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Materials displaying novel magnetic ground states signify the most exciting prospects for nanoscopic
devices for nanoelectronics and spintronics. Spin transition materials, e.g., spin liquids and spin glasses,
are at the forefront of this pursuit; but the few synthesis routes available do not produce them at the
nanoscale. Thus, it remains an open question if and how their spin transition nature persists at such small
dimensions. Here we demonstrate a new route to synthesize nanoparticles of spin transition materials,
gas-diffusion electrocrystallization (GDEXx), wherein the reactive precipitation of soluble metal ions with
the products of the oxygen reduction reaction (ORR), i.e., in situ produced H,O,, OH~, drives their for-
mation at the electrochemical interface. Using mixtures of Cu?* and Zn®* as the metal precursors, we
form spin transition materials of the herbertsmithite family—heralded as the first experimental material
known to exhibit the properties of a quantum spin liquid (QSL). Single-crystal nanoparticles of ~10-16 nm
were produced by GDEx, with variable Cu/Zn stoichiometry at the interlayer sites of Zn,Cus_,(OH)eCl,.
For x = 1 (herbertsmithite) the GDEx nanoparticles demonstrated a quasi-QSL behavior, whereas for x =
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0.3 (0.3 < x < 1 for paratacamite) and x = O (clinoatacamite) a spin-glass behavior was evidenced. Finally,
our discovery not only confirms redox reactions as the driving force to produce spin transition nano-
particles, but also proves a simple way to switch between these magnetic ground states within an electro-
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Introduction

The synthesis of materials exhibiting spintronic properties is
at the forefront of pursuit of novel magnetic ground states (i.e.,
quantum magnets). Spin transition materials refer to fru-
strated antiferromagnets, in which their spins are not aligned
in a regular pattern (geometrical spin frustration), including
spin glasses, quantum spin liquids (QSL), and high-tempera-
ture superconductivity materials."””> For instance, quantum
spin liquids (QSL) were first realized by herbertsmithite,® with
chemical formula ZnCus(OH)sCl,. Due to its characteristics as
a spin-liquid, herbertsmithite may have applications in
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chemical system, paving the way to further explore its reversibility and overarching implications.

quantum computing devices (e.g., for storage and memory pur-
poses), and in quantum communications."*

The copper ions in herbertsmithite are arranged in triangu-
lar grids known as kagomé lattices, wherein the spins are
uncoupled.” Each spin tends to be anti-parallel to its neigh-
bors, but the geometric arrangement of the sites where the
spins sit makes an ordered alignment impossible. So, the
spins collapse into a fluctuating state.®>® This non-trivial and
disordered arrangement, results in magnetically-frustrated
materials due to the low spin of the copper ions (S = 1/2). The
entangled interactions continue to fluctuate, even at the lowest
temperature of absolute zero.””® In such condition, the spins
in other magnetic states would be already frozen, but in the
quantum state, spins are never locked into a particular con-
figuration.® Compounds featuring such lattices are predicted
to show no long-range magnetic order due to competing for
antiferromagnetic interactions between nearest-neighbor spin
centers,>*7°'! thus being also candidates for quantum spin
transitions.

Before these materials can be effectively integrated into
spintronic technologies, the competitive synthesis of herberts-
mithite remains a significant challenge. A major synthesis
problem is the production of sizeable amounts at relevant
rates, with controllable physicochemical features. Moreover,
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envisioning small-scale applications, its synthesis at the nano-
scale has not been reported. Thus, it is uncertain if its spin-
liquid properties are preserved at such scale. This is also the
case for other spin-liquid materials, as well as other spin-tran-
sition materials, such as spin-glasses.

The first method reported for synthesizing -crystalline
Zn,Cu,_,(OH)eCl, (Wherein x = 1 for herbertsmithite, and x = 0
and 0.3 < x < 1 for its polymorphs, clinoatacamite and parata-
camite, respectively) was issued in 2012 (herbertsmithite was
originally found in nature only in 2004).° Herbertsmithite and
its polymorphs are typically synthesized by hydrothermal, or
solvothermal methods (e.g., 458 K-473 K). Related cuprate
compounds of the form MCu;(OH)sCl, with divalent cations
(ie, M = Mg*, Co*", Fe*", Mn*", and Ni*)* and trivalent
cations, MCu3(OH)eCl; (M = Y*" or the lanthanides Nd** and
Sm™*"),">" have been achieved by unconventional solid-state
reactions at higher temperature (e.g., 463 K). An ionothermal
method, initially designed for the fabrication of new zeolitic
solids, has also been described for the preparation of materials
with kagomé lattices.'* However, as in the case of the methods
previously described, the synthesis rates are rather slow
(weeks- to months-scale). As an example, it took ten months to
grow a 1 mm monocrystal of herbertsmithite, in a very compli-
cated hydrothermal reactor.’'

Although there is one work presenting the formation of
nanoscale clinoatacamite by hydrothermal synthesis at 363 K-
368 K, there are no equivalent methods available for producing
nanoscale herbertsmithite. Furthermore, the study where
nanoscale-clinoatacamite is reported does not evidence its
magnetic (spin transition) properties, nor the control of other
material features, such as crystallite size and stoichiometry,
besides requiring the addition of a toxic organic buffer ie.
2-(N-morpholino) ethanesulfonic acid.'®

In general, all these methods are limited to meager pro-
duction rates and have restrained the production of herberts-
mithite (and its polymorphs) to limited samples of macroscale
materials (i.e., mm-scale). Green synthesis routes are also pre-
ferred, but they are also not available thus far. The develop-
ment of such routes will be a key step forward for innovations,
growth, and competitiveness in the digital miniaturization
arena—e.g., using quantum technologies in computing and
electronics.

It has been experimentally proven for many materials that
micro- and nano-scale dimensioned particles can differ in pro-
perties vs. their macro-scale counterparts. Especially, spin tran-
sition materials may display changes in their magnetic pro-
perties with size, and the effects at the nanoscale are mainly
unknown.

In this work, we present the synthesis of spin transition
nanoparticles. Specifically, using copper and zinc chlorides as
precursors, our first goal was to achieve the synthesis of
Zn,Cu,_,(OH)sCl, compounds.

By using different concentrations and ratios of Cu and Zn,
different values of x are targeted. The electrochemical method
developed, gas-diffusion electrocrystallization (GDEx), results
in these materials by the reactive precipitation of intermedi-
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aries issued from the oxygen reduction reaction (ORR) at a gas-
diffusion cathode, with the metal precursors provided. GDEx
has been formerly described for the synthesis of iron oxide
nanoparticles with a controlled saturation magnetization."”
The materials resulting from the present research were investi-
gated by X-ray powder diffraction (XRD), together with quanti-
tative phase analysis (QPA, Rietveld method), infrared spec-
troscopy (IR) and inductively coupled plasma optical emission
spectrometry (ICP-OES). The morphology and size of the nano-
particles were measured using transmission electron
microscopy (TEM).

A second goal was to achieve well-controlled magnetic pro-
perties linked to the nano-sized Zn,Cu,_,(OH)sCl, particles.
Zero-field-cooled (ZFC) and field-cooled (FC) thermal depen-
dence of magnetization (M) were used to distinguish magnetic
phase transitions in these materials down to 2 K. Also, hyster-
esis loops at 2 K and 8 kA m™" (100 Oe) were investigated for
the different compositions.

We demonstrate that it is possible to use our novel electro-
chemical method for the production of spin transition nano-
particles (i.e., herbertsmithite, clinoatacamite, and parataca-
mite), in a fast, upscalable, atom- and electron-efficient,
energy efficient, and environmentally-friendly way, setting a
new precedent towards the industrial era of these materials.

Experimental
Gas-diffusion electrocrystallization reactor

The electrochemical reactor design described in Prato et al.,"”
was used in this study. As a working electrode, 10 cm?* of VITO
CoRE® multilayered carbon-based gas-diffusion cathodes were
used to enable the GDEx process. The VITO CoRE® electrodes
consisted of a current collector (stainless steel gauze), an active
layer (i.e., porous electrically-conducting matrix), and a hydro-
phobic gas diffusion outer layer (porous PTFE). The compo-
sition of the active layer was 20% PTFE and 80% active carbon.
Norit®SX1G (878 m”> g, Norit Americas Inc., USA) was
employed as the active carbon source. The counter electrode
(anode) consisted of a 10 cm? of platinum sheet laser-welded
to titanium (Ti) plate current collector. The anode and cathode
compartments were separated by an ion-permeable separator
(Zirfon® Perl UTP 500, Agfa, Belgium).'® A 3 M KCl saturated
Ag/AgCl reference electrode (+212 mV vs. SHE) (REF 321,
Radiometer Analytical, Hach, USA) was inserted in the proxi-
mity of the working electrode, via an external connector
chamber, filled with 3 M KCI. A long cotton thread (e.g.,
30 cm, packed within the external connector chamber) verged
the reference and the working electrodes, through a small
channel, with the purpose of establishing a microchannel
enabling a continuous capillary-suction of the electrolyte. The
thread was not treated, since due to its manufacturing process
the wax layer that naturally covers cotton fibres is removed,
making it more polar and hydrophilic due to exposure of the
fibrous structure of cellulose, rich in hydroxyl (OH™) groups."’
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All potentials here reported are referred versus the standard
hydrogen electrode (SHE).

Operation of the gas-diffusion electrocrystallization reactor

Experiments were conducted on a multichannel potentiostat
(VMP-3, Bio-Logic SAS, France). The GDEx process was con-
trolled chronoamperometrically at —0.15 Vg and room temp-
erature (18 °C) of synthesis. The pH in the catholyte was moni-
tored using a sensor for continuous measurement of pH in
liquid media (SE555X/1-NMSN pH sensor, Knick, Germany). A
pH data logger was connected to the Bio-Logic potentiostat to
simultaneously follow up the pH vs. charge (Q) evolution.

The data logger consisted of a pH transmitter (A1491N-P1-
10-0000, Knick, Germany) with a converter (P15000 H1, Knick,
Germany) which transforms the 4-20 mA signal delivered by
the transmitter into a 0-10 V signal.

All experiments were performed in batch mode with recircu-
lation. The catholyte was recirculated at 15 L h™" throughout
the cathode compartment, where gas-diffusion electrocrystalli-
zation of Cu®>" and Zn®" occurred. The total liquid volume of
catholyte and anolyte was 500 mL, which was continuously
stirred in the recirculation reservoir (i.e., a borosilicate glass
bottle) using a polygonal, PTFE-coated rotating magnetic stir-
ring bar (i.e., 200 rpm). The air was fed through the cathodic
gas compartment at a flow rate of 200 ml min~". A mass gas
flow meter and controller (GF40 Bronkhorst hi-tech B.V,
Netherlands) was set in place. An overpressure of 26 mbar over
a water column (see Fig. 1 for a schematic layout) was applied
at the gas exhaust.
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The GDEx-driven synthesis was carried out using a mixture
of Cu** and Zn>" ions as the metal precursors, and O, (in air)
as the oxidant gas through the gas-diffusion cathode. An acidi-
fied supporting electrolyte was employed as an anolyte and
catholyte, composed by a NaCl aqueous solution (0.5 M),
adjusted at pH 3 by adding HCI (1 M). In order to tune the for-
mation of stable Zn,Cu,_,(OH)¢Cl, products with the desired
value for x, different [Cu**]o/[Zn*], ratios were evaluated.
CuCl,-2H,0 99.999% (Sigma-Aldrich, Germany) and ZnCl,
99.999% (Sigma-Aldrich, Germany) supplemented,
respectively.

Oxygen (in air), provided through the gas chamber of the
electrochemical cell (right side chamber, Fig. 1A), was electro-
chemically reduced at the active porous carbon layer of the
gas-diffusion cathode (Fig. 1B). The products of the electro-
chemical ORR, profusely available at the electrochemical inter-
face, reacted with the metals ions in solution (e.g., Cu®**, Zn*"),
which are transported to the hydrophilic porous carbon on the
cathode, via the aqueous electrolyte. When these metal ions
met the ORR products (or highly reactive intermediaries)
supersaturation was reached, resulting in the nucleation of
hydroxides or oxides. Additive OH™ concentration and super-
saturation kept ongoing; thus secondary nucleation and crystal
growth proceeded during the transient period of residence of
the primary nuclei formed within the cathodic interface. The
resulting precipitate progressively striped out, as a result of the
flow and polarization conditions.>® The solid precipitate was
collected in the electrolyte solution and left to sediment under
stagnant conditions. Subsequently, the precipitate was washed
with deionized water with a pH set at that of the final synthesis
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(A) Gas-diffusion electrocrystallization (GDEX), represented for a batch setup. The potentiostat employed is indicated as a power supply, due

to its function. (B) Schematic representation of the parts of the multilayered gas-diffusion electrode employed as cathode.
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solution, re-centrifuged (Jouan CR422, France) at 3000 rpm,
washed three times, and dried afterwards under a nitrogen
atmosphere, resulting in a particulate powder.

Particle size, morphology and structure characterization

Electronic microscopy. Particle size and morphology were
measured by transmission electron microscopy (TEM) using a
JEOL JEM 2100FII operated at 200 keV. For the observation of
the sample in the microscope, the particles were dispersed in
butanol, and a drop of the suspension was placed onto a
copper grid covered by a carbon film. The mean particle size
and distribution were evaluated by counting more than 100
particles using Digital Micrograph™. After that, data were
fitted to a normal distribution to obtain the mean particle size
(dnp) and standard deviation (o).

X-ray powder diffraction (XRD). The XRD patterns were
obtained with a diffractometer (Empyrean, Malvern
Panalytical, United Kingdom) using CoKa radiation (1 =
1.7928 A) with 40 mA-45 kv and a finer step size of 0.013° in
the same scan range. Quantitative phase analysis (QPA) by the
Rietveld refinement method with the HighScore Plus software
(Empyrean, Malvern Panalytical, United Kingdom) was carried
out for the quantitative analysis of the phase distribution (%),
using the measured diffraction profile and a calculated
profile crystal from the inorganic crystal structure database
(1ICSD).>">*

Stoichiometric analysis. An amount of 50 mg of the precipi-
tate powder sample was transferred into a digestion vessel.
Then, 6 mL of HCI and 2 mL of HNO; were added. The screw
cap of the digestion tube was gently turned and placed on a
heating block. The temperature was slowly increased to (105 +
5) °C and kept for 120 min. The tube was cooled down to room
temperature, and water was added to the volume mark. The
copper and zinc content in the digested solution was deter-
mined by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Agilent, 5100, USA) in an axial view using
ICP-OES equipped with a baffled cyclonic spray chamber and a
conical nebulizer. The atomic emission lines of 324.754 nm
and 213.857 nm were used for copper and zinc, respectively.
The metal content in the precipitate sample and the phase per-
centage calculated by QPA were used to determine the stoichio-
metric coefficient x on the interlayer site of Cu,_,Zn, (OH)sCl,.

Infrared spectroscopy (IR). IR measurements were per-
formed on a Thermo Scientific, Nicolet iS5 (Waltham, MA,
USA), with a diamond plate, and used to distinguish between
clinoatacamite and related Zn-polymorphs. The spectra were
recorded in the range of 4000-400 cm™" with a resolution of
2cem™,

Magnetic characterization and analysis

The magnetic characterization was carried out on powder
samples in a glycerin capsule and performed in a SQUID mag-
netometer Quantum Design MPMS-5S, with 5 T maximum
applied field and temperature range from 2 K to 400 K. The
ZFC-FC curves were measured at 8 kA m™" (100 Oe) from 2 K
to 300 K, with a step of 0.25 K from 2 K to 6 K, 0.5 K from 6 K
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to 12 K and more than 1 above 12 K. Before each ZFC measure-
ment, a 3 T demagnetization field was applied in order to
avoid any remanent magnetization in the superconductor
coils. The hysteresis loops up to 5 T were measured at 2 K, 3 K,
4K, 6K, and 15 K.

Results and discussion
Charge-driven stoichiometric and structural control

GDEx allows the selective preparation of Zn,Cu,_,(OH)eCl,
materials. By varying the [Cu®"],/[Zn*"], ratio in the GDEx cath-
olyte (wherein [Cu®"], and [Zn>*], correspond to the initial con-
centration of copper and zinc ionic precursors, respectively),
together with a systematic control of the electric charge, the
stoichiometric composition of the Zn,Cu,_,(OH)sCl, products
and their structural control, between Cu,(OH);Cl and CuO,
can be customized (Fig. 2). For instance, the formation of
Cu,(OH);Cl and CuO, for x = 0, and Zn,Cu,_,(OH)eCl, within
the range of 0.3 <x < 1 can be individually targeted, by control-
ling the operational conditions of GDEx. At x = 0, the initially-
colorless solution of copper chloride (i.e., at pH 3) turns into
an opalescent and greenish-colored dispersion upon reaching
pH ~5. The color change (see Fig. ESI 11) can be attributed to
the precipitation of Cu,(OH);Cl (see the green line (a) in
Fig. 2), by following reaction (1), in analogy to the mechanism
proposed by Engelbrekt et al.*®

0, +4e” +2H,0 + 2Cu*" 4 2C1~

Cu,(OH),Cl+ OH™ +cCl- (1)

gas—diffusion cathode
—0.15V SHE;987CL';18°C
A plateau of precipitation can be distinguished at pH

4.7-5.5, where 1630 C L™ were consumed from a starting pH
of 3. Upon reaching a pH of 5.5, the Cu®" ions were fully
removed from the solution (see Fig. ESI 1), followed by a
sharp increase of pH, up to 11—which was reached at a
charge consumption of 1875 C L™'. Tenorite (CuO) formed
rapidly under alkaline conditions (black line), according to
reaction (2).

0, + 4e” +2Cu*" 2Cu0 (2)
gas—diffusion cathode
—0.15VSHE; 1875CL ;18 °C
The formation of Zn,Cu,_,(OH)sCl, with x = 0.3 can be

individually targeted with a combination of low charge con-
sumption (778 C L™"), and a relatively low concentration of
Cu** (7.3 mM) and Zn** (2.3 mM) as the metal precursors as
shown in the red line (c) of Fig. 2.

The pH vs. charge evolution of sample x = 1, represented by
the blue line (d) in Fig. 2, is distinct from that with x = 0, rep-
resented by the black line (b) in Fig. 2.

As zinc ions are substituted onto the interlayer site, a
shorter plateau of precipitation is distinguished at pH 4.7-5.5,
wherein 1000 C L™" had been consumed from a starting pH of
3. This is attributed to the insertion of chloride ions as part of
the chemical structure in the product form, which—concern-
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Fig. 2 A suggested mechanism for the synthesis of spin transition
nanoparticles. Effect of charge consumption on structural control of (a)
Cu,(OH)sCl vs. (b) CuO and stoichiometric composition control of spin
transition compounds (Zn,Cu,4_,(OH)sCl,) for (c) x = 0.3 (paratacamite)
and (d) x = 1 (herbertsmithite). (e) The control experiment without
metals in solution.

ing CuO implies a reduced consumption of hydroxide ions, as
apparent from comparing reaction (2) vs. reaction (3).

20, + 8¢~ + 4H,0 + 3Cu®** + zZn** + 2C1~
ZnCu;(OH),Cl, +20H™  (3)

gas—diffusion cathode
—0.15 VSHE; 2000 CL~%;18°C

The extent of copper and zinc removal from the liquid
phase is shown in Fig. ESI 2.} At a higher Cu®" concentration
of 574 mg L™" and a Zn*" concentration of 91 mg L™, 100% of
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Cu”" and 53% of Zn ions are removed from the liquid phase at
a charge consumption of 2460 C L™, while 300 mg L™ of Cu**
and 106 mg L™ achieved 100% of Cu®" and 44% removal of Zn
ions at a charge consumption of 1810 C L™"

The orange line in Fig. 2 was obtained, as a control experi-
ment without metals in solution. The charge needed to raise
the pH from 3 to 11 was 440 C L™'. The generation of per-
oxides and free radicals are transient intermediaries, formed
together with OH™ ions—as per the established mechanism of
0, reduction at non-catalyzed carbon electrodes.>*>* After
oxygen diffuses to the electrocatalytic surface (i.e., activated
carbon) of the gas diffusion electrode (GDE), O, is reduced
(see Fig. 2e). The imposed cathodic polarization conditions
(e.g., —0.15 Vgyg) drive this electrolysis mainly to OH™ ions via
a 4 electron (4e”) transfer (eqn (4)), as described in reactions
proposed by Sljukié et al.*

Oz(g) +4e” + 2H20(1) 4OH(;q) (4)

gas—diffusion cathode
~0.15VSHE; 440 CL™';18°C

From the charge consumed, it is estimated that a profuse
amount of OH™ was produced (e.g., >1300 mol m~>) resulting
from the oxygen reduction reaction, from early stages of the
GDEx process.”® This would immediately result in a pH of 14
within the porosity of the gas-diffusion cathode,** facilitating
the onset for hydroxide supersaturation and hence for reactive
precipitation (i.e., crystallization) at the electrochemical
interface.

Spin transition nanoparticles characterization

The morphologies of the Zn,Cu,_,(OH)sCl, particles made by
GDEX, at different charge consumption extents, in which x = 0
for clinoatacamite and 0.3 < x < 1 for paratacamite and x = 1
for herbertsmithite, are shown in Fig. 3(a.2, c2, d2). The
experimental evidence for x = 0, rendered (a2, a3) clinoataca-
mite (Cuy(OH);Cl), which was produced as a mixture of
faceted nanocrystals and large spiky nanowhiskers (16 =
0.4 nm), when using a charge consumption of 987 C L™, while
only tenorite (CuO) microwhiskers of 1.5 pm (b2, b3), with
needle-structures, were found at a high charge consumption of
1876 C L. This finding is consistent with that of Engelbrekt
et al.,'® who demonstrated differences in the morphology of
CuO microparticles concerning Cu,(OH);Cl nanoparticles,
which depended strongly on the reaction conditions by pH-
controlled precipitation. Conversely, by adding the copper and
zinc precursors in an adequate ratio, the formation of highly
crystalline nanoparticles with sizes that seemingly correspond
to single crystals of Zn,Cu,_,(OH)sCl,, is achieved. For
samples with a stoichiometric coefficient of x = 0.3 (c2, ¢3), the
nanocrystals size was (14 + 0.2 nm), obtained with a charge
consumption of 778 C L™'. When the stoichiometric coeffi-
cient was x = 1 (d2, d3), the nanocrystals size was 10 + 0.1 nm,
with a charge consumption of 2000 C L™".

The frequency of the spin transition nanoparticles sizes
and the corresponding normal distribution fits are shown in
Fig. ESI 3.1 The addition of Zn>" had a significant effect on the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Temperature dependence of mass magnetization (M) at 8 kA m~ (100 Oe) for Zn,Cuy4_,(OH)sCl, and CuO as measured under ZFC—FC con-
ditions; (al-a2) for clinoatacamite; (b1-b2) for tenorite; (c1-c2) for paratacamite and (d1-d2) for herbertsmithite. TEM imaging for Cug_,Zn,
(OH)6CL, products made by GDEx using 6 mM Cu?* and 2 mM Zn?* as precursors.

particle size and polydispersity degree. When the content of
zinc was increased from x = 0.3 to x = 1, particle sizes reduced
from 14 to 10 nm, even at higher alkaline pH (i.e., 11). The
absence of Zn in the structure, under alkaline conditions,
allows the rapid decomposition of Cu,(OH);Cl to CuO micro-
whiskers of 1.5 um with needle-structures.

The synthesis of particles at the nanoscale requires very
specific supersaturation conditions, such as (1) short nucleation
and growth periods, (2) at high rates, and (3) avoiding their

This journal is © The Royal Society of Chemistry 2020

immediate agglomeration.”> Correspondingly, the synthesis of
spin transition nanoparticles by GDEX, is relies on these fea-
tures, provided by the nature of the process and reagents
employed, combined with the following aspects. The flowing
conditions impose only a transient contact of metal ion precur-
sors with the reactive species at the saturated electrochemical
interface—rendering transient nucleation conditions.

The possibilities of growth are feeble, as encountering
other metal ions is restricted by their high dilution. The rate of
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interfacial processes typically scales with available surface area
(i.e., surface active sites) which is provided by the highly-
porous GDE (i.e., >800 m> g™ '), facilitating a high rate of pro-
duction of HO,, OH™ and their radicals, which quickly react
with the metal ion precursors available at the interface.

Notably, the synthesis of ZnCuz(OH)eCl, is fast under the
operational conditions here employed, with rates approaching
40 mg min~'. The process is highly reproducible, and it
involves mild synthetic conditions (e.g., 291 K and atmos-
pheric pressure), in contrast to all previous options reported
thus far, such as hydrothermal or solvothermal methods (e.g.,
~458-473 K).*"'°

The XRD patterns and IR spectra of 4 representative samples
are shown in Fig. 4. The diffraction patterns of Fig. 5A are
indexed with the following compounds; Zng,5Cu;75(OH)sCl,
(ICSD-no. 192076), Zn, gsCus 15(OH)sCl, (ICSD-no. 424325), ZnO
(ICSD-no. 26170), Cu,(OH);Cl (ICSD-no. 64956) and CuO (ICSD-
no. 67850).

Table S11 compares the results obtained from quantitative
phase analysis (QPA) by Rietveld refinement method
and ICP-OES of powder samples. The synthesis of
Zn,Cu,_,(OH)sCl, compounds using less than 1000 C L7,
resulted in a product with stoichiometric coefficient x = 0.3
and the lowest amount of impurities, such as ZnO and
Cu(OH), (Table S17). At higher charge consumption (2000 C L),
the synthesis of compounds with higher Zn content (x = 1) is
differentiated, but a lower purity is obtained, due to the final
PH of synthesis of 11 (see Fig. 2 and duplicate experiment data
(d1, d2) in Table S17¥).

The XRD traces of Cu,(OH);Cl and Zn,Cu,_,(OH)¢Cl, are
indistinguishable by X-ray analysis (see Fig. 4A(a) vs. A (c)) due
to the difficulty to differentiate Cu and Zn. The crystal struc-
ture of Cu,(OH);Cl has been determined by several
authors,'*'%?® which reported that pure Cu,(OH);Cl occurs in
the form of three different polymorphs: atacamite, clinoataca-
mite, and paratacamite. While the first two polymorphs consti-
tute the thermodynamically-stable phase of Cu,(OH);Cl at
ambient temperatures (orthorhombic and monoclinic struc-
ture type), paratacamite (rhombohedral structure) has to be
stabilized by partial substitution of Zn or Ni for Cu.*®?’
According to the experimental work of Malcherek and
Schliiter,”® the XRD diffraction pattern of Zn,Cu,_,(OH)sCl, is
weak and therefore easily mistaken by that of Cu,(OH);CL
Differences in the hydroxyl groups of clinoatacamite and her-
bertsmithite can be used for appropriate identification.

Thus, infrared spectroscopic (IR) studies of Zn,Cu,_(OH)sCl,
and CuO were undertaken to overcome the barrier of crystal struc-
ture identification encountered with XRD (Fig. 4B). Our data indi-
cate that Cu,(OH);Cl and ZnCu;(OH)sCl, have close lying bands
in the hydroxyl stretching region. However, a buried peak at
3400 cm™" is unique for the Cu,(OH);Cl structure and can be
used as a fingerprint for its detection. Also, the slight shifts in the
three major bands of the hydroxyl stretching region, allow us to
confidently identify our synthesized Cu,(OH);Cl as clinoataca-
mite. The IR spectrum of the synthesized CuO compounds sup-
ports the phase purity observed by XRD, with no indication of
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Fig. 4 (A) XRD patterns Co-Ka (1 = 1.7928 A) of solid products obtained
using 7.3 mM Cu?* and 2 mM Zn?* as metal precursor. From top to
bottom: Spin transition compounds with formula *Zn,Cu,4_,(OH)sCl, at
x = 0, XRD patterns of (a) clinoatacamite (Cu,(OH)3zCl) x = 0 was pro-
duced using a charge consumption of 987 C L™* (green line), while only
(b) copper oxide (CuO) x = 0, at a charge consumption of 1876 C L™
(black line). (c) Paratacamite x = 0.3 (red line); (d) herbertsmithite x = 1 +
impurity of zincite (OZnO) (blue line). The asterisk and circular markers
show the most prominent peak positions of Zn,Cu4_,(OH)eCl, and ZnO
phases respectively. The square marker represents the polymorph
Cu,(OH)sCl. (B) FTIR absorption spectra of the synthesized
Zn,Cuy_,(OH)6Cl, with x = 0 (a) and Cu,(OH)sCl and (b) CuO; (c) x = 0.3
and (d) x = 1. The spectra graph is shown in two regions of the hydroxyl
stretching (3500-3200 cm™) and deformation (1000-8000 cm™).
Characteristic frequencies are indicated with vertical dashed lines). (C) M
against field over temperature sweep at 2.0 K. Stoichiometric coefficient
on the interlayer site ranges of x between 0 to 1.
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(al)

(a2)

(b2)

Fig. 5 Left: Crystal structures of compounds with formula
Zn,Cu,_(OH)6Cl, at x = 0, clinoatacamite (al),3! Zn-paratacamite (b1)*°
and herbertsmithite (c1)° looking down along the hexagonal ¢ axis.
Copper atoms are blue, zinc atoms are green, and oxygen (red). Chlorine
and hydrogen atoms have been suppressed for clarity to emphasize
better that the CuO,4 units. Right: A side view of the crystal structure
using a polyhedral representation, emphasizing the stacking of the
kagome layers due to the coupling of CuO,4 planar units by ZnOg octa-
hedra in herbertsmithite (c2). This figure was made using the Vesta — JP
Minerals software, https://jp-minerals.org/vesta/en/, retrieving the XRD
data indexed with the following compounds: Zng»5Cus75(OH)eCly
(ICSD-no. 192076), Zng g5Cus 15(0H)6Cl, (ICSD-no. 424325), Cu,(OH)Cl
(ICSD-no. 64956), which correspond to the theoretical charts closest to
the stoichiometries we achieved experimentally (i.e., see Rietveld ana-
lysis in Table S17).

Cu,(OH);Cl, and the stability of ZnCuz; (OH)eCl,. Similar obser-
vations are reported using Raman spectroscopy and IR.'®?®

Magnetic properties of spin transition nanoparticles

The thermal and field dependence of magnetization (M) over a
temperature sweep down to 2.0 K are also reported in Fig. 3
(a1, b1, c1 and di1) and 4C. The ZFC and FC thermal
dependence of magnetization provides information about the
magnetic properties of the spin transition nanoparticles at
8 kA m~" (100 Oe) (see Fig. 3(a1, c1 and d1)). Tenorite (b1) is an
antiferromagnetic semiconductor with Néel temperature (7y)
of about 230 K (Fig. ESI 47). The ZFC-FC curves and hysteresis
loops (Fig. 4C) are typical for CuO samples.>

On the contrary, on cooling and below T ~8 K, the spin
transition nanoparticles with formula Zn,Cu,_,(OH)eCl,
showed a transition, which also involves a strong antiferro-
magnetic (AFM) coupling down to 2 K, especially for clino-
atacamite with x = 0. The strong AFM coupling of Cu atoms in
the triangular lattice makes that the magnetic moments align
against the applied field, giving as a result the negative magne-
tization reversal at low temperatures, especially in clinoataca-

This journal is © The Royal Society of Chemistry 2020
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mite (a.1). As the temperature increases, the small ferro-
magnetic (FM) contribution coming from the frustrated geo-
metrical surface becomes to dominate. This effect has been
observed in different systems (see “the phenomenon of nega-
tive magnetization and its implications”)*® and a similar be-
havior has been reported in Cu,(OH);Cl.>"3>

The negative magnetization shown for clinoatacamite
allows us to differentiate between Zn-paratacamite com-
pounds. The high magnetization value at FC in the clinoataca-
mite also confirms the coupling between a weak FM and a
strong AFM interaction. These results are consistent with
those of Colman et al.,> who indicated the presence of a small
amount of ferromagnetic impurities.

The introduction of non-magnetic Zn in the pyrochlores
lattice produces changes in the crystalline structure (from
monoclinic to rhombohedral) and the replacement of Cu>* by
non-magnetic Zn*>" weakens the AFM coupling and finally
leads to a system of uncoupled spin, as can be seen from ZFC-
FC curves for x = 0, 0.3 and 1.

Fig. 5 shows the crystal structure of Zn,Cu,_,(OH)sCl, com-
pounds, where clinoatacamite (x = 0) is a 3D distorted pyro-
chlore lattice antiferromagnet (al; a2). The Zn** ions (green
atoms) can be incorporated into the monoclinic clinoatacamite
and converted to a rhombohedral structure with undistorted
kagome layers forming a 3D framework structure.>""

The presence of Zn>" ions in paratacamite (b1; b2) and her-
bertsmithite (c1; c2) decrease the ordering temperature from
6.5 K to 4.5 K, which is an indication of spin frustration.

Herbertsmithite (x = 1) is proposed as an ideal 2D kagome
with S = 1/2, and no long-range magnetic ordering is observed
down to 50 mK.

Nanoparticles with a stoichiometric coefficient of x = 1
showed less long-range antiferromagnetic (AFM) ordering or
spin freezing than paratacamite nanoparticles (x = 0.3). On the
contrary, the higher Ty = 6.5 K of Cu,(OH);Cl with x = 0 com-
pared to the T\ = 4.5 K of compounds with x = 1 supports the
stronger AFM coupling of the former; besides, the huge mag-
netization under FC of samples with x = 0 confirms the pres-
ence of spin glass due to spin frustration of the magnetic
moments at the surface.

Magnetization against field over temperature sweep at 2.0 K
was recorded to determine the nature of the magnetic com-
ponent (Fig. 4C). The hysteresis loops at 2.0 K of Cu,(OH);Cl
shows a kick at low fields confirming the presence of two mag-
netic phases, one FM and the other AFM (the majority one).
The high coercive field (H. = 2500 Oe = 200 kA m™") indicates
also that the Cu,(OH);Cl is a strong AFM.

Compounds with stoichiometry of Zn,Cu,_,(OH)sCl,
showed a paramagnetic-like behavior above the transition
temperature and different magnetic couplings at low tempera-
tures (see duplicate experiments in ESI 51), where Cu,(OH);Cl
developed a stronger magnetic coupling than compounds with
x = 1. The AFM behavior is weakened by the introduction of
non-magnetic Zn”>*, indicating the formation of spin-spin cor-
relations; which is a common feature of quantum kagomé

systems.> 613,33
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The less ordering temperature in herbertsmithite is a clear
indication of spin frustration, which inhibits the tendency of a
spin to order under cooling conditions. However, the Néel
temperature has not been suppressed as described in the syn-
thesis of a single crystal of herbertsmithite.?

This result may be explained by the fact that below a critical
size, magnetic particles become single domain in contrast
with the usual multidomain structure of microcrystalline
samples, which can exhibit unique phenomena such as
unusual  coercivities,>  quantum  tunneling of the
magnetization,*>*® and superparamagnetism.’”*®* Another
possible explanation for this is that the size reduction of her-
bertsmithite could affect the novel magnetic properties, due to
the small volume or the high surface/volume ratio (spin
canting effect),>**° a phenomenon through which spins show
a lack of full alignment at the surface. For example, Martinez
et al.*’ found a low-temperature surface spin-glass layer in
Fe,0; magnetic nanoparticles with a ferromagnetic core, indi-
cating a magnetic disorder in a well-delimited surface layer of
the nanoparticle. Aliyu et al.** also found a low-temperature
surface spin-glass layer in PrysCaysMnO; very crystalline
nanoparticles with an antiferromagnetic core and a ferro-
magnetic shell of a single unit cell thickness; the origin of the
glassy state is the magnetic frustration of the ferromagnetic
order of the shell.

The ferromagnetic component has been recently explained
by muon spin rotation (uSR) studies, where a weak ferro-
magnetic moment appears in the paratacamite family, one
around 18 K and the other one around 6 K, and where
dynamics persist down to 7' = 0.%3"

However more in-depth investigation is needed to shed
light on a spin canting effect in our spin transition nano-
particles. Although Zn,Cu,_,(OH)sCl, compounds with x = 1
showed less long-range antiferromagnetic (AFM) ordering than
nanocrystals with a stoichiometric coefficient of x = 0.3 down
to 2 K, further research is required to elucidate if spin canting
is responsible for the ferromagnetic component observed,
which is in turn could increase the long-range antiferro-
magnetic (AFM) ordering of spin-transition nanoparticles.

Conclusions

The possibility of synthesizing spin transition nanoparticles
using an electrochemical process with high and fast pro-
duction rates is desirable for many reasons, notably the con-
venience of significantly reducing the temperature of synthesis
and chemicals, providing a green route of synthesis.

The magnetic properties, particle size and rate of the reac-
tion can be precisely tuned (directly or indirectly) by manipu-
lating the charge consumption, as well as the composition of
the electrolyte. This process allows the careful preparation of
Cu,_,Zn,(OH)4Cl, products. The synthesis is fast, reproducible
and it involves mild synthetic conditions, running at 291 K
and atmospheric pressure, in contrast previously reported
methods.
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We found faceted nanocrystals of around 10.4 + 0.1 nm for
Zn,Cu,_,(OH)sCl, products with stoichiometric coefficient
between x = 0.3 to 1. At a charge consumption of 987 C L™", we
produced a mixture of faceted nanocrystals and large spiky
nanowhiskers of 16.1 + 0.4 nm with a stoichiometric coeffi-
cient of x = 0. Only microwhiskers of CuO (1.5 pm) with
needle-structures were found at higher charge consumption of
1876 CL™".

Magnetic analyses demonstrate that nanoparticles with x =
1 in the formula Zn,Cu,_,(OH)sCl, showed a small magnetic
transition at Ty = ~4.5 K, with less long-range antiferro-
magnetic (AFM) ordering or spin freezing than nanoparticles
with x = 0.3 down to 2 K.

ZFC-FC thermal dependence of M shows bifurcation
during the transition at Ty = ~6 K in samples of stoichiometric
coefficient between 0 and 0.3, which supports a long-range
AFM ordering, spin freezing or spin-glass-behavior.

These results are in accord with recent studies of synthesis
of spin transition compounds indicating that the presence of
Zn allows the perfect kagomé distribution of the Cu®" ions and
consequently lead the absence of long-range ordering to the
lowest measured temperature.

We finally suggest that the spin liquid behavior is sus-
tained at the nanoscale in compounds of ZnCuz(OH)eCl,.
Our discovery not only confirms redox reactions as the
driving force to produce spin transition nanoparticles, but
also proves a simple way to switch between these magnetic
ground states within an electrochemical system, paving the
way to further explore its reversibility and overarching
implications.
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