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Synthesis conditions

Figure CuCl,-2H,0 | TBDS | Oleylamine | Dodecanethiol| Reaction _Reacti(_)n
(mmol) (mmol) (9) (mmol) T (°C) time (min)
1c 0.t 5 10 5 22C 10
1h 0.t 10 12 0 18C 40
1c 0.t 10 12 0 19C 60
1d .E 10 12 0 18C 40
2a-Cc 1 10 12 0 20C 40-60
2d-f 2 10 12 0 20C 40-60
3¢ 2 10 12 0 20C 60
3b 5 50 10C 0 18C 40
3c 5 10 12 0 20C 60
3d 5 10 12 0 20C 60
3e 8 10 12 0 20C 40
3f 8 10 12 0 20C 60

Cw.,S nanoparticles were obtained from the reactiorcagper chloride with di-tert-butyl disulfide
(TBDS) inside a heated oleylamine solution (OLA).d typical preparation, 0.0852 g of Cuw@H,O

(0.5 mmol, 99.99%, Aldrich) and 12 g of OLA (70%ldAch) were introduced inside a four-neck flask
and heated to 200°C under an argon flow. The y&lowansparent solution produced was maintained at
200 °C for one additional hour for purificatiorg.ito remove oxygen, water and other low-boilingnpo
impurities. Afterwards, the temperature was set80 °C and 1 ml TBDS (5 mmol, 97%, Aldrich) was
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injected through a septum. The mixture was maiethiat the reaction temperature for up to 1 hour to

allow the nanoparticles growth. Then, the flask vegsdly cooled down to room temperature.

The nanoparticles were washed by multiple predipitaand dispersion steps using toluene as a sblven
and ethanol as the precipitating agent. The regosiynthesis procedure, characterized by a low
nucleation rate, produced highly monodisperse ngstals, thus not requiring any size selection gssc
For TEM and SEM characterization, drops of solutontaining the nanoparticles were dried on carbon-
coated copper grids and silicon substrates, raspgctThe high monodispersity of the particlesded to

their self-assembly upon solvent removal.
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Fig. SITEM images of tetradecahedral nanocrystals oldaiméhe same synthesis conditions as

in figure 3a.

Fig. S2TEM images of tetradecahedral nanocrystals obdaiméhe same synthesis conditions as
in figure 3c.

¥ 500 nm

Fig. S3TEM images of dodecahedral nanocrystals obtaingtleé same synthesis conditions as
in figure 3e.
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Fig. S4SEM images of nanodisks, tetradecahedral and dbéelcal nanocrystals obtained in the

same synthesis conditions as in figure 1d, 3a,n8c3®, respectively. Scale bars correspond to
100nm.
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Fig. SSHRTEM image (a) and details (b,c) ofCay ¢S tetradecahedron, with power spectrum
structure analysis (d), and corresponding scalés) @D atomic model in perspective (e), frontal
(f) and top (g) views.
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Fig. SGHRTEM image (a) and details (b,c) of a,Gsb tetradecahedron, with power spectrum
structure analysis (d), and corresponding scalés) @D atomic model in perspective (e), frontal
(f) and top (g) views.
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Fig. STHRTEM images of the nanoparticles obtained from dssembly of thin nanoplates at
the early stages of formation of 5% tetrahedrons. Some holes were created duringyagen
plasma treatment applied to clean the samples bganics. From the HRTEM images it is
clearly seen how the particles are composed ofiphelltrystals in perfect epitaxy but clearly
separated by junctions or planar defects (whitevesrin the image). As revealed by the FFTs of
each respective crystal, no disorientation is apated respect to the common longitudinal axis.
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Fig. S8.TEM images of the particles obtained at the ddifeistages during the formation of Cu
xS tetradecahedrons. Same synthesis conditionsfigsiie 3c.
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Fig. S9.XRD pattern of the nanodisks synthesized at a)@88min and b) 200°C, 20min. c)
Reference pattern corresponding to monoclinic ragl CPDS no. 23-958)
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Fig. S10.XRD pattern of the tetradecahedrons obtainederstmthesis conditions of figure 3e
(a) and 3c (b). c) Reference pattern corresponinige monoclinic Djurleite (JCPDS no. 23-

959)
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Fig. S11.Histograms showing the typically-obtained nanotalysize distributions. In black, the
size in the [100] crystal direction correspondshwihiat in the axial direction. That is the disk

thickness and the long dodecahedron dimensionedn the size in the [001] crystal direction

corresponds to the disk diameter and to the shorersion of the dodecahedral particles. Top,
middle and bottom histograms correspond to nanedis&tradecahedral nanocrystals and

dodecahedrons, respectively.
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Test of Cw.,S nanocrystals as cathodes in all-vanadium redoxoflv batteries
(VRB).

Due to their flexibility and fast response, flow batteries are one of the most promising solutions
for load leveling and peak shaving of renewable energies such as solar and wind." In a flow
battery, the energy is chemically stored in two independent solutions containing each of them a
redox couple. Unlike in other energy storing devices, such as Li-ion batteries or electrochemical
capacitors, in the redox battery, energetic capacity and power are independent. Among redox
batteries, better performances in terms of life time and cost are obtained when using solutions
of vanadium ions for both semi-reactions: [VO]**/[VO,]", positive cell; and V**/V*, negative cell.
In this case, the battery is known as an all-vanadium redox flow battery (VRB).

Carbon-based electrodes, such as graphite felts,® carbon nanotubes,® carbon fibers® or
mesoporous carbon® are typically used in VRB because of their relative low cost, high surface
area, chemical stability and good electrical conductivity. However, their kinetic reversibility is
rather poor, which is especially critical at the cathode. The efficiency of VRB is usually limited by
the rate and potential of the [VO]**/[VO,]* cathodic reaction.? Thus, the introduction of
catalytic elements to improve the efficiency of these reactions has been widely studied.®

Cu,,S nanocrystals were thoroughly purified by multiple precipitation and redisperion cycles.
Subsequently, 1 mg of nanoparticles was supported on 1 cm? planar graphite substrate by drop
casting. The remaining organic ligands were removed using an aqueous solution of hydrazine.
Then, the material was dried in vacuum at 1002C. Afterwards, the supported particles were
covered by a solution of Nafion (10 %) in water. Upon evaporation of the solvent, the
electrochemical activity was characterized by means of cyclic voltametry using a Biologic VMP-3
potentiostat linked to a 50 mL glass thermostated electrochemical cell. The cell was equipped
with a platinum counter electrode and a Luggin capilar Hg/Hg,S04/K,SO,4 (sat) reference
electrode. The VRB cathode was used as a working electrode. Measurements were performed
in an inert atmosphere using 30 mL of a 0.5 M VOSO,4 and 1 M H,S04 solution.

The electrocatalytic activity (peak currents and potentials of redox reactions) and the
reversibility of the cathodic reaction [VO]**/[VO,]* are the key parameters to evaluate an
electrode performance in redox flow batteries. In particular, the energy storage efficiency of a
battery is proportional to the ratio of its discharge and charge voltages.”> The lower the
oxidation potential, the lower the voltage needed to charge the battery, and thus the higher its
efficiency.
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Figure S12. Cyclic voltammograms at different scan rates olgdi using the PAN-based
graphite felt (top) and the different £ nanocrystal morphologies supported on a planar
graphite substrate (as indicated on each graph).
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In figure S12, the voltammograms obtained from electrodes containing Cu,,S nanoparticles
with different morphologies are compared with those of a polyacrylonitrile (PAN) -derived
graphite felt. Notice how the voltage difference between the peaks corresponding to the
reduction and oxidation events and its dependence with the scan rate are much lower for the
electrodes containing Cu,.,S nanocrystals than for the naked graphite. In figure S13, the voltage
of the reduction and oxidation peaks obtained with the different nanocrystal geometries is
plotted as a function of the scan rate. No clear differences in the oxidation and reduction
potentials were obtained between the different nanocrystal geometries, pointing towards the
existence of similar reaction mechanismes.
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Figure S13.Voltage of the cathodic and anionic peaks as aifumof the scan rate obtained
from the different nanocrystal morphologies andRi#N-based graphite felt.

Figure S14 shows the anodic vs. cathodic current ratio as a function of the scanning rate. In a
reversible process, the ratio between the current intensities of the anodic and cathodic peaks
should be close to 1.” Notice how electrodes containing Cu,.S nanocrystals usually showed
better reversibilities than naked graphite electrodes.
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Figure S14.Anodic vs. cathodic peak current ratio obtained with the different nanocrystal
morphologies and the PAN-based graphite felt.

Furthermore, in a reversible process, the forward scan peak current should be proportional to
the square root of the scan rate.” Figure S15 shows the dependence of the current with the
square root of the scan rate. Lineal dependences were obtained for all electrodes containing
Cu,.,S nanocrystals, which pointed towards a vanadium-diffusion limited mechanism. In this
regime, the Randles-Sevcik equation can be used to determine the apparent diffusion
coefficients of the vanadium species in the electrodes:

i, = 2.686 x 10°n*?AD"*Cv"/?

where iy is the peak current, n the number of electrons transferred in the redox reaction, A is
the electrode area, D the diffusion coefficient, C the concentration of vanadium in solution and
v the scan rate. Among the different morphologies, the highest diffusion coefficients were
obtained with the electrodes containing Cu,4S dodecahedral nanocrystals: 2 x 10% cm? s
Nevertheless, no conclusive differences in the performance of the distinct morphologies can be
obtained from these preliminary measurements.

The limited current intensities and the associated low diffusion coefficients obtained were
related to the presence of the Nafion layer and the small surface area of the electrodes
containing Cu,.,S nanocrystals. The Nafion layer was required to prevent the degradation of the
Cu,,S nanocrystals. However, its thickness needs to be optimized to maximize the current
density. On the other hand, the use of 3D porous graphite supports will highly increase the
nanocrystal dispersion and maximizing the number of reaction sites accessible for the vanadium
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species. In this sense, notice that the porous 1 cm? graphite felt used here for comparison had a
surface area between 2 and 3 orders of magnitude larger than the planar graphite electrode,
which could account for a 100-1000 fold increase in the current intensity. Another parameter
which will need optimization when using 3D electrode supports is the density of Cu,,S
nanocrystals. Too high densities could led to saturation of the surface and thus to poorer
electrochemical performance. Also the surface dispersion of the nanoparticles needs to be
optimized and their aggregation prevented. This may be especially important and challenging
for Cu,.S nanodisks, which tend to stack face to face.
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Figure S15.Current at the redox peaks as a function of the square root of the scan rate
In conclusion, the presence of Cu,,S nanocrystals significantly reduced the reduction potentials

and increased the reversibility of the process. We believe the present work to provide the
basics for developing more efficient VRB using Cu,.,S nanocrystals as catalyst in the cathodes.
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