines* and the acquired simple proton NMR spectra of 2
and 3, we conjecture that the conformations of Py[7] in 2 and 3
are fluxional at room temperature and the seven pyridyl
nitrogen atoms of Py[7] undergo a rapid dissociation-
recombination equilibrium to bond to the size-matching
[AgsBr] and [Ag;I] aggregates relative to the proton NMR time
scale.”

In contrast to the pg-octahedral and p,-tetrahedral coordi-
nation modes for a halide center in bulk AgX,** the above
unsaturated pi3- or u,-pyramidal coordination configurations of
the halides in 1-3 make free [Ag;_,X] clusters prone to aggre-
gation by sharing silver atoms to complete a stable coordination
geometry for halogen atoms similar to that in bulk silver
monohalides. Tetrafluoroboric acid (HBF,) was added into the
methanol solution of 1 to interrupt the coordination interac-
tions between the central [Ag;Cl] cluster and the surrounding Py
[7]. This protonation process led to a colorless-to-yellow color
change accompanied by a small amount of white precipitate,
which was confirmed as AgCl by powder X-ray diffraction (XRD)
analysis (Fig. 2a). Transmission electron microscopy (TEM)
photographs taken at different intervals evidenced the forma-
tion and stepwise growth of nanometer-sized particles
(Fig. S77). Polyvinylpyrrolidone (PVP) was employed to stabilize
the acquired nanoparticles, which were purified by centrifuga-
tion and washed with cyclohexane several times to finally
produce a sample of 1-NP. Fourier transform infrared (FT-IR)
spectra of 1, 1-NP, Py[7] and PVP confirmed the successful
removal of Py[7] and clearly showed the existence of capping
PVP in 1-NP (Fig. S87). 1-NP can retain its solution homogeneity
in methanol for over one week. Powder X-ray diffraction
revealed the poor crystallinity of 1-NP in comparison with the
AgCl sample (Fig. 2a), suggesting a significant difference
between 1-NP and AgCl. TEM images of 1-NP revealed a disper-
sion diameter of 2.5 + 1.5 nm (Fig. 2b). Similar synthetic
procedures were applied to produce PVP-stabilized silver
bromide (2-NP in 2.0 £ 1.5 nm) and silver iodide (3-NP in 2.5 +
1.0 nm) nanoparticles (Fig. 2c and d). Notably, the acidified Py
[7] ligands can be recycled after neutralization and extraction.

We next investigated the oxidation state of silver in 1- to 3-NP
by comparing their absorption spectra with those of previously
reported Ag'X/Ag® mixed valence nanoparticles.**?* As shown
in Fig. S9,7 the absorption spectra of the methanol solutions of
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Fig. 2 (a) XRD patterns of the acquired white AgCl precipitate, 1-NP

and reference AgCl (JCPDS file: 31-1238). TEM images and size-
distribution histograms of (b) 1-NP, (c) 2-NP, and (d) 3-NP.

1- to 3-NP exhibited a monotonic decrease in the whole recor-
ded range of 200-1000 nm, plus several shoulder peaks. For
example, 1-NP showed strong absorption with three shoulder
peaks at 264, 321 and 380 nm in the ultraviolet spectral region
(<400 nm) and weak absorption in the visible region, which is
similar to the absorption spectrum of a reported PVP-stabilized
AgCl nanoparticle sample.** 2-NP and 3-NP displayed similar
monotonic decreases in their absorption spectra, with two
shoulder peaks at 260/300 nm and 260/425 nm, respectively.
The shoulder peaks in 1- to 3-NP may be ascribed to the tran-
sition from 4d*° to 4d°5s* for silver(r) and the surface plasmon
resonance (SPR) of silver(i) halide nanoparticles in different
sizes, as reported in the literature.** The acquired absorption
spectra of 1- to 3-NP are in sharp contrast to the UV-vis spectra
of the AgX/Ag® mixed valence nanoparticles, which exhibit
strong absorption in the visible and near-infrared regions due
to the strong SPR coupling of the adjacent Ag nanograins or
nanoshells.”® The result of this comparison is evidence that
there is no reduction of Ag(1) to Ag(0) in the formation process of
silver halide nanoparticles 1-3-NP.

X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) were then conducted to confirm the 1+
oxidation state of the silver in 1-3-NP (Fig. 3). Based on the AES
data (1130.9 eV) under X-ray irradiation of 1486.7 eV and the
XPS data (368.1 eV for Ag 3d*/?) (Fig. 3a), the Auger parameter of
1-NP was deduced to be 723.9 eV, which is in good agreement
with the standard silver(1) sample, AgCF;CO, (Auger parameter:
723.9 eV).”** The presence of Ag(i) in 2-NP and 3-NP was sup-
ported by XPS and AES studies as well (Fig. 3b and c), according
to the calculated Auger parameters of 723.3 and 724.3 eV,
respectively. In consideration of the lack of oxidation state
change for silver in the nanoparticle formation process, as

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Ag MN, Ag 3d and Cl 2p signals for 1-NP. (b) Ag MN, Ag 3d

and Br 3d signals for 2-NP. (c) Ag MN, Ag 3d and | 3d signals for 3-NP.
The Ag MN signals were determined by AES, while the binding energies
for Ag 3d, Cl 2p, Br 3d and | 3d were measured by XPS.

shown in eqn (1), the coalescence and fusion of the silver(r)-rich
clusters [Ag;_4X], accompanied by the formation of the AgX
precipitate, should engender the formation of silver halide
nanoparticles with a Ag/X elemental ratio higher than 1:1 in
theory. XPS studies on the elemental content of 1-NP indeed
revealed the Ag/Cl molar ratio as 7.7 : 1 (Fig. 3a). We further
measured the energy dispersive X-ray spectrum (EDX) of 1-NP,
which further confirmed the dominant presence of the Ag
element over Cl and finally gave the Ag/Cl atomic ratio as 4.6
(Fig. S10t). The Ag/X ratios in 2-NP and 3-NP were determined to
be 4.7 : 1 and 6.5 : 1, respectively, based on the XPS measure-
ments (Fig. 3b and c). Further taking into account the charge
balance, we conjecture that the non-stoichiometric silver halide
nanoparticles are positively charged and their outer surface may
be surrounded by anions (e.g. CF3SO;  and/or BF, ). This
structural model was then substantiated by Zeta potential
measurements, which gave a negative value of —16.0 mV for 1-
NP in aqueous solution.

Ang + Ang - AgX + Ag(zm—l)X (1)

We next investigated the electrochemical oxidation of chlo-
ride to chlorine with 1-3-NP as catalysts. Cyclic voltammetry
(CV) measurements were carried out using a glassy carbon (GC)
electrode (0.071 cm?®) in an aqueous solution of NaCl (1 M) and
HNO; (pH ~ 1, 0.1 M) according to the literature method." As
shown in Fig. 4a, the addition of 1-NP (caz+ = 5.3 uM based on
inductively coupled plasma/optical emission spectrometry (ICP/
OES)) largely enhanced the catalytic current density to 8.36 mA
em 2 with Egpgee = 1.37 V. This Egpge value is only 10 mV larger
than E°(Cl~/Cl,) = 1.36 V but is remarkably lower than E°(ag"") =
1.98 V. The observation of a typical Cl,-to-Cl™ reductive wave at
around 0.96 V confirmed the occurrence of CER.*" When 2-NP
(cag+ = 5.0 uM) and 3-NP (cag+ = 6.7 uM) are employed, Egpee; is

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) CVs of a GC electrode in an aqueous solution of NaCl (1 M)
and HNOs3 (pH ~ 1, 0.1 M) without (black) and with (red) 1-NP (cag+ =

5.30 uM). Scan rate: 100 mV s~ (b) Controlled potential electrolysis
curves of 1-NP at 20 °C (black) and 40 °C (red).

1.37 V as well and the catalytic current density can reach 8.54
and 9.32 mA cm ™2, respectively (Fig. S111). In contrast, a 10-fold
higher concentration of silver (cag+ = 50 uM) is required to
achieve a similar catalytic current density of 8.5 mA cm ™ in the
reported silver polychloride-catalyzed CER."™ 1-NP as a repre-
sentative example is investigated in detail below.

The scope of the silver halide nanoparticle catalyzed CER
was subsequently investigated for practical application. Within
a wide concentration range of NaCl from 0.05 to 1 M, typical CV
curves for CER with apparent catalytic currents were observed
with a low loading of 1-NP (cag+ = 0.56 uM). The linear rela-
tionship between the catalytic current density and the NaCl
concentration/the loading of catalyst (Fig. S12t) suggests that
the catalyst 1-NP can maintain its structure without forming
larger nanoparticles or an insoluble AgCl precipitate, and can
keep its catalytic ability in different concentrations of NaCl. On
the other hand, the high similarity of the UV-vis absorption
spectra of 1-NP in NaCl solution and in aqueous solution also
suggests that no nanoparticle agglomeration takes place
(Fig. S137). In addition, 1-NP performed very well for the cata-
lytic CER in neutral solution. In a NaH,PO,/Na,HPO, aqueous
buffer (0.1 M, pH ~ 7 based on acidometer) of NaCl (¢ = 0.55 M
just as sea water), a low loading of 1-NP (cagr = 0.53 pM)
produced an apparent catalytic current with Egnge: slightly
shifted to 1.31 V (Fig. S147). The diminishment of the Cl,-to-Cl™
reductive wave during the reverse scan can be ascribed to the
disproportionation of Cl, to HCIO/CIO™, as reported in
a previous study.”

Controlled potential electrolysis experiments were per-
formed to evaluate the catalytic efficiency of 1-NP. Using a large
GC plate electrode (1.0 cm*) at 1.6 V in a solution of NaCl (1 M),
HNOj; (0.1 M, pH ~ 1) and 1-NP (csg+ = 5.3 uM), the electro-
catalytic current was monotonically decreased and finally sus-
tained at a stable current density level of ~0.7 mA cm™>
(Fig. 4b). Cl, was swept from the reaction solution by a slow
purging N, flow into a KI/starch aqueous solution to determine
the amount of Cl, by iodometric titration. The production of
24.4 pmol of Cl, over an electrolysis period of 1.5 h gave
a faradaic efficiency of 75%, which is comparable with previous
electrocatalysts.®**** In addition, we found that the stable
current density in the electrolysis was temperature dependent.
At 40 °C the current density was sustained at ~1.8 mA cm 2

Chem. Sci., 2017, 8, 5662-5668 | 5665
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(Fig. 4b). This result suggests a relationship between the cata-
lytic efficiency and the transportation of chloride.

During and after the electrocatalytic reaction of 1-NP, we did
not find any insoluble solid or suspension in the reaction vial in
concentrated or diluted (low to 0.025 M) NacCl solution. Gener-
ally, we should observe the formation of silver chloride precip-
itate due to the aggregation of unprotected nanoparticles if the
PVP ligands are totally replaced by chloride. Therefore, we
believe that the catalytic species is still PVP-protected. After the
controlled potential electrolysis, we measured the CV of the
electrolyte solution, which is almost identical to the CV curve
measured before the electrolysis (Fig. S15%). This result
confirmed the good stability of the catalytic species.

To gain further insight into the possible mechanism
accounting for the high catalytic efficiency of 1-NP, we con-
ducted several contrast experiments. We found that 1-NP turned
into smaller particles with a size dispersion of 1.6 £ 0.7 nm
(Fig. 5a) upon being added into a concentrated aqueous solu-
tion of NaCl (1 M). In contrast, if the concentration of NaCl is as
low as 0.05 M, there is no apparent size change for 1-NP
(Fig. S16t). Such a size change was also observed in the 1 M
NaCl solutions of 2-NP and 3-NP, which finally gave a size
dispersion of 1.5 £+ 0.9 and 1.4 £+ 0.7 nm, respectively
(Fig. S167). In view of the proposed structural model for 1-NP
that comprises a [Ag,,Cl,]" " (m > n) core surrounded by PVP
and anionic BF,  and CF;SO; ", such a size change may arise
from fragmentation of the core by using the strong Ag-Cl
coordination in place of the weak coordination between Ag()
and BF, /CF3S0; . We assumed that smaller nanoparticles
may possess a larger surface area and may expose more silver

~—

—~— 1-NP
— 2-NP
0.5 —— 3-NP
0 2 . 4 6
c(Ag") uM)
(d) 0.8
~0.0
- (]
£
g © 0.8
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Fig. 5 (a) TEM image of 1-NP in an aqueous solution of 1 M NaCl. (b)
Plot of catalytic current density vs. the silver(l) concentrations of 1-3-
NP (0.1 M NaCl, 0.1 M HNO3). (c) CVs of a GC electrode in an aqueous
solution of NaCl (1 M) and HNOs (pH ~ 1, 0.1 M) without (black) and
with (red) 1-NP (cag+ = 5.30 pM) and with (blue) AGCI-NP (cag+ = 4.89
uM). (d) CVs of a GC electrode in an aqueous solution of NaCl and
HNO3 with 1-NP (cag+ = 0.53 pM) as a catalyst after degassing (red) or
after bubbling oxygen (black). Scan rate: 100 mV s %,
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atoms to chloride, thus enhancing the atomic catalytic effi-
ciency of silver. This conjecture was subsequently evidenced by
catalytic reaction studies of larger sized 1-NP (6.0 £+ 3.0 nm).
This large sample was intentionally synthesized by prolonging
the growth time of the nanoparticles from 2 minutes to 10
minutes. CV measurement using the large sample of 1-NP as the
electrocatalyst showed a 40% decrease in the catalytic current
density (4.96 mA cm™?) relative to the small sample of 2.5 +
1.5 nm (8.36 mA cm ™ ?) (Fig. S177).

The attachment of C1~ onto 1-NP was further substantiated
by EDX monitoring. Upon adding 1-NP in the 1 M Nacl solu-
tion, we observed an increase of the Ag/Cl ratio from 4.6 : 1 to
1.1 :1 in EDX studies (Fig. S181). Meanwhile, the XRD pattern
of a 1-NP sample in 1 M Nacl revealed the appearance of weak
peaks corresponding to crystalline AgCl (Fig. S191). However,
after controlled potential electrolysis for 1 h, the Ag/Cl ratio in
the EDX measurement changed back to 3.7 : 1 (Fig. S207). These
results indicate an unusual recycling of the Ag/Cl ratio in the
catalytic process, which is in good agreement with the proposed
catalytic mechanism, vide infra.

Moreover, at a low concentration of 0.1 M NaCl the catalytic
current density experienced linear growth along with the
increase of catalyst loading at the first stage, which is similar to
the trend in 1 M NacCl solution. However, the catalytic current
gradually approached a saturated value of 1.4 mA cm > with cag.
above 1 M, suggesting a possible correlation between the cata-
Iytic current density and chloride transportation (Fig. 5b). We
assumed that the positive [Ag,,ClL,]™ ™" (m > n) cores may
facilitate the transportation of chloride by electrostatic attrac-
tion. This assumption was evidenced by a comparison with PVP-
stabilized stoichiometric AgCl nanoparticles (AgCI-NP).** The
Ag/Cl ratio of AgCI-NP was determined as 0.8 based on XPS
studies (Fig. S2171). In contrast to the catalytic current density of
8.36 mA cm > for the 1-NP-catalyzed CER (cag: = 5.30 puM),
a comparable catalyst loading (cag+ = 4.89 uM based on ICP/
OES) of AgCI-NP gave a low current density of 3.80 mA ¢cm >
(Fig. 5¢). Further increasing the loading of AgCI-NP engendered
the formation of the precipitate and caused a sharp decrease of
the catalytic current. In addition, we evaluated the catalytic
selectivity of CER over OER in the 1-NP-catalyzed system based
on the detection of the reduction peaks for Cl, and O, in the CV
study. As shown in Fig. 5d, when the electrolyte solution (cyac1 =
1M, cunos = 0.1 M, pH ~ 1) was subjected to degassing treat-
ment, the acquired CV curve only showed a Cl,-to-Cl™ reductive
wave at 0.94 V over twenty cycles. In contrast, upon injecting
oxygen gas into the system a reductive wave at 0.26 V was
observed promptly, which can be assigned as the reductive wave
of oxygen. Such high selectivity for CER over OER in the 1-NP-
catalyzed reaction can be ascribed to the fact that the positive
[Ag,,CL,]"™ ™" (m > n) core can attract and bond to anionic
chlorides more easily than neutral water molecules.

Combining all of the above experimental results, we propose
a catalytic mechanism for the 1-3-NP-catalyzed CER (Scheme 2).
By using the macrocycle-assisted bulk-to-cluster trans-
formation, the Ag/X ratio in the resulting macrocycle-encircled
silver halide clusters is fixed at three or four. The aggregation
of the [Ag;_,X] clusters would generate a number of Ag,,, X, (m >

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Proposed mechanism for the catalytic oxidation of chlo-
ride to chlorine by non-stoichiometric silver chloride nanoparticles 1-
NP.

n, X = Cl, Br and I) particles at first. These silver halide particles
assemble into large nanoparticles, 1-3-NP, with the assistance
of anionic BF,  and CF;SO; . 1-3-NPs are peripherally sur-
rounded by stabilizing PVP and anionic BF,  and CF;SO;~ for
charge balance. The addition of 1-3-NP into an aqueous solu-
tion of NaCl results in the fragmentation of large nanoparticles
into small ones due to strong Ag—Cl bonding. The surface sil-
ver(1) atoms of [Ag,,X,]™ ™" prefer to be coordinated by several
chloride ligands for the sake of charge balance and the resulting
silver polychloride species make CER take place at a low over-
potential by delocalizing the oxidative charge over the chloride
anions. In the final step, neutral Cl, molecules are drained away
and the Ag/X ratio changes back to be larger than 1: 1. The
resulting positive nanoparticle catalysts make the catalytic CER
reaction recycle and proceed. However, since the amorphous
non-stoichiometric silver halide nanoparticles 1- to 3-NP are
still structurally unknown, the present proposed catalytic
mechanism needs to be further substantiated in the future.

Conclusions

In summary, we have described the first synthesis of a series of
PVP-stabilized non-stoichiometric silver halide nanoparticles by
virtue of a macrocycle-assisted bulk-to-cluster-to-nanoparticle
transformation process. These non-stoichiometric silver
halide nanoparticles have a special Ag/X ratio larger than 1:1
and exhibit high efficiency and good selectivity in the catalytic
oxidation of chloride to chlorine at a low overpotential and
within a wide range of chloride concentrations. Mechanistic
studies correlate their excellent catalytic performance with the
positively charged nature and unsaturated coordination of the
[Ag,X,]™ ™" (m > n, X = Cl, Br and I) cores. This study show-
cases a promising approach to achieve highly efficient catalysts
from a bottom-up design. We foresee the preparation of many
other non-stoichiometric binary catalysts applicable for cata-
lytic reactions by the synthetic protocol reported in this work.
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Experimental
Materials and methods

All commercially available chemicals were used without further
purification. Heptmethylazacalix[7]pyridine (Py[7]) was synthe-
sized according to a literature method by a [3 + 4] fragment
coupling protocol between a terminal dibrominated linear
trimer and a terminal diaminated linear tetramer.”® The
solvents used in this study were processed by standard proce-
dures. "H NMR experiments were carried out on a JEOL ECX-400
MH?z instrument. The morphology and size distribution of the
as-prepared 1- to 3-NP nanoparticles were determined with
a Hitachi H-7650 transmission electron microscope. X-ray
photoelectron spectroscopy was performed on a Thermo
Scientific ESCALab 250Xi using 200 W monochromated Al Ko
radiation. The 500 pm X-ray spot was used for XPS analysis. The
base pressure in the analysis chamber was about 3 x 10 *°
mbar. Typically the hydrocarbon C 1s line at 284.8 eV from the
adventitious carbon was used for energy referencing.

General synthesis of complexes 1-3

To a CH;0H (1 mL) suspension of AgSO;CF; (38.6 mg, 0.15
mmol) and AgX (0.05 mmol, 7.2 mg for AgCl, 9.5 mg for AgBr and
11.8 mg for Agl), a CH,Cl, solution (1 mL) of Py[7] (7.4 mg, 0.01
mmol) was added dropwise. The mixture was further stirred for 5
hours at room temperature and filtered. The filtrate was diffused
by diethyl ether in the dark to obtain crystals of complexes 1-3.
Complex 1: pale yellow needle-like crystals, 13.0 mg, yield 75%
based on Py[7]. Elemental analysis for [Ag,Cl(CF;SO;);(Py
[7])(CH;0H)]- (H,0), (1 + (H,0),, C46Hs0Ag,CIFoN,40,,S;), found
(caled): C, 31.71 (32.03); H, 2.71 (2.92); N, 11.45 (11.37). Complex
2: pale yellow needle-like crystals, 13.0 mg, yield 65% based on
Py[7]. Elemental analysis for [AgsBr(Py[7])](CF5SO3),- (H,0), (2-
(H20)3, C46H46Ag5BIF;,N;,01,S,), found (caled): C, 28.00 (27.70);
H, 2.49 (2.32); N, 9.72 (9.83). Complex 3: pale yellow needle-like
crystals, 10.0 mg, yield 56% based on Py[7]. Elemental analysis
for [Ag I(H,O),(Py[7])](CF5S0s); (3, CasHieAgaIFoN1,011S3),
found (caled): C, 30.43 (30.29); H, 2.68 (2.60); N, 10.78 (10.99).
Synthesis of 1-3-NP. In situ deprotection of Py[7] was con-
ducted by adding HBF, (0.05 mmol) into a methanol/
dichloromethane (v/v = 5:1) mixed solution (3 mL) of silver
halide clusters 1-3 (0.01 mmol). Two minutes later, a methanol
(2 mL) solution of poly(vinylpyrrolidone) (PVP, 80 mg, MW ~
40 000) was then added. The solution was transferred to
a centrifuge tube, followed by centrifugation at 10 000 rpm for
10 min. The top solution was removed carefully by a pipette,
while the bottom solid product was washed three times with
cyclohexane. The solids of 1- to 3-NP were dispersed in methanol
or de-ionized water for characterization and catalytic studies.

X-ray crystallography

Single-crystal X-ray data for complexes 1-3 were collected at 173
K with Mo-Ke. radiation (A = 0.71073 A) on a Rigaku Saturn 724/
724 + CCD diffractometer with frames of oscillation range 0.5°.
The selected crystal was mounted onto a nylon loop by poly-
isobutene and enveloped in a low-temperature (173 K) stream of
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dry nitrogen gas during data collection. The absorption correc-
tions were applied using multi-scan methods. All structures were
solved by direct methods, and non-hydrogen atoms were located
from difference Fourier maps. Non-hydrogen atoms were sub-
jected to anisotropic refinement by full-matrix least-squares on
F* using the SHELXTL program?® unless otherwise noted. The
CCDC numbers for the reported complexes are 1527294 (1),
1527295 (2) and 1527296 (3).1 The refinement details and crystal
data for 1-3 are summarized in the ESL

Electrochemical measurements

Electrochemical measurements were performed on an electro-
chemical workstation (CHI 660E, Chenhua Corp., Shanghai,
China). The three-electrode system consisted of a working
electrode, a platinum wire counter electrode, and a saturated
calomel reference electrode (SCE, ~0.244 V vs. NHE). Unless
otherwise noted, all potentials were reported vs. NHE without iR
compensation. Prior to cyclic voltammetry experiments, a bare
glassy carbon electrode (0.071 cm?®) of 3 mm diameter was wet
polished with 0.05 pm Al,O; powder to obtain a mirror surface,
followed by sonication in distilled water for 10 s. Controlled
potential electrolysis was conducted on a relatively large surface
area glassy carbon plate (1.0 cm?®) pretreated by the same
procedure. The solution was stirred during electrolysis. Quan-
titative chlorine analysis was conducted by standard iodometric
titration techniques as reported in the literature.”® Briefly,
chlorine was swept by a nitrogen gas purge from a reaction flask
containing 1-NP (csq: = 5.3 uM) and 1 M NaCl in 0.1 M HNO; (12
mL) into an aqueous solution of sodium hydroxide (Wnaon =
0.4%, 50 mL). After electrolysis, hydrochloric acid solution (8 M,
10 mL), aqueous starch solution (w = 0.2%, 5 mL) and potas-
sium iodide (2.0 g) were added to an aqueous solution of
sodium hydroxide. The reaction flask was left in the dark for
5 min. During the reaction, the aqueous starch solution grad-
ually turned dark blue (Cl, + 21" — I, + 2C17). The dark blue
starch/iodine solution was titrated by 0.01 M aqueous Na,S,0;
solution (2Na,S,0; + I, — Na,S,0¢ + 2Nal).
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