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Cu2ZnSnS4-PtM (M = Co, N1) Nano-Heterostructures

for Photocatalytic Hydrogen Evolution

ABSTRACT We report the synthesis and photocatalytic and magnetic characterization of colloidal
nano-heterostructures formed by combining a Pt-based magnetic metal alloy (PtCo, PtNi) with
Cu2ZnSnS4 (CZTS). While CZTS is one of the main candidate materials for solar energy conversion,
the introduction of a Pt-based alloy on its surface strongly influences its chemical and electronic
properties, ultimately determining its functionality. In this regard, up to a 15-fold increase of the
photocatalytic hydrogen evolution activity was obtained with CZTS-PtCo when compared with CZTS.
Furthermore, twice higher hydrogen evolution rates were obtained for CZTS-PtCo when compared
with CZTS-Pt, in spite of the lower precious metal loading of the former. Besides, the magnetic
properties of the PtCo nanoparticles attached to the CZTS nanocrystals were retained in the
heterostructures, what could facilitate catalyst purification and recovery for its posterior recycling

and/or reutilization.



Introduction

Maximizing material performance in a particular application frequently requires the simultaneous
optimization of several functional properties. In the field of photocatalysis, the material needs to be
able to absorb the major part of the solar spectra, to adsorb the reactants and generally to efficiently
exchange charge with them. In quasi-homogeneous photocatalytic systems involving colloidal
nanoparticles, it is also necessary to ensure the suspension stability and to introduce a mechanism for
material recovery. Such multifunctionality is generally incompatible with the limited parameters of a
single material, thus the engineering of heterostructures and particularly nano-heterostructures has a

remarkable fundamental and technological interest.

Cu2ZnSnS4 (CZTS) has been recently proposed as an alternative absorber to more conventional
CdTe and Cu(In,Ga)Se2 semiconductors. Compared with these binary and ternary/quaternary
compounds, CZTS is made of more abundant and lower toxicity elements, while conserving an
optimal direct band gap of 1.5 eV and a large absorption coefficient.!! CZTS has been shown as an
excellent light absorber not only for solar energy conversion through photovoltaics, but also for
photocatalytic generation of hydrogen and other value-added chemicals and for photodegradation of

pollutants.'>!3

On the other hand, platinum is the most used catalyst for hydrogen evolution due to its excellent
catalytic activity.* However, Pt is a rare and thus expensive element, whose usage needs to be
minimized in practical applications. One way to reduce the amount of Pt used is by increasing its
activity and maximizing the ratio of atoms exposed to the media,>Chem- Commun., 201147, 3885-3887 * A qecond
6, Chem. Rev., 2012, 112

strategy to minimize the amount of Pt, is to alloy it with lower cost transition metals.

(11). pp 5780-3817 Ty this direction, bimetallic catalysts not only have made possible to reduce the amount



of expensive noble metals used, but they have further allowed to modify the electronic and chemical
properties of the noble metal, enabling the engineering of catalysts with improved activities,
selectivities and stabilities, Chem- Rev., 2012, 12 (1), pp S780-5817 Tpy particular, bimetallic Pt-Co and Pt-Ni

alloys are well-known oxygen reduction electrocatalysts.” J- Phys: Chem. B, 2002, 106 (16), pp 41814191, Journal of Power

Sources, Volume 160, Issue 2, 6 October 2006, Pages 957-968, J. Electrochem. Soc. 1990 volume 137, issue 11, 3368-3374, J PhyS Chem B
. . . D,

2002, 106 (8), pp 1869-1877,_J. Phys. Chem. B, 2004, 108 (30), pp 11024-11034, FUEL CELLS

2001, 1, No. 2 105-116 They have been also proposed for hydrogenation reactions, Joumal of Catalysis

Volume 156, Issue 1, September 1995, Pages 85-95; Fuel Volume 132, 15 September 2014, Pages 62—70, J. Am. Chem. Soc., 2012, 134 (21), pp 8975—

9, Chem. Soc. Rev., 2012, 41, 7994-8008

8981 hydrogen generation, and recently even as counter electrode in dye-

sensitized solar cells when supported on Cu2ZnGeSas.2

Herein, monodisperse CZTS nanocrystals were synthesized and used as support to produce CZTS-
PtCo and CZTS-PtNi nano-heterostructures. CZTS-PtCo metal-semiconductor nano-heterostructures
were characterized by higher photocatalytic activities toward hydrogen generation from water when
compared not only with the bare CZTS semiconductor, but also with CZTS-Pt. They also show a

potentially convenient magnetic moment.

Experimental

Chemicals and solvents: Tert-dodecylmercaptan, dodecanethiol, tin(IV) chloride (SnCls4-5H20), zinc
oxide (ZnO), copper(Ill) chloride (CuCl2-:2H20), platinum(Il) acetylacetonate, nickel(Il) acetate,
cobalt(Il) acetate, 1-octadene (ODE), oleylamine (OLA, 70%), oleic acid (OA, 90 %) were purchased
from Aldrich. Chloroform, isopropanol, tetrahydrofuran, toluene and methanol were of analytical

grade and obtained from various sources.



Synthesis of CZTS-metal alloy heterostructures: Quasi-spherical CZTS nanoparticles with wurtzite
structure were prepared by the reaction of copper, tin and zinc salts with a mixture of the tert-
dodecylmercaptan and dodecanethiol in the presence of oleylamine (OLA) as we previously
described.’* CZTS-Pt, CZTS-PtCo and CZTS-PtNi nano-heterostructures were prepared from the
nucleation of Pt, PtCo or PtNi on the surface of the quasi-spherical CZTS nanoparticles. In a typical
synthesis, oleic acid (0.20 mL), oleylamine (0.20 mL), 1,2-hexadecanediol (43 mg), and phenyl ether
(10 mL) were loaded into a reaction flask and kept under vacuum? at 120 °C for 30 min. Then, the
mixture was purged with nitrogen and heated to 200 °C. In another flask, CZTS nanocrystals (how
many mg?) were mixed with platinum(II) acetylacetonate (40 mg) and different amounts of cobalt
acetate or nickel acetate and the mixture was heated at 80 °C for 10 min under vacuum?. Then, the
metal precursor solution containing the CZTS nanoparticles was injected into the surfactant solution
maintained at 200 °C. After 10 min, the reaction was quenched in a water bath. The final product was
washed by multiple precipitation/dispersion cycles with toluene and ethanol, and it was finally

dispersed in toluene.

Characterization techniques: The morphological, chemical and structural characterizations of the
nanoparticles were carried out by transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). Carbon-coated TEM grids from Ted-Pella were used as substrates. HRTEM images were
obtained using a FEI Tecnai F20 field-emission gun microscope with a 0.19 nm point- to-point
resolution at 200 keV with an embedded Gatan image filter for EELS analyses. Images were analyzed

by means of Gatan Digital micrograph software.

Scanning electron microscopy (SEM) was performed using a ZEISS Auriga SEM with an energy
dispersive X-ray spectroscopy (EDS) detector to study composition. Powder X-ray diffraction (XRD)

patterns were obtained with Cu Kol (A = 1.5406 A) radiation in a reflection geometry on a Bruker D8



operating at 40 kV and 40 mA. Ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR) spectra
were recorded on a LAMBDA 950 UV-Vis spectrophotometer from PerkinElmer. X-ray photoelectron
spectroscopic (XPS) measurements were performed on a Thermo Scientific XPS spectrometer. Field-
dependent magnetization measurements (M-H) were conducted with a SQUID magnetometer

(Quantum Design MPMS XL) at 5K.

Photocatalytic hydrogen generation experiments

Nanocrystals were rendered water soluble by replacing the initial surfactants with [NH4]2S. For the
photocatalytic H2 generation experiments, 10 mg of nanoparticles was dispersed in 50 ml of deionized
water, containing 0.1 M Na2S and NaxSO3 as hole scavengers. Before irradiating the solution, the
reactor was thoroughly purged with argon to remove all oxygen in the headspace of the reactor and
dissolved in water. A baseline was taken to ensure that there was no detectable oxygen in the system.
A 300 W Xe lamp (Newport) was used to irradiate the sample after a suitable baseline was obtained.
The reaction product was monitored by periodically sampling the gas phase from the glass chamber
using a gas tight syringe and analyzing it by a gas chromatograph (Varian GC-450). Argon was used as

the gas chromatograph (GC) carrier gas.

Fabrication of thin film electrodes and electrochemical measurements

5 mg of photocatalysts and 10 pL of Nafion solution (5 wt%) were dispersed using sonication in 1 mL
water/isopropanol mixed solvent (3:1 v/v) until forming a homogeneous catalyst ink. 100 pL of this
ink was deposited onto 1 cm? FTO-coated glass to fabricate the working electrode. A platinum wire
was used as a counter electrode, and an Ag/AgCl reference electrode completed the three-electrode
electrochemical system. Electrochemical impedance spectrometry (EIS) experiments in the frequency

range 0.1 Hz - 100 KHz were carried out on a Zahner Zennium electrochemical workstation (Zahner



Instrument Inc., Germany) in the presence of a 1 mM Kis[Fe(CN)s]/Ka[Fe(CN)s] (1:1) mixture as a

redox probe in 0.1 M KCI aqueous solution. The signal amplitude was set to 5 mV.

Results and discussion

Representative TEM micrographs of the CZTS nanoparticles used to support the bimetallic
nanocrystals are shown in Figure la. CZTS nanoparticles were characterized by a quasi-spherical
morphology and an average size of 12 nm. XRD analysis (Figure SI1) showed their crystal structure to

be that of wurtzite. This crystal phase was confirmed by HRTEM analysis (Figure 2)

CZTS-PtCo nano-heterostructures obtained with different nominal Co/Pt ratios (0, 0.5, 1, 2) were
produced as detailed in the experimental sections. After metal deposition, no significant change in the
size and shape of the CZTS nanocrystals was observed by TEM analysis. However, TEM micrographs
clearly displayed small higher-contrast spots homogeneously distributed over the CZTS nanocrystal
surface (Figure 1b-1d). This higher contrast spots had average sizes in between 1 and 2 nm for the
CZTS-PtCo nano-heterostructures with the lowest nominal Co/Pt molar ratios tested (Co/Pt = 0.5) and
of around 3 nm for the highest (Co/Pt = 2). EDS analysis revealed that both Pt and Co were present on
the final material (Figure SI2). The metal ratios increased with the increase of the ratio of cobalt and
platinum acetates introduced in the precursor mixture, although slight deviations from the nominal

values were obtained (Table SI1).'
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Figure 1. Representative TEM images of CZTS nanoparticles (a) and CZTS-PtCo nano-

heterostructures with different nominal Co/Pt ratios: Co/Pt = 0.5 (b); Co/Pt =1 (c); Co/Pt =2 (d).

Figures 2a and 2b show higher magnification TEM and STEM-HAADF micrographs of the CZTS-
PtCo (Co/Pt=0.5) sample. STEM-HAADF micrograph shows the CZTS surfaces to be randomly
decorated with multiple 1-2 nm metal (brighter contrast) nanocrystals. Figure 2¢ and 2d show two
HRTEM micrographs obtained with certain defocus in order to reveal the presence of the metal
nanocrystals. When the CZTS nanoparticle is in perfect focus, just the CZTS nanoparticles were seen.

Only when imaging the nanoparticles in under-focus conditions, the black dots associated to PtCo



started to appear around the nanoparticles. This experimental evidence indicated that no epitaxial
relation existed between the metal and the semiconductor nanocrystals. Figure 2h displays a 3D
structural model of a faceted CZTS nanoparticle decorated with several ~ 2 nm f.c.c. PtCo NPs, S Bemal

F.J. Botana, J.J. Calvino, C. Lopez-Cartes, J.A. Pérez-Omil, J.M. Rodriguez-Izquierdo, The interpretation of HREM images of supported metal catalysts

using image simulation: Profile view images, Ultramicroscopy, 72 (1998) 135-164.

CZTS-PtCo nano-heterostructures obtained with higher Co/Pt ratios displayed slightly larger PtCo
nanocrystals (Figure 2e). HRTEM characterization of CZTS-PtCo (Co/Pt = 2) showed the metal
nanocrystals to be crystalline and tightly anchored to CZTS, although no epitaxial relation could be
identified (Figure 2f). In figure 2g a HRTEM micrograph of a single CZTS nano-heterostructure is
displayed. The lower contrast lattice of the support nanoparticle has an interplanar distance of 0.32 nm,
which corresponds to the (002) plane of CZTS. The interplanar distance of the higher contrast
nanocrystal was 0.22, which is slightly smaller to the (111) interplanar distance of Pt (0.23 nm). This
slight difference is most probably related to a decrease of the lattice parameter when replacing part of

the Pt by Co to form the PtCo alloy.
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Figure 2. Top row: TEM (a), STEM-HAADF (b) and HRTEM (c,d) micrographs of CZTS-PtCo nano-
heterostructures with [Co]/[Pt]=0.5. Micrographs show the ~12 nm faceted CZTS nanoparticles
decorated with ~1-2 nm PtCo nanocrystals as pointed with arrows in (c¢) and circled in (d). Bottom
row: TEM (e) and HRTEM (f,g) micrograph of CZTS-PtCo nano-heterostructures with [Co]/[Pt]=2.
Micrographs show the ~12 nm faceted CZTS nanoparticles decorated with ~3 nm PtCo nanocrystals.
A structural model of a faceted wurtzite CZTS nanocrystal randomly decorated with ~ 2 nm f.c.c. PtCo
NPs is shown in (h). Color code: Cu, Zn and Sn atoms in red; S atoms in yellow; and Pt and Co in

green.

Figure 3 shows the Pt 4f and Co 2p XPS spectra obtained from CZTS-Pt and CZTS-PtCo nano-
heterostructures. As for monometallic CZTS-Pt (Figure 3a),'> the Pt 4f spectrum of CZTS-PtCo
(Figure 3b) presented relatively broad bands, which pointed out to the presence of at least two pairs of
doublets and thus two Pt chemically states, Pt’ and Pt**. From the fitting of the spectra it became clear
that in both samples the metallic Pt state is the main component. It is also evident that the Pt’ peak in
the CZTS-PtCo samples is slightly shifted to higher binding energies than that of CZTS-Pt (Figure 3c¢).
This positive shift is attributed to a slight Pt electron loss and is a hallmark of the Pt-Co alloying.'®
Similarly, two pairs of doublets were also fitted to the Co 2p binding energy region (Figure 3d), being
the stronger peaks associated with Co® and the weaker to Co**. The presence of Co?" in PtCo alloys is

a common observation due to the easy oxidization of Co when exposed to air.!”"!8
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Figure 3. (a) XPS Pt 4f spectra for CZTS-Pt. (b) XPS Pt 4f spectra for CZTS-PtCo (Co/Pt=1). (c)
Comparison of the fitted Pt® sub-spectra of Pt 4f7» for CZTS-Pt and CZTS-PtCo. (d) XPS Co 2p

spectra for CZTS-PtCo (Co/Pt=1).

CZTS-PtNi (Ni/Pt=1) nano-heterostructures were prepared following the same synthesis procedure.
As described for PtCo, multiple PtNi nanoparticles with an average size of ~2 nm were randomly
grown on the surface of the CZTS nanocrystals by adding nickel acetate to the growth solution (Figure
4a). EDS (Figure SI3), XPS (Figure SI4) and ICP (Table SI2) analysis showed the presence of both Pt
and Ni with a ratio Ni/Pt = 0.64. The XPS binding energies of the Ni 2p3/2 and 2p1,2 states were located

at 856.0 and 873.4 eV, respectively, which agreed with the literature values for metallic Ni®.!?

11



Figure 4b displays a STEM-HAADF micrograph of the CZTS-PtNi nano-heterostructures showing
several CZTS nanoparticles decorated by numerous PtNi nanocrystals in brighter contrast. An EDX
line scan was obtained through the arrow displayed in the STEM-HAADF micrograph. While the
intensity scale between the elemental counts and STEM intensity are not proportional, it is clear that
the brighter metal spots are composed by both Pt and Ni.

Figure 4c shows a HRTEM micrograph of a CZTS-PtNi nano-heterostructure where the CZTS
nanoparticle and two attached ~ 2-3 nm PtNi nanoparticles are in fairly good zone axes and clearly
visible. In the middle, FFTs from the CZTS and upper PtNi are shown. A power spectrum (FFT)
obtained from the CZTS nanoparticle reveals its wurtzite phase with lattice parameters of a = b =
0.3839 nm and ¢ = 0.6339 nm (space group = P63mc) and visualized along [10-31] zone axis. The
power spectrum of the green squared region reveals that the surface nanocrystal comprises a face
centered cubic PtNi phase (space group = Fm3-m) with a lattice parameter of a = 0.387 nm and
visualized along its [011] zone axis. On the right (Figure 4d), a color structural map showing the
wurtzite CZTS phase in red and f.c.c PtNi phase in green is shown, where it is clear that there is an
epitaxy between the base CZTS and attached PtNi nanoparticles. In the lower row, several epitaxial
relations between the CZTS and PtNi nanoparticles from the areas indicated with red and green
squares are shown. First serie on the right shows the epitaxial relation between {1-10-1} or {01-1-1}
planes of CZTS (blue circles) and {111} planes of PtNi (yellow circles), where there are 5 PtNi planes
for every 4 CZTS planes (indicated with black parentheses) with a total lattice mismatch of ~ 7%. The
same epitaxial relation is observed between the CZTS and the lower PtNi nanocrystal (shown on the
far right). Another possible epitaxy is shown (in the middle) between the {10-1-2} planes of CZTS and
{200} planes of PtNi where there is 1 PtNi plane for every 1 CZTS planes but the lattice mismatch for

this epitaxial relation is quite high (~17%).
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Figure 4. a) TEM micrograph of CZTS-PtNi nano-heterostructures. b) STEM-HAADF micrographs

showing PtNi nanoparticles in brighter contrast and EDX line scan through the arrow in the STEM-
HAADF micrograph. Intensity scale between the elemental counts and STEM intensity are not
proportional. ¢) HRTEM micrograph showing two PtNi nanoparticles attached to a CZTS nanoparticle
and power spectra obtained from the CZTS and the upper PtNi nanoparticle. d) Color structural map of
the CZTS (in red) and PtNi (in green). e) Different epitaxial relations between the CZTS and PtNi

nanoparticles.
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To illustrate the influence of inexpensive Co alloying on the CZTS photocatalytic properties, CZTS-
PtCo nano-heterostructures were transferred from toluene to water by means of a ligand exchange with
(NH4)2S. Figure 5a shows the activities of CZTS, CZTS-Pt and CZTS-PtCo metal alloy
heterostructures with different nominal Co/Pt ratios. The photocatalytic H2 evolution activity of CZTS
(0.13mmol/g-h) was relatively low due to a rapid recombination of photogenerated charge carriers.
The activity was greatly enhanced to 1.02 mmol/g-h in the presence of Pt, as Pt reduces the over-
potential in the production of Hz from water.”> CZTS-PtCo nano-heterostructures, with H2 evolution
rates up to 1.85 mmol/g-h, were even more active than CZTS-Pt. H2 evolution rates up to 15-fold
higher than pure CZTS nanocrystals and almost 2-fold higher than CZTS-Pt were measured. The
superior performance of CZTS-PtCo indicated these heterostructures could not only reduce the high
price of noble metals, but also enhance their catalytic activity. Highest H2 production rates were
obtained for a nominal molar ratio Co/Pt=1. Further increasing the amount of Co caused a drop in the
activity to 0.74 mmol/g-h. The decrease of photocatalytic activity with the higher Co content might be
induced by the increase of the nanocrystal size, thus reducing the total metal surface area, but also by a
reduced number of active Pt site on the particle surface, which would decrease adsorption of hydrogen

ions that preferentially take place on Pt instead of Co.
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Figure 5. Comparison of photocatalytic H2 evolution activity of CZTS, CZTS-Pt, CZTS-Pt.Co, CZTS-

PtCo and CZTS-PtCoz under full-arc light irradiation.

Main key parameters determining the photocatalytic hydrogen production rate are charge carriers
photogeneration, separation and transport efficiencies.?! As no significant difference in the absorption
spectra of CZTS nanocrystals was obtained when introducing Pt and PtCo (Figure SIS), we assume
that the presence of neither the noble metal or the metal alloy increased the charge carrier
photogeneration. To better understand the role of cobalt in the photocatalytic H2 generation, the carrier
dynamics in the photocatalysts were analyzed by electrochemical impedance spectra (EIS). As shown
in Figure 6, the radius of the semicircle in the Nyquist plots, which is proportional to charge transfer
resistance, of CZTS was much larger than that of CZTS-Pt and CZTS-PtCo nanocrystals. These
differences indicated that the transport of charge carriers was indeed significantly influenced by the
formation of the semiconductor-metal nano-heterostructures. Furthermore, the radius of the semicircle
obtained with the CZTS-PtCo electrode was even smaller than that of CZTS-Pt, indicating a lower

interface and thus charge transfer resistance from the material surface to the solution.*?
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Figure 6. Electrochemical impedance spectra of CZTS, CZTS-Pt and CZTS-PtCo (Co/Pt=1)

nanocrystals modified electrodes.

Besides, alloying Pt with Co may facilitate the accumulation of photoexcited electrons as pointed out
by Z. Hu and C. Y. Jimmy.”*** Thus more photogenerated charge carriers have the chance to participate
in the hydrogen generation, leading to an improvement of the photocatalytic activity. Therefore, the
incorporation of an optimal amount of transition metal allows increasing both the separation of
photogenerated charge carriers and their transfer to surface adsorbed species, enhancing in this way the

material photocatalytic activity.

The incorporation of a Co-based metal alloy should also provide the final nano-heterostructures with
a magnetic moment which can be used for material purification during its production and for material
recovery for recycling and reuse during its active lifetime. Figure 7 displays the magnetic hysteresis

loops of CZTS and CZTS-PtCo nanoparticles measured at 5 K. As expected, CZTS-PtCo nano-

heterostructures showed a soft ferromagnetic character with a coercive field (Hc) ~65 Oe (Figure 7b).

Such hybrid nano-heterostructures, with the ferromagnetic component grown directly onto the

16



semiconductor, could be also useful for studying nanoscale spin injection into semiconductor

nanostructures.?* 2
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Figure 7. (a) Magnetization vs applied field hysteresis loops measured at 5K for CZTS and CZTS-

PtCo (Co/Pt=1) nanoparticles, (b) enlarged part for CZTS-PtCo nanoparticles.

Conclusion

In summary, monodisperse CZTS nanocrystals were synthesized via a hot-injection method and
further used as support to produce CZTS-PtCo and CZTS-PtNi nano-heterostructures. CZTS-PtCo
materials showed much higher photocatalytic hydrogen generation activity than CZTS and even
CZTS-Pt nanoparticles. The higher activity was ascribed to the enhanced charge carrier separation and
transport efficiency. The presence of Co enhanced the accumulation of photoexcited electrons in the
alloy and facilitated the charge transfer to the surface adsorbed species. Furthermore, the magnetic
properties of the metal alloy PtCo attached to the CZTS nanocrystals were preserved, providing the
final CZTS-PtCo catalyst with a magnetic moment potentially useful for material purification and

recovery.

17
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