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Transparent hybrid materials (metal complexes/ZnO nanostructures):

synergetic effects in electrocatalytic reactions, application to CO, reduction
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Abstract

We developed a simple and versatile approach for the electrochemical growth of hybrid
ZnO/molecular catalyst nanostructured layers. A metal oxide/catalyst hybrid nanoporous layer
with a sponge-like structure at the nanoscale and multiscale 3D hierarchical structures based on
nanoporous ZnO layers grown on zinc oxide nanorods have been obtained. The thickness and
structure of the hybrid nanoporous layer as well as the catalyst concentration can be tuned. This
method allowed for the introduction of water soluble molecular catalysts based on porphyrin
and/or phthalocyanine derivatives into the ZnO matrix with a homogeneous distribution of the
complex. As an illustrative example, combining hybrid ZnO with a very low concentration of
an encapsulated Co-based molecular catalyst inside the oxide layer resulted in a 97% catalytic
response toward CO, reduction to CO with large currents, highlighting the excellent
electrocatalytic activities of such layers, which combine porosity, electronic conductivity and

synergetic properties from its components.

Keywords: Hybrid material, nanomaterials, molecular catalyst, cobalt complex,

electrochemical CO, reduction

Introduction

Inorganic—organic hybrid materials are a class of compounds gaining more and more interest
due to their distinct chemical and physical properties.t!! They are disordered physical-chemical
systems in which inorganic components (metal ions, oxides, sulfides, non-metallic elements,
etc.) and organic components (organic molecules, ligands, biomolecules, polymers, etc.) are
brought together by specific interactions resulting in a synergistic enhancement of their
functional properties,l?! opening up new fields of properties and functional capabilities that

would not be possible with just one of the components. This growing field of research has found
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a wide range of applications such as energy storage, high performance capacitors, solar cells,
catalysis and photocatalysis.>*] Otherwise, electrocatalytic reactions such as reduction of CO,
(CO;RR) is an appealing option for storing renewable electricity and producing valuable
chemicals and fuels such as CO, HCOOH, CH4, CH;0H, or CH;CH,OH,[’! in a sustainable
manner. The reaction is not only a thermodynamically uphill process, but also suffers from slow
kinetics. Moreover, poor catalytic selectivity and high overpotential continue to limit efficiency
and upscaling of CO, electroreduction.l®] The search for increased activity, selectivity and
stability of catalysts requires new systems. The combination of organic and inorganic hybrid
nanostructured materials can play a significant role in this direction. While using nanostructured
or high surface area catalysts can significantly improve surface reactivity by making a
significant fraction of the reactive sites available for catalysis, the use of organic-inorganic
hybrid materials can open up the possibility of addressing new properties of catalysts that would
otherwise be inaccessible using purely organic or inorganic materials.

Currently, a variety of earth-abundant metal-based molecular catalysts have been identified
reporting high selectivity for the CO, reduction reaction.>1 Among examples, cobalt
phthalocyanine has been identified as good electrocatalyst for CO,RR owing to its high
selectivity and activity for CO production.l'®!] Besides, oxide-derived metal based materials
such as CuO, Cu,0,['>151 Ag,0,[16:17] NiQ,!!31°] and TiO,,[??2] have been successfully
demonstrated to be active and selective catalysts for CO, reduction. ZnO, a low toxic compound,
is an oxide-derived non-noble metal with promising optical,!?3! electronic,!?* photovoltaic,?*27]
and catalytic properties.[?*3!1] Recently a maximum faradaic efficiency (FE) of 92% for CO; to
CO conversion has been reported for a nanoporous ZnO.32] However, the catalytic system
suffered from degradation issues due to morphological change during CO, reduction in aqueous
media.

ZnO has the distinct advantage of being easily prepared in high quality and in a wide range of

nanostructures, such as nanorods,?334! nanotubes,33-3¢] nanobelts, 378! via solution routes such
3
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as chemical bath deposition (CBD)/dip coating,[®) chemical vapor deposition (CVD)/spray
pyrolysis,*01  hydrothermal  synthesis,l  and  electrochemical  deposition.[*>43],
Electrodeposition is low temperature (mostly <100°C) cost-effective deposition process that
allows the design of complex ZnO nanostructures by combining and adjusting the growth
conditions.[3334444] In the late 1990s, Yoshida and co-workers!#6l described a one-step
electrodeposition of nanostructured ZnO/organic films onto conducting substrates for
photovoltaic applications, by adding water-soluble dyes such as tetrasulfonated
metallophthalocyanines to the electrochemical bath containing Zn(NOs),. The loading of
organic molecules into ZnO films was also attempted using a ZnCl, bath employing cathodic
reduction of dissolved molecular oxygen precursor.[47-48] In the present study, electrodeposited
ZnO layer will be used as matrix for the incorporation of molecular catalysts.

Incorporation of molecular catalysts onto the surfaces of electrodes can be achieved in a variety
of manners. Typically, grafting methods are used where the catalyst’s ligand structure is
chemically modified with appropriate anchoring groups that allows surface binding in either
through a non-covalent or a covalent mode. Polymer binders can also be used to immobilize
catalysts on the surface of electrodes.[*”] However, immobilized catalyst on the electrodes
surface must remain stable for long periods of time under catalytic operating conditions. In
addition, immobilization should not hinder the catalytic activity of the complex. Developing
nanostructure organic-inorganic hybrid catalysts in which a metal oxide can act as a porous
cage that grows around the molecular catalyst, allowing the diffusion of substrate and product
molecules in and out of the catalytic material, not only can prevent the catalyst from leaching
out, but also can provide large electrochemical surface areas, and increases CO, adsorption
capacity around the active sites, resulting in excellent efficiency and long-term stability in CO,
reduction. However, to our knowledge, very limited reports have exclusively focused on

implementing this strategy in the electrochemical reduction of CO,.
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Herein, we present the preparation of molecular metal complexes-modified nanostructured zinc
oxide (ZnO) thin films electrodes, focusing in the attractive ability to tune their chemical,
optical, electrical, and catalytic properties by altering the film composition and thickness. The
strength of the proposed method lies in its one-step electrodeposition route to produce
nanoporous or nanostructured oxide matrix while simultaneously encapsulating the catalyst.
Two different nanostructured electrodes with self-supported catalyst hybrid layers were
developed. First, CoPcTA, a water-soluble tetracationic Co phthalocyanine complex, was
designed to act as an encapsulated molecular catalyst within a transparent and conductive ZnO
nanoporous matrix. In a two-step deposition process, the aforementioned hybrid layers were
also deposited on ZnO nanorods, resulting in 3D ZnO hierarchical structures (Figure 1). Finally,
the possibility of replacing CoPcTA with other water-soluble molecular catalysts such as tetra-
sulfonated cobalt phorphyrin (CoTSPP) or a tetra-sulfonated nickel phthalocyanine (NiTSPc)
has been investigated, emphasizing the versatility of the preparation method, which could be
used for the incorporation of a wide range of molecular complexes containing various metals
and ligands. A combination of analytical, UV-vis, ICP, XPS, ATR-IR, and EDX-mapping
techniques was used to confirm the incorporation and potential synergy between metal organic
catalysts and the oxide matrix. Linear/cyclic voltammetry and controlled potential electrolysis
(CPE) experiments confirmed the accessibility and catalytic activity of the hybrid organic-
inorganic layers. Material characterization and redox behavior versus CO, reduction have been
investigated, demonstrating homogeneous dispersion and control of molecular metal complex
loading through the oxide matrix. These hybrid electrodes were tested as cathode material in
electrocatalysis. Taking as illustrative example the CO, reduction, their remarkable potential

was demonstrated.

Results and Discusssion

5
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Hybrid electrodes’ preparation and characterization. In this work, electrodeposited ZnO
was first used as a matrix for incorporation of CoPcTA, a water-soluble molecular Cobalt
phthalocyanine catalyst. A glass covered with 350 nm of ZnO:Al layer deposited by atomic
layer deposition (ALD) was used as substrate. The procedure to fabricate the nanostructured
electrodes is schematically shown in Figure 1, along with microscopic characterization data
(Figure 2). Two nanostructured layers have been developed and combined with a molecular
catalyst: nanoporous ZnQO|CoPcTA structure (NP) (Figure 1a) and 3D hierarchical structure
made of 20 nm of nanoporous ZnO|CoPcTA structure (NP) grown on zinc oxide nanorods

(ZNRs) (Figure 1b).

a) Hybrid Zinc oxide|catalyst layer electrodeposition
oM
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Figure 1 Schematic representation of the preparation of the ZnO nanostructures. a) Hybrid
ZnO|CoPcTA nanoporous (NP) layers, b) Hierarchical 3D structures made of zinc oxide
nanorod arrays (NRs) coated by a hybrid ZnOjcatalyst nanoporous (NP) layer (ZnO NRs +
ZnO|CoPcTA NP).
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200 nm

Figure 2 Top view and cross section SEM images of the different ZnO nanostructures presented
in this work: a,d) ZnO|CoPcTA NP, b,e) ZnO NRs, c,f) ZnO NRs covered by a thin
ZnO|CoPcTA NP layer.

The electrodeposition of the ZnO|CoPcTA hybrid layers was carried out at constant potential
in an aqueous oxygen saturated solution containing ZnCl,, KCI salts and CoPcTA (see
experimental section for details). Figure 3 compared the X-ray diffraction patterns under
grazing incidence (GIXRD) of the ALD-ZnO:Al substrate with those of a ZnO|CoPcTA NP
layer, pure ZnO NRs, and a hybrid 3D structure of ZnO NRs covered by a ~20 nm
ZnO|CoPcTA NP layer. For all layers, the diffraction patterns match the standard diffraction
patterns of the hexagonal wurtzite ZnO crystal structure (JCPDS-36-1451).5% ALD ZnO:Al
substrate (Figure 3a) presents a mixed (100), (101) and (110) orientation indicating that the c-
axis of ZnO is mostly parallel to the substrate. As observed on the SEM images (Figures 2a &
2d), addition of the molecular catalyst during the growth of ZnO seems to strongly affect the crystal
growth mechanism of the ZnO, leading to a significantly higher surface area, resulting in a sponge
like nanoporous structure. The comparison of the X-ray diffraction patterns of ZnO|CoPcTA
nanoporous layer with the ALD ZnO:Al substrate show an increased peak intensity of the (002)

planes for the nanoporous layer as well as appearance of (102) and (103) reflections (Figure

7
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3c). The nanoporous film is thus mainly oriented according to the (002) reflection which
corresponds to the c-axis of the wurtzite type lattice. Such preferential orientation is often
observed for ZnO layers, as the (002) crystal face is the densest and the most stable

thermodynamically.

(100)
002)

(110)

(103)

P('IOZ)
(200)

NRs (1pm) + ZnO|CoPcTANP (~20nm)
A

. AP

ZnO|CoPcTA NP (1pm)

A ks

ZnO NRs (1pm)

A e
ALD ZnO:Al substrate

Intensity (a.u.)

50 60 70
26 (°)

Figure 3 GIXRD patterns under grazing incidence for: a) ALD ZnO:Al substrate, b) ZnO NRs
I pm grown on ALD ZnO:Al substrate, c) ZnO|CoPcTA NP layer grown on ALD ZnO:Al
substrate and d) ZnO NRs covered by ZnO|CoPcTA NP layer (NRs + NP).

When ZnO NRs are grown on ALD ZnO:Al substrate, it results in non-vertical randomly
oriented rods as observed on SEM images (Figures 2b and 2e), while presenting the same
crystalline orientation and diffraction plans as the ALD-ZnO:Al substrate (Figure 3b).
Interestingly when ZnO|CoPcTA NP layer is grown on ZnO NRs (Figure 3d), the same
preference orientation occurs as with the ZnO|CoPcTA NP layer for which the most intense
peak remains the (002). This confirms that, when CoPcTA is added to the deposition bath,
whatever the substrate orientation, nanoporous layers tend to self-organize with a preferential
c-axis orientation along (002) plane. For these layers, SEM pictures show a hierarchical structure
composed by a hybrid ZnO|CoPcTA NP coat surrounding the nanorods (Figures 2c¢ and 2f).
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Effective covering of ZnO NRs arrays with NP layers has been achieved by varying the total

charge transferred during the electrodeposition (Supplementary Figure S1).

The thickness of the ZnO|CoPcTA NP layer can be controlled by varying the transferred
charge throughout the process. Increasing the charge from 0.5 to 4 C cm™ results in a linear
increase in NP layer thickness from 20 nm to 1200 nm (Supplementary Figure S2). It has been
shown that, adding a water-soluble molecular complex to the ZnO electrodeposition bath can
not only act as a structure directing agent but also results in its incorporation inside the
nanoporous ZnO layer.[*+47] Inductively coupled plasma optical emission spectrometry (ICP—
OES) and optical absorption measurements on ZnO|CoPcTA NP samples were performed to
confirm the incorporation of the molecular catalyst into the electrodeposited layers
(Supplementary Figure S3). The results of ICP measurements are presented in Figure 4b, showing
that after dissolution of the layers (acidic treatment with water diluted nitric acid), catalyst
loadings ranged from 0.8 + 0.2 nmol cm™2 for a ZnO|CoPc¢TA NP layer 50 nm thick, up to 7.8
+ 0.7 nmol cm? for ZnO|CoPcTA NP layer 1 pum thick. The concentration of the CoPcTA
molecule in the layers is linearly correlated to the film thickness. Furthermore, the optical
absorbance measurements show that the ZnO|CoPcTA NP samples present an absorbance peak,
around 665 nm, in a wavelength range which is close to the absorbance peak of CoPcTA
molecule in aqueous solution (Figure 4a). A linear relationship is observed between layer
thickness and the CoPc¢TA concentration inside the layer (Supplementary Figure S4), as well
as between the layer thickness and the absorbance at 665 nm (Figure 4b). This strongly suggests
the molecule's incorporation into the hybrid layers, the amounts of which can be adjusted by

controlling the deposition time (i.e. the charge transferred).

9
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Figure 4 a) Optical transmission of electrodeposited ZnO NRs (1 um, grey), ZnO|CoPcTA
NP layer (1 um, blue) and 3D ZnO NRs (1 um) coated by a ZnO|CoPcTA NP (20 nm, black),
on ALD-ZnO:Al. Inset: Absorbance of the CoPc¢TA molecule in aqueous solution
(concentration = 50 uM, red). b) Concentration of CoPc¢TA molecules in the ZnO NP layers
measured by ICP as a function of the thickness of the layer and comparison to the absorbance

of the same samples at 4 = 665 nm.

The incorporation of molecular catalysis in ZnO|CoPcTA NP being confirmed, ICP analysis
were performed on a 3D ZnO NRs (1 um) covered with 20 nm of ZnO|CoPc¢TA NP layer. In
these layers, the ICP analysis shows a CoPcTA concentration around 0.73 nmol cm=, which
corresponds to approximately ten times less than the one measured for a 1 pum thick

ZnO|CoPcTA NP layer.

Figure 3a compared optical transmission of electrodeposited ZnO NRs (1 um), ZnO|CoPcTA
NP layer (1 um) and 3D ZnO NRs (1 um) coated by a ZnO|CoPcTA NP (20 nm), on ALD-
ZnO:Al substrate and the absorbance of an aqueous solution of the pure CoP¢TA molecule (50
puM). In the visible range, the transparency of ZnO NRs approaches 90%. The impact on the
total transmission of the incorporation of the CoPcTA molecule into the nanoporous
ZnO|CoPcTA NP layers becomes clear between 525 and 1000 nm, with a decrease from ~97%
transmission to ~55% (580 to 700 nm range) for a I um thick ZnO|CoPcTA NP layer. Such

10
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decrease originates from Co complex incorporation, CoPcTA presenting an absorption peak
around 665 nm. Optical transmission is significantly improved (>75%) upon using hierarchical

structure ZnO NRs+NP thanks to the very low amount of catalyst incorporated in the structure.

Dispersion and distribution of the catalyst into the nanoporous layers was also investigated by
EDX-mapping measurement. Images from a 1 pum thick ZnO|CoPcTA NP electrode
(Supplementary Figure S5) show signals from the O, Zn, Cl atoms of the ZnO matrix, but also
signals from Co, definitively confirming the catalyst incorporation into the film during the
electrodeposition. Additionally, mapping of Co element revealed the absence of cobalt

aggregates, suggesting a homogeneous distribution of the catalyst in the oxide material.

a) Co2p peaks b) Nls peaks
— CoPcTA
—— ZnO|CoPcTA NP
——ZnO NP CoPcTA

—— ZnO|CoPcTA NP
——ZnO NP

/M

POV il
S ondetr s A/ et

e A P e N i e o e ]

T * T 2 T " T ¥ T . T . T * T . T I T I T T
808 804 800 796 792 788 784 T80 776 406 404 402 400 398 396 394
Binding Energy (eV) Binding Energy (eV)

Figure 5 Comparison of the XPS core level spectra of (a) Co 2p, (b) N 1s for: CoPcTA
molecule, ZnO|CoPcTA NP electrode and a blank ZnO electrode.

XPS measurements were performed to assess the presence of the CoPe¢TA molecule and its
eventual interaction with the electrodeposited ZnO matrix. The Co 2p and N 1s signals obtained
for CoPcTA, ZnO|CoPcTA NP, and a blank ZnO layer with no molecular complex are
compared in Figure 5. From ZnO|CoPcTA NP, two peaks corresponding to Co 2p signals
indicative of a Co*" oxidation state are observed (Figure 5a), with a main peak (2ps/,) at 780 eV

11
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and a secondary peak at (2p;;;) at 796 eV. In Figure 5b, signals from nitrogen were also
detected on the surface of the ZnO|CoPcTA NP electrodes, with N1s signal peak at 398.8 eV,
a similar value to the characteristic binding energy of the isoindolic N in phthalocyanines
complexing a cobalt atom (BE =399.3 eV).[3! This peak reflects the configuration of the CoNy
centre with four equivalent nitrogen atoms coordinating a Co?" ion. Furthermore, a small
additional N1s peak centred at 402.5 eV is observed, which is typically assigned to N-O
bonds,*?] indicative of a possible interaction between the N atoms of the CoPc¢TA molecule
and of the oxygen atoms of the sample holder (Si wafer covered by native oxide). All these
results clearly confirm that CoPc¢TA is incorporated into the hybrid ZnO|CoPcTA NP layer.
In order to have a better understanding of the interactions between the molecular catalyst and
the inorganic ZnO matrix, the O Is and Zn 2p XPS spectra of ZnO|CoPcTA NP layers were
also compared to the blank ZnO layers (Supplementary Figure S6). Observed peaks do not
show any shift in the binding energy value before and after the incorporation of the molecular
catalyst. However, further analysis must be done in the future to probe for the possible
interactions between the molecule and the ZnO inorganic matrix.

The infrared spectroscopy analysis (ATR-IR) of CoPcTA, of a 1 um ZnO|CoPcTA NP sample
and of a ZnO blank sample were also compared (Supplementary Figures S7). The analysis data
revealed similar fingerprint regions between CoPcTA powder and CoPcTA loaded into the
ZnO|CoPcTA NP layer, which further evidences that the catalyst is well entrapped into the
ZnO electrodeposited layer. The metal to ligand (M—N) vibration of CoPcTA could be observed
at 910 cm™, as well as peaks around 1080 cm™! (C—N stretching bending vibrations) and at 1393
cm~'. These latter are assigned to aromatic ring stretching vibrations, showing a perfect match
with the vibration obtained with a CoP¢TA powder sample. The peaks from the CH; groups at
2895 and 2986 cm™! indicate structural preservation of the organic molecule upon incorporation

into the ZnO inorganic matrix.!>3!
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Electrochemical CO, reduction by ZnO|catalyst hybrid nanostructures. The catalytic
activity of the ZnO|CoPcTA NP electrodes was first explored by cyclic voltammetry (CV) in
an acetonitrile solution containing 0.6 M H,O and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF¢). A catalytic current with an onset potential at ca. -1.6 V vs.
SCE was observed when the solution was saturated with CO, (Figure 6a). Addition of H,O as
proton source (0.33 M, 0.44 M and 0.67 M respectively) was investigated. As observed in the
cyclic voltammograms (Supplementary Figure S8a), H,O concentration increase resulted in an
enhancement of the current density and in a decrease of the overpotential of ca. 200 mV upon
going from 0.33 to 0.67 M H,0. Adding more water (> 0.7 M) did not show a significant impact
on the current density, but accelerated the degradation of the electrodes. Furthermore,
increasing the thickness of the NP layers allows to reach higher current densities, as quantified
by CVs of 50 nm, 530 and 1000 nm thick ZnO|CoPcTA NP layers that displayed c.a. 0.5, 1.4
and 2.0 mA cm respectively (Supplementary Figure S8b). The increase of the current density
with the thickness of the NP layer suggests that the current density depends on the active surface
area of the electrodes as well as the amount of catalyst inserted into the layers. Thanks to the
nanoporous structure of the electrodes, the reactant CO, can access to the active sites even in a
1 um thick layer.

This was confirmed upon performing CPE experiments. A comparison of electrodes covered
with a ZnO|CoPcTA NP layers of 50 + 10 nm, 530 + 50 nm and 1000 + 70 nm thickness
respectively (Supplementary Figure S9) showed current density increase with the thickness of
the NP layer. Even with 1 pm thick layer, the CoPcTA molecules incorporated into the ZnO
nanoporous matrix are accessible and can react with CO,, the electrocalalytic overall process is
only partially limited by diffusion of the reactant and charge transport through the oxide film.
Moreover, these results add further evidence that the CoPcTA catalyst is well dispersed and
distributed throughout the thickness of the layer and not just on the surface. The electrodes

showed a good stability for 45 minutes CPE. During the first 10 minutes, the current gradually
13
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increased until it reached a steady-state value staying stable until the end of the experiment.
This behavior may be due to the porosity of our layers, since it takes some time for the reactant
(CO,) to fill and reach all the porosity of the layer; in addition, similar time effect may also

impact the progressive charging of the film (charge transport to the catalytic sites).

d b o : s
) 057 ~ ) 0 £ CoPcTA in homogeneous conditions
£ | € vV——
4 O _1 - =
P 8
004 € = PL
_2q ..... -
05- il ZnO|CoPcTA NP (50 nm)
o) 4 NRs (1um) +NP (20 nm)
-5
1.5 ] ZnO|CoPcTA NP 1(pm)
: E (V vs. SCE) " time (min)
25 20 45 -0 05 00 05 0 10 20 30 40 50

Figure 6 (a) Cyclic voltammograms recorded in Ar (black) and CO, (red) saturated acetonitrile
solution + 0.1 M TBAPF¢ at a 1 um thick ZnO|CoPcTA NP electrode. Electrode surface 0.5
cm?, scan rate 0.1 V s'!. (b) CPE at E=-2.1 V vs. SCE in a CO, saturated acetonitrile solution
+ 0.1 M TBAPF¢ and 0.67 M H,O for: CoPcTA (0.5 mM) in homogeneous conditions (purple),
a 1 um thick ZnO porous layer without catalyst (orange), a 50 = 10 nm thick ZnO|CoPcTA NP
layer (blue), a 1 um thick ZnO NRs covered by a 20 nm thick ZnO|CoPcTA NP (NRs+NP)
layer (black) and a 1000 £+ 70 nm thick ZnO|CoPcTA NP layer (red).

CPE experiments at E = -2.1 V vs. SCE (45 min duration) were performed with all electrode
structures and are compared in Figure 6b. First, the CoPcTA molecule in homogeneous
conditions showed a weak catalytic activity with a current density of -0.45 mA cm2, while gas
chromatography (GC) analysis of the products indicated formation of CO with 60.8 %
selectivity (Table 1, entry 1). A ZnO nanoporous layer can reduce CO, to CO with 73.7 %
selectivity at j = -2 mA cm (Table 1, entry 2), i.e. a partial current density for CO production
Jco = -1.5 mA cm™?, confirming catalytic activity of the ZnO itself to reduce CO, to CO, as
reported previously.[?%323358] ' When both components, CoP¢TA complex and ZnO are

14
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combined in a hybrid material, significant enhancement of the CO, reduction reaction is
obtained. CPE experiments using ZnO|CoPcTA NP layers led to typical current density
ranging from -2.45 mA cm2 up to -5 mA cm™? (i.e. ranging from jco = 2.4 mA cm™ to jco =
4.95 mA cm? respectively), when layer thickness increases from 50 to 1000 nm respectively,
while producing CO with selectivity above 97 % (Table 1, entries 3-5). The presence of a small
amount of CoPcTA into the layers induces not only an important increase of the current density
but also strongly improves the selectivity of the reaction. These results illustrate the synergetic
effect of the cobalt complexes and zinc oxide for boosting the catalysis, possibly occurring from
the joint coordination of CO, molecules at the cobalt sites along with assistance from the zinc
ions (Lewis acid sites) which provide stabilisation of the partial negative charge developing on
the oxygen atoms of the CO, and weakening of the C-O bonds. Remarkably, turnover number
(TON) as high a 17,885 and turnover frequency (TOF) of 9.4 s-! were obtained for the thin (50
nm) NP layer (Table 1, entry 3), standing among the highest performance so far obtained for an
immobilised metal complex electrocatalyst.l%!%-¥] TOF value decrease slightly when the
thickness of the layer increases (Table 1, compare entries 3, 4 and 5), meaning that an overall
faster catalysis occurs in a thin layer compare with a thick layer, which may be due to
progressive growing influence of charge transport and diffusional effect limitation in the thicker

layers, even if the current density increases across the series of electrodes.

Comparison of CPE experiments of an electrode with a 50 nm ZnO|CoPcTA NP thin layer
(Figure 6b, blue) with a 3D nanostructured electrode (NRs 1um covered by a ZnO|CoPcTA
NP 20 nm, Figure 6b, black line), both incorporating a similar amount of molecular catalyst
(0.85 nmol cm and 0.73 nmol cm respectively), showed an enhancement of the catalytic
performance towards the CO,RR for the 3D structure. The partial current density jco reached
by the NP thin layer for CO production is ca. -2.4 mA cm? whereas the 3D structured electrode

achieved an absolute higher (jco = -2.8 mA c¢cm?) current density. The 3D structured electrode
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also furnished a higher TOF of 11.7 s”! (Table 1, compare entries 3 and 7), meaning that the CO
production goes fast in the 3D nanostructured electrodes. Combination of good electronic
transport properties and the high exposed surface of the ZnO NRs with the catalytic hybrid

layer results in an enhancement of the catalytic performance towards the CO,RR.

Table 1. Comparative data of performance of the different ZnO nanostructures catalytic
materials during a 45 minute electrolysis experiment at a constant potential E=-2.1 V vs. SCE
in CO,-saturated acetonitrile solution containing 0.1 M TBAPF4 and 0.67 M H,0. Electrode

surface = 1 cm?.

Page 16 of 34

Current

Catalyst . Total Selectivity TOF
Ent Sample densit TON
ry P amount (mA cm¥2) FE (%) %CO %H2 (s™)
4 CoPcTAin homogeneous 0.5mM -0.45 98.1 60.8 392 093 0.001
solution
9 Blank ZnO nanoporous layer 0 204 99.0 73.7 26.3 B
1000 nm
3 §;°|C°P°TA NP 50 £ 10 0.81 nmol 245 98.6 974 26 17885 9.4
4 §;°|C°P°TA NP 500 + 50 1.86 nmol 337 99.6 984 16 9283 49
5 §;°|C°P°TA NP 1000 70 2.80 nmol 5.0 97.1 98.9 11 8280 44
6  ZnONRs 1um 0 0.9 98.0 735 265 -

ZnO NRs 1pym +

7 -
ZnO|CoPcTA NP 20 nm 0.75 nmol 2.9 91.0 96.7 3.3 22242 1.7

We investigated the stability of the electrodes upon performing long-term CPE at —2.1 V vs.
SCE (2 h) using two samples ZnO|CoPcTA NP layers 750 + 50 nm thick (Figure 7). Average
catalytic current of 3.5 mA c¢cm™? were obtained. Gas chromatography analysis of the products
indicated the formation of CO with ca. 97% FE along with H; as only by-product (3%), giving
a complete Faradaic efficiency. The current density, after reaching a steady-state value in the
first 5 min, remained stable along the electrolysis with only a slight decay. ICP analysis of the
electrode before and after 2 h of electrolysis revealed a 10% loss of the catalyst from the
electrode to the solution. This decrease may reflect partial cathodic reduction of the ZnO into
metallic Zn, which could further lead to some catalyst leak. To verify this hypothesis, XPS

analyses were performed to characterize the surface properties of the samples before and after
16
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CPE. Due to the comparable binding energies of Zn and ZnO in the Zn 2p region of the XPS
spectrum, we compared the Zn LMM Auger peaks of the as-prepared and used ZnO|CoPcTA
NP samples. As shown in Fig S10a, both samples exhibited the typical Auger peaks of ZnO,
with a main peak at ~499 eV and a shoulder at ~496 eV. Notably, no Zn peaks are present after
CPE. However, XRD measurements of the ZnO|CoPcTA NP sample after CPE (figure S10b)
showed the presence of diffraction peaks from Zn at 26 = 43.1° and 54.2° corresponding to the
(101) and (102) lattice planes of hexagonal phase from Zn metal respectively,l®? indicating that
a fraction of the oxidized Zn species were reduced to metallic Zn during electrolysis. Part of
the layer may thus have been dissolved which could explain the loss of the catalyst. Overall,
the above results indicate that the ZnO|Catalyst films are quite stable with catalytic activity

being sustained for hours.

P
j (mA cm?)

-2.04

2.5+ —— Sample 1
—— Sample 2

-3.04

-3.5 4

-4.0

-4.5 4
Time (min)

‘5-0 T T T T T 1
0 30 60 90 120 150

Figure 7 CPE at E =-2.1 V vs. SCE in a CO, saturated acetonitrile solution + 0.1 M TBAPF;
and 0.67 M H,O for two 750 £ 50 nm ZnO|CoPcTA NP layer electrodes.

In addition to the ZnO|CoPcTA NP layers, a porphyrin Cobalt complex (CoTSPP) and a
Nickel phthalocyanine complex (NiTSP¢), both bearing four sulphonated groups, were used to
grow ZnO nanoporous layers ZnO|CoTSPP NP and ZnO|NiTSPc NP. CPE experiments were

performed with these electrodes of similar thickness and compared with those investigated
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before. Total current density of -1.85, -1.75 and -1.7 mA c¢m were respectively obtained for
ZnO|CoPcTA NP, ZnO|CoTSPP and ZnO|NiTSPc NP electrodes (Supplementary Figure
S11). They showed very similar selectivity for CO production, 93.3%, 96.9%, and 96.8%
respectively (Supplementary Table S1).

The electroreduction of CO, exemplified in the above described examples illustrate the
versatility of the preparation method that could be used for the incorporation of a variety of
molecular complexes with different metal and ligands with a systematic positive impact of the
metal oxide matrix, thus opening a wide range of possibilities for performing various

electrocatalytic reactions.

Conclusions

Hybrid ZnOjcatalyst films have been electrodeposited on transparent conductive electrodes by
a simple one-step method. The grown nanostructured oxide layers are highly porous and can be
loaded with water soluble metal (e.g Co, Ni) complexes during the electrodeposition process.
Both the thickness (from a few tens of nm to a um) and nanostructuration (2D, 3D hierarchical
structures) of the oxide layers can be controlled, as well as the quantity of encapsulated
molecular complexes, which appear to be homogeneously dispersed in the films. These films
are electrochemically active thanks to high porosity and conductivity. Such modified electrodes
may be used for various applications in electrochemical devices. As an illustrative example,
selective and fast electroreduction of CO, to CO has been achieved, showing synergetic effect
between the molecular catalyst and the zinc oxide hosting matrix. Such approach could now be
applied to other electrocatalytic processes. Remarkably, these electrodes also present a
significant visible light transmission, which may enable their use as a front contact in
photovoltaics and photocatalytic devices. This opens up for a modular approach where the
photo-absorber and the molecular-catalysts can be developed, tested, optimized, and exchanged

independently.
18
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Methods

Catalyst synthesis. Reagents were purchased from Aldrich and used without further
purification. 3-(dimethylamino)phthalonitrile was synthesized according to literature.l'% (See
catalyst synthesis characterizations in Supplementary). Tetra-sulfonated cobalt porphyrin

CoTSPP and tetra-sulfonated nickel phthalocyanine NiTSP¢ were purchased from Aldrich.

L~ N—

\\'\2/ \/,_,N.\\ )/ N e B \“'\\»‘(4\"‘( )N\\T/ }_;”"‘I\ B
. CN Li yN - HN—( Fj CoCl 7N NS ; CHyl
(L e N N by N SN e
N / o
“~cN  Pentano / /FNH N_f/_\ pentanol, DBU / //,7_ N N={
\ ) 3 p
N - N;‘\/' AT N e *»/’fLN//\ ~7 1\
royN Y U] .
R ‘:;\ /7 \\”/’ 335‘\ 4
pe—— —N = ~N
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Figure 8. Synthetic route for CoPcTA

Synthesis of phthalocyanine 1. Granules of lithium were added to anhydrous n-pentanol (10
mL). This mixture was heated to 60 °C under argon flux until total consumption of the granules.
3-(dimethylamino)phthalonitrile (0.5 g, 2.92 mmol) was added and this reaction mixture was
refluxed for 18 h. It was then cooled to room temperature and poured into an ethanol/water
mixture. The resulting precipitate was filtered off, washed several times with water and dried.
Phthalocyanine 1 (Figure 8) was obtained by chromatography on silica gel using a mixture of
CH,CI,/EtOH (20:1) as the eluent. Yield: 35% (175 mg). FT-IR (v, cm!): 3290, 3073, 2944,
2832, 2775, 1576, 1485, 1433, 1321, 1186, 1135, 1083, 1035, 970, 879, 804, 745, 667. 'H
NMR (500 MHz, DMSO-dy): 8, ppm, 3.64 (m, 24H), 7.45-8.10 (m, 8H), 8.87 (m, 4H). ESI-
HRMS: m/z 687.33840 [M]" calculated for C4HzgNy,: 686.8280. UV-vis (DMSO): Apax nNm

(log £) 342 (4.70), 712 (4.78), 779 (4.89).

Synthesis of phthalocyanine 2. Phthalocyanine 1 (165 mg, 0.24 mmol), CoCl, (72 mg, 0.48
mmol), and DBU (1 mL) in dried n-pentanol (10 mL) was heated to reflux for 18 h under argon.
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After cooling to room temperature, the reaction mixture was poured into an ethanol/water
mixture. The resulting precipitate was filtered off and washed several times with water.
Phthalocyanine 2 was purified by chromatography on silica gel using a mixture of
CH,CIl,/EtOH (10:1) as the eluent. Yield: 70% (125 mg). FT-IR (v, cm™): 3069, 2926, 2827,
2775, 1571, 1490, 1438, 1316, 1186, 1156, 1126, 1091, 1052, 987, 914, 870, 805, 740. ESI-
HRMS: m/z 744.2588 [M]" calculated for C4oH35CoN,: 743.7452. UV-vis (DMSO): Apax nm

(log €) 331 (4.57), 733 (4.68).

Synthesis of phthalocyanine CoPcTA. Phthalocyanine 2 (150 mg, 0.20 mmol) was dissolved in
DMF (10 mL), and methyl iodide (0.9 mL, 15 mmol) was added. The mixture was stirred at 45
°C for 16 h then poured into diethyl ether (25 mL). The resulting precipitate was filtered off,
washed with ether and hexane. Yield: 90% (145 mg). FT-IR (v, cm™') 3056, 3013, 2952, 2874,
2835, 2784, 1610, 1519, 1481, 1399, 1316, 1270, 1117, 996, 944, 805, 745. ESI-HRMS: m/z
804.3805 [M+H]" calculated for C44H4gCoN;: 803.8852. UV-vis (DMSO): Ayax nm (log €) 330
(4.20), 702 (4.23).

Caution/important note: in order to destroy the excess of methyl iodide, the ether filtrate is

treated with triethylamine.

Substrate preparation. Glass substrates (2 mm thick) covered by a transparent conductive zinc
oxide aluminum doped (ZnO:Al) layer of 380 nm thick were used as working electrode for all
the depositions. This ZnO:Al layer was deposited by Atomic Layer Deposition (ALD)
according to reported procedure (sheet resistance from 20.1 to 28.2 x 1073 Q/sq).l!] The ZnO:Al
coated glass substrates were ultrasonically sequentially cleaned in acetone, 2-propanol, and
water, each for 5 min. They were activated in a KOH solution (pH 10.5) for 2 min and finally

rinsed with distilled water prior to electrodeposition.
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Preparation of the hybrid nanoporous catalytic layers (ZnOj|cat NP). All oxide layers were
electrodeposited using a classical three electrodes setup. The reference electrode was a saturated
calomel electrode (SCE) (Hach) with a potential of +0.244 V vs. NHE at 25 °C. The counter
electrode was a platinum wire and the working electrodes were the mentioned ZnO:Al coated
glass substrates. The electrodeposition of the zinc oxide|catalyst nanoporous hybrid layers was
carried out at constant potential E =-1.0 V vs SCE in an aqueous solution containing 5.0 mM
ZnCl, (Sigma Aldrich >99.9%), 0.1 M KCI (ACS Reagent 99.0 — 100%) and 50 uM of the
water-soluble catalyst (Cobalt phthalocyanine CoPcTA, tetra-sulfonated cobalt porphyrin
CoTSPP or tetra-sulfonated nickel phthalocyanine NiTSPc¢). Oxygen gas was bubbled for 20
min prior to the deposition and the same gas flow was maintained during the whole deposition
processes. Temperature was maintained at 70 °C. The thickness of the layers was controlled
from few tens of nm to a micrometer by varying the transferred charge. The deposited films

were rinsed with water, dried in air at 100 °C for 30 min, then stored at room temperature.

Preparation of the 3D hierarchical catalytic structures (ZnO NR + ZnO|cat NP). ZnO
nanowire films were first prepared by electrodeposition on a ALD-ZnO:Al substrate, according
to a method reported elsewhere.3%34 The ZnO nanowire array layer was grown at 80 °C from
a 0.2 mM ZnCl, and 0.1 M KCI solution saturated with O, by bubbling. (ZnO NR). The
deposition process was stopped when the total transferred charge was 10 C cm. The deposited
films were rinsed with water and dried in air at 100 °C. These electrodes were then used for the
deposition of the metal oxide|catalyst hybrid layers performed as described above, leading to a
structure composed of zinc oxide nanorods surrounded by a nanoporous metal oxide/catalyst

layer.

Electrochemical experiments. Cyclic voltammetry measurements (CVs) and Controlled

potential electrolysis (CPE) were performed using a PARSTAT 4000A potentiostat (Princeton
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ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Nano Materials

Applied Research). The electrolyte was an acetonitrile solution with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFy) (98%, Aldrich), and it was saturated with
argon or CO, depending on the experiment. Electrodes with hybrid catalytic layers were
connected with a clip protected by PTFE tape, and the electrical contact was ensured by using
Gallium—Indium eutectic (Sigma Aldrich > 99.9%) covered with a copper tape. Copper was
isolated from the electrolyte by the PTFE tape leaving an expose surface of 0.5 cm?. The
mentioned before reference electrode (SCE) was immersed in the same electrolyte in a
separated compartment and positioned as close as possible from the working electrode. The
counter electrode (platinum wire or mesh) is immersed in the same electrolyte but separated by
a glass frit bridge.

The gases used were bought from Air Liquide. Electrolysis using CO, as the substrate were
performed under 1 atmosphere of the gas, resulting in a concentration 314 + 6 mM at 25°C.[6%]

The electrolysis experiments are performed in a sealed cell.

Products analysis. Gas chromatography analyses of the gases produced during electrolysis
were performed with an Agilent Technologies 7820A GC system equipped with a thermal
conductivity detector (TCD). CO and H, production were quantitatively detected and separated
with a CP-CarboPlot P7 capillary column (27.46 m in length and 25 um internal diameter).
Temperature was held to 150 °C for the detector and 34 °C for the oven. The carrier gas was
argon flowing at 9.5 mL.min"! at a constant pressure of 0.5 bar. The injections were performed
with a 250 pL gas-tight (Hamilton) syringe. These conditions allow simultaneous detection of
both H,, O,, N, CO, CO, and CHy. Calibration curves were determined separately by injecting
known quantities of pure gas. From product quantification TON and TOF were calculated using

eqs. 1 and 2 respectively.

Nproduct

TON = (1)

Neatalyst in the film
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TOF = o~ )

Since the electrolysis experiments shown are not conducted until total deactivation of the
catalyst, the given TON value can only be regarded as a lower estimation of the actual value.
The amount of electrochemically active molecular catalyst can be an order of magnitude smaller
than the amount of catalyst present at the electrode. It may also lead to an underestimated value
of the calculated TON.[93] Calculations of TON and TOF are made considering the total amount
of molecular catalyst added into the catalyst material. Because the amount of active catalyst in

the film is decaying over time, the TOF value is an apparent, averaged estimation.

Material characterization. Thin-film structural properties were determined by X-ray
diffraction under grazing incidence (GIXRD) conditions for crystallinity determination and
phase detection with a PANalytical Empyrean equipment using Cu-Ka radiations. Thin-film
morphologies were obtained using a Merlin VP Compact scanning electron microscope (SEM)
provided by Zeiss, equipped with an energy dispersive X-Ray spectroscopy (EDS) detector
from Bruker. Transmittance and Absorbance spectra were obtained using an Agilent Cary 5000
UV—-Vis—NIR spectrophotometer equipped with an Agilent diffuse reflectance accessory. X-
Ray Photoelectron Spectrometer analyses (XPS) were performed with a THERMO-VG
ESCALAB 250 (RX source K Al (1486.6 eV)). Inductively coupled plasma (ICP) analyses
were performed for the determination of the cobalt catalyst concentration into the films. The
prepared thin layers were dissolved from the electrode using an acid solution 69% HNOs;. The
resulting solution was then diluted to 2% HNOj; and injected into a ICAP 6300 Thermoelectron

apparatus with detection of cobalt (238.8 nm).

Chemical characterization. NMR spectrum was recorded in DMSO-d4 on a Varian 500 MHz

spectrometer. Infrared spectra (FT-IR) were recorded on a Bio-Rad FTS 175C FTIR
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spectrophotometer. UV-visible absorption spectra were obtained using a Shimadzu 2001 UV
spectrophotometer. High resolution mass spectra were measured on an Agilent 6530 Accurate-

Mass Q-TOF LC/MS spectrometer equipped with electrospray ionization (ESI) source.

Supporting Information. Complementary characterization of ZnO layers (SEM, UV-Vis,
EDX, XPS, AT-IR), Cyclic voltammetry and CPE experiments, Characterization of catalytic
electrodes before and after electrolysis (Zn LMM Auger spectra, XRD), Catalyst synthesis

characterizations (FT-IR, 'H NMR, Uv-Vis).
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