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ABSTRACT

In this work, we present the preparation of highly stable and active screen-printed anodes for
electrochemical water splitting in neutral media. With the combination of printed electrodes
and molecular water oxidation catalyst, we successfully take advantage of a low-cost and up-
scalable fabrication method of graphitic electrodes with the outstanding catalytic activity and
stability of oligomeric ruthenium based molecular water oxidation catalysts, offering a

promising electro-anode for water oxidation applications.
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1. Introduction

The impact of fossil fuel usage in our modern societies have urged the scientific community to
find alternative fuels that can sustain current energy demands using carbon-neutral, clean and
sustainable sources.»?3* Inspired by nature, artificial photosynthesis aims at capturing and
storing the energy from solar photons into chemical bonds, generating clean and sustainable
fuels, that obtained in this manner are termed solar fuels.>®’”® Light-induced water splitting (ho-
WS), where the energy from sunlight is stored into H-H and O-O bonds, can be considered a
model case.>® Nevertheless, many scientific challenges still need to be overcome to be able to
implement ho-WS as a widespread technology. Among them are the need to improve the
performance of low-cost catalysts in terms of efficiency and stability, as well as their capacity to

harmoniously interact with the light absorber.!

One of the crucial issues that needs to be solved in ho-WS, is the need to have access to an
efficient and robust Water Oxidation Catalyst (WOC) that can be easily incorporated into rugged
electrodes. The water oxidation reaction is particularly challenging because it involves the
removal of four electrons and four protons from two water molecules and the formation of an
0-0 bond.**? Furthermore, it is a thermodynamically unfavorable reaction with a formal redox
potential of 1.23 V vs. NHE at pH 0.1 From a molecular perspective, the best WOCs described
up to now are based on Ru complexes coordinated with Flexible Adaptive Multidentate
Equatorial (FAME) ligands,®® including the family of Ru-tda and Ru-bda coordination

1617,18,19,20.21 To incorporate these catalysts into technologically useful devices based

complexes.
on photoelectrochemical (PEC) cells, they must be anchored on conductive and/or semi-
conductive surfaces so that efficient molecular (photo)anodes can be developed.???* From this
point of view, the choice of the anchoring strategy is essential because it simplifies the
construction engineering as opposed to use the catalysts in homogeneous phase.?* So far,
several strategies have been developed for the anchoring of WOCs onto surfaces that include

25,26,27,28,29

covalent bonding, polymerization into insoluble but conductive polymers®* and

30,31 32,33

supramolecular interactions such as CH-rt and m-m.

In addition, the possibility of using the screen-printing processing technologies® to generate
electro-anodes and cathodes makes it highly attractive to advanced applications for PECs

because it simplifies its construction and thus it also reduces its costs.

Here on, we describe the use of a screen-printing technique in order to easily prepare electrode-
anodes containing molecular WOCs based on monomeric and oligomeric Ru complexes suitable

to perform water oxidation catalysis.



2. Results and Discussion

2a. Screen-printed electrodes

A commercial triblock copolymer Poly(Methyl MethAcrylate)-b-Poly(n-Butyl Acrylate)-b-
Poly(Methyl MethAcrylate) (MBM) is used as a matrix to bind graphite powder to generate an
ink containing mesitylene or o-xylene as solvent, that can be used as a scaffold to immobilize
carbon nanotubes supported ruthenium catalyst (WOC@CNT) and presenting a high affinity
with the perfluorinated NAFION membrane.®>3® The preparation of screen-printed electrodes
consisted on using a polymeric Nafion or high impact polymeric styrene (HIPS) substrate® as
support where the conductive ink was printed . After solvent evaporation, a molecular water
oxidation catalyst anchored on multi walled carbon nanotubes (MWCNTs or CNTs) is deposited,
generating a molecular anode (Figure 1A). Further, an easily up-scalable screen-printing

methodology was developed to provide flexible electrode coated on NAFION proton membrane.

To prepare the electrodes, several parameters were optimized such as MBM/graphite ratio, the
solvent used during the ink preparation and the number of printed layers (Table 1). The
characterization of these new electrodes included the measurement of their film thickness and
porosity, their conductivity and their electrochemical response through evaluation of peak-to-
peak separation for the ferrocene/ferrocenium (lll/1l) redox couple, used as internal standard.
The main results obtained from these experiments are gathered in Table 1. The best electrode
in terms of conductivity and film thickness turn out to be prepared with MBM/Graphite (40:60),
also labeled as “PE” (for printed electrode), and thus was the one used throughout this work

unless explicitly mentioned (Table 1, entry 4).

2b. Anchoring of Ru WOCs on PE and redox properties.

In order to obtain powerful anodes for the water oxidation reaction, the next step involved the
anchoring of molecular WOCs onto the PE described above. For this purpose, we used a family
of monomeric and oligomeric Ru-based molecular of WOCs that were anchored via n-it stacking
interactions or via CH-mt interactions on graphitic surfaces. Therefore, we choose the WOC
[Ru(tda)(pyp)2]), 1, (tda? is [2,2":6’,2”-terpyridine]-6,6"-dicarboxylate and pyp is 4-(pyrene-1-
yl)pyridine) containing a pyrene functionality that strongly attaches to graphitic surface via -nt
interactions. We further chose {[Ru(bda)(bpy)lio(p-bpy)}, 10, (bda is 2,2’-bipyridine-6,6'-
dicarboxylate; bpy is 4,4’-bipyridine) and {[Ru(tda)(bpy)]lis(u-bpy)}, 15, which are capable to

form CH-mt interactions with graphitic surfaces through hydrogens of the equatorial ligand



backbone (see Figure 1B for a drawing of WOCs). All these complexes were prepared following
the methods previously described in the literature.3*32 The catalysts were then anchored on
CNTs by mixing a solution of the corresponding WOC and a sonicated suspension of the CNT (See
supporting information for details and Figure S1) to generate the WOC®@CNT. This hybrid
material was sequentially dried and mixed with methanol, and subsequently drop casted onto
the PE, forming the WOC@CNT@PE molecular printed electrodes (MPE), that will be used as
water oxidation anodes, as outlined in Figure 1C. The prepared hybrid MPE are named
1@CNT@PE, 10@CNT@PE and 15@CNT@PE depending of contained WOC. The Ru loading (/)
at the surface of the electrode ranges from 0.5 to 9 nmol/cm? (Table 2), depending on the
catalyst and on the anchoring strategy. It is interesting to realize here that, as shown in the Table
2, the anchoring through aromatic CH-m interaction can generate a mass deposition up to 18

times higher than the n-w staking interaction.

The electrocatalytic performance of the molecular electrodes was tested in a three-electrode
half-cell configuration with a 1.0 M phosphate buffer (pH 7). The electrochemical analysis is
based on Cyclic Voltammetry (CV) (Figure S4), Differential Pulse Voltammetry (DPV) (Figure S3)
and controlled potential-current techniques. The molecular printed electrodes
(WOC@CNT@PE) were used as working electrode (WE), a platinum mesh was employed as
counter electrode (CE) and a Hg/Hg>S04 (K,SO4 sat.) electrode was used as reference (RE). All
potentials were converted to NHE by adding 0.65 V to the measured potential. Before usage,
the uncompensated resistance of the electrode was determined for all the MPEs prepared in
this work, following the CHI potentiostat iR compensation routine. It is important to realize here
that the combination of printed electrodes, CNTs and catalysts gives resistances that are two to
three orders of magnitude larger than for instance typical glassy carbon disk electrodes with
immobilized hybrid molecular Ru-based catalysts, anchored to CNTs via CH-mt interactions. This
increase in resistance is mainly due to the low conductivity of the ink generated, which contains
a combination of graphitic material (highly conductive) with the MBM binder that is a non-
electrically conductive polymer. The limited conductivity of the overall screen-printed molecular
anode, will only affect to redox processes where large current densities are involved, particularly
the electrocatalytic waves, as will be discussed in the next section. An additional consequence
of these large electrode resistances is the decrease on the measured TOFmax (kobs), by one to two
orders of magnitude as compared to their counterparts in homogeneous phase or anchored on
graphitic electrodes.'®3032 The TOFax values for 1@CNT@PE, 10@CNT@PE and 15@CNT@PE
were measured by using Foot of the Wave Analysis (FOWA),* are in the range of 396 — 2646 s
as indicated in Table 2 (Figures S10-12).



The CV of 1@CNT@PE showed the typical Ru"/Ru" and Ru"“/Ru" redox couples at E1/, = 0.61V
(AE = 100 mV) and E1;; = 1.05 V (AE = 70 mV) respectively as can be observed in Figure 2A. In
case of 15@CNT@PE the Ru"/Ru" and Ru"/Ru" redox couples are visible at E1/» = 0.67 V (AE =
230 mV) and Ey2 = 1.13 V (AE = 260 mV), respectively (Figure 2B), which is in accordance with
previously reported values.*3%32 For the 10@CNT@PE the Ru"//Ru" redox couple is detected at
Ei, = 0.66 V (AE = 200 mV) and the redox potential of Ru"Y/Ru" is visible at E1;» = 0.83 V (AE =
170 mV) (Figure 2C). Additionally, a third oxidation (RuY/Ru") that appears at 1.2 V is noted,
which is related to water oxidation to dioxygen. Complexes 1 and 15 are not water oxidation
catalyst but precursors to active catalysts and thus they need an activation step to generate the
indispensable Ru-OH, group. On the other hand, complex 10 readily coordinates a water
molecule in presence of aqueous solutions and therefore catalyzes water oxidation already in
the first scan.’®° It is important to point out here that once anchored on a graphitic surface and
with repetitive CV scans in the potential range of the catalytic wave, 10 additionally coordinates
a second water molecule, generating the more active Ru-(OH,); species. The presence of this
new species can be easily monitored by CV and DPV and shows three redox couples at 0.59 V
(Ru"/Ru"), 0.74 V (Ru"v/Ru") and 0.92 V (Ru'/Ru") together with a large electrocatalytic wave in
the range of 1.2-1.3 V (Figure 2C and Figures S3 and 4). In case of 1@CNT@PE and 15@CNT@PE,
the activation is carried out via Chronoamperometry (CA; also named as Controlled Potential
Electrolysis, CPE, or Bulk Electrolysis, BE), at Eapp = 1.32 V for 1000 s in a pH 11.6 phosphate buffer
(phbf) solution (see Figure S2 for additional details). This generates new redox features that are
due to the redox couples Ru"'/Ru" at E1/,=0.62 V (AE = 60 mV) and Ru"Y/Ru" at E1,= 0.8 V (AE =
100 mV) for 1-H,O@CNT@PE and £1/; = 0.59 V (AE =190 mV) and E1, = 0.87 VV (AE = 370 mV) for
15-H,0@CNT@PE.***° In both cases, a new large electrocatalytic wave assigned to water

oxidation appears in the range of 1.2-1.3 V.

2c. Long term performance of MPE

To test the long term stability under different working conditions a series of
Chronopotentiometries (CP) and Chronoamperometries (CA) were carried out for
1-H,O@CNT@PE, 15-H,0@CNT@PE and 10-(H,0).@CNT@PE and the results are reported in
Figure 3 and Figures S5-9. The figure 3 shows the CP obtained setting a constant current of 25,
50, 100, 125, 175 and 225 pA (J = 0.13-1.15 mA-cm?) for two hours each at pH 7 (1 M phbf). From
2510 175 pA the three molecular electrodes are very stable over the 2 h period tested. However,

the potentials needed to reach the corresponding current intensity are always lower for 10 and



15 than for 1. In the case of ipp = 25 pA, the potentials needed are 1.25, 1.31 and 1.42 V for
15-H,0@CNT@PE, 10-(H,0),@CNT@PE and 1-H,O@CNT@PE respectively, while the blank that
involves the use of CNT as a WOC appears at 1.75 V. For 1-H,O@CNT@PE and
15-H,O@CNT@PE, since the active site is similar as is the uncompensated resistance, the 150
mV difference can be associated with the much larger catalyst loading deposited at the surface
of the electrode that is about 18 times larger for 15-H,O0@CNT@PE (9.1 nmols/cm?) than for
1-H,O@CNT@PE (0.5 nmols/cm?). Accordingly, this potential difference increases as the current
set, is increased up to 175 pA where it reaches a difference value of 300 mV. It is interesting to
see that upon increasing the set current densities, the electrodes need to increases the applied
potential accordingly. However, the increase of required potential for 10-(H,0),@CNT@PE for
increased current is smaller than for 15-H,O@CNT@PE and this generates a crossing potential
at 100 pA. This smaller increase is mainly due to much lower resistivity of 10-(H.0).@CNT@PE
with regard to 15-H,O0@CNT@PE. It is also interesting to see that the CNT at low current
densities can achieve relatively stable water oxidation catalysis but above 50 pA there is a clear
deviation from linearity indicating electrode oxidation. In these experiments, assuming 100%
Faradaic Efficiency (FE) according to reported values in the literature,3>*? the number of TONs
achieved are 7.300, 144.800 and 92.200 for 15-H,O0@CNT@PE, 10-(H,0),@CNT@PE and

1-H,O@CNT@PE respectively, that clearly outlines the robustness of the present MPEs.

To evaluate the integrity of the catalyst on the previously presented CP experiments, a CV was
carried out every two hours and these results are exhibited in Figure 4. On the right-hand side,
a plot of the catalytic current density at 1.45 V as well as the loading of Ru, after each CP
experiment is displayed for 15-H,0-tda-bpy@CNT@PE. It can be graphically observed that as
the catalyst loading progressively decrease, the catalytic current remains constant. The fact that
the catalytic current is independent of catalyst loading indicates that the current density is
limited by the overall conductivity of the electrode material. This is also clearly manifested with
CV shape of the present electrode in comparison of the catalyst behavior directly anchored on
a highly conductive surface such as a glassy carbon electrode, as mentioned above.* The mass
de-anchoring during CP experiments is associated with the de-anchoring of the CNT from the PE
and/or the de-anchoring of the WOC from the CNTs. The fact that no new species appear during
CVs used to monitor the whole process discards the presence of degrading pathways for the

molecular catalyst.

A similar CV monitoring of the CP experiment was also carried out for 10-(H.0).@CNT@PE and
the results are shown in Figure 5. As observed in the I'vs. t (iapp) plot, there seems to be a process

of oligomeric reorganization within the CNT, that increases the number of active sites



accessibility to the electrode as the CP proceeds up to 125 pA where it then becomes constant.
An additional long term CP experiment was carried out at 100 pA for 20 h for
10-(H:0).@CNT@PE and 15-(H.O)@CNT@PE, that again showed a stable behavior over the
whole experiment (Figure S8 and Table 2), with E values of 1.36 and 1.65 V and TONs of TONs of
39.800 and 15.500, respectively. Finally, a CA experiment was carried out for
15-(H,0)@CNT@PE at a constant Eap, = 1.45 V for 20 h, again showing a high stability achieving
more than 58.100 TONs (Table 2)

3. Conclusions

Herein, we have shown the viability constructing flexible molecular screen-printed electrodes
MPEs based on the MBM binder for conductive graphite and adhesive for Nafion membrane in
view of a use as membrane electrode assembly in a water splitting device. We described their
performance, after the immobilization of a catalyst, as a molecular electro-anode for water
oxidation catalysis. The catalyst anchoring has been carried out via supramolecular CH-it and mt-
Tt interactions showing an exceptional stability during turnover. This anchoring achieves a large
degree of surface coverage and is preferred to covalent bonding since no additional
functionalization is needed in the case of CH-mt interaction. In addition, it does not require the

modification of the graphitic surfaces that can lead to a reduce conductivity of the latter.

The overall performance of the electro-anode has been monitored based on electrochemical
techniques and display long term stability for 12-20 h reaching TON values of 144.800 in case of
10-(H,0).@CNT@PE. The current densities achieved by the MPE are mainly limited by the
overall conductivity of the MPE and not by the surface coverage or the intrinsic activity of the
WOC. If higher current densities were needed then more conductive binders or mixing of
binders/graphite would be required. Over long catalytic periods of time, the loading of the
electrode slowly but progressively decreases due to the de-anchoring of the CNTs from the
screen-printed electrode. The possibility of including highly porous graphitic materials where

the catalyst could be anchored beforehand will substantially increase its stability.

In conclusion, we have demonstrated the viability of generating robust and efficient MPEs,
which still lots of room for improvement but that can already be used for their implementation

into printed PECs.
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Table 1. Selected synthetic details and properties of printed electrodes based on MBM/graphite

combination prepared in this work

Ne¢ of

Entry MBM/Graphite Solvent [MBM] printed Conductivity Thickness AEox-Ered
(W%) (g:L™) | (S/cm) (um) i\
ayer
1 40% - 60% mesitylene 100 1 0.79 4.0 1.32
2 40% - 60% mesitylene 100 2 1.20 7.0 1.34
3 40% - 60% o-xylene 200 1 2.88 4.5 1.34
4 40% - 60% o-xylene 200 2 4.17 9.0 1.34
5 30% - 70% o-xylene 200 1 4.90 7.0 1.32
6 30% - 70% o-xylene 200 2 6.20 9.0 1.34

*The volume of mesitylene to dissolved 400 mg of MBM was 4.0 ml and need solubilizing time
more than 6 h.

*The volume of O-xylene to dissolved 400 mg of MBM was 2.0 ml and need solubilizing time
less than 1.30 h.



Table 2. Selected properties of the molecular printed electrodes used in this work.

Cat@CNT@PE /z:::tzgcg Support Experiment R2/Q r/ltg'rzmz f/n;f;-rcmz Tle TONs
GC-bda 3-30 12.2

1-H,0 -7 HIPS CP 25 pA—225 pA 3.800 0.49 - 1182 92200

CP 25 pA—-225pA 3.000 9.07 5.13 396 7300

15-H,0 CH-nt Nafion CP 100 pA 3.800 6.13 2.25 15500

CA 145V 1.200 0.80 0.63 58100
CP 25 pA—225 pA 2.000 0.46 1.28 2646 144800

10-(H.0)2 CH-nt Nafion CP 100 pA 1.200 3.72 3.48 39800
CA1.45V 4.800 0.95 0.94 53800

* taken after 2 hours exposure.

2 uncompensated resistance as determined via the iR compensation routine of the CHI potentiostat.
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Figure 1. (A) picture of the screen-printed electrodes and its SEM image. (B) drawing of the
molecularly discrete catalyst 1 and oligomers 10 and 15. (C) sequential strategy used for the

preparation of molecular printed electrodes MPEs.
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Figure 2. CV experiments of the MPEs recorded in a pH 7 (1.0 M phbf) aqueous solutionata v =
10 mV-s? and 1000 Q iR compensation. (A) 1@CNT@PE (green dashed line) and
1-H,O@CNT@PE (green solid line); (B) 15@CNT@PE (orange dashed line) and 15-
H,O@CNT@PE (orange solid line); (C) 10@CNT@PE (blue dashed line) and 10-(H.0)@CNT@PE

(blue solid line). The inset in A and C show the enlargement of the non-catalytic redox waves.



35

— CNT@PE e
1-H20-tda-pyp@CNT@PE ./n/,
30 4 15-H20-tda-pyp @CNT@PE I
—— 10-(H20)2-bda-bpy@CNT@PE W
£ 25 4
=2
2 1 25uA 50 pA 100 pA 125pA|  175pA 225 pA
E p—f/'/
o 20 T
gﬁ\.—u— F
[ r-"P‘——'j.—_
15 4
1.0 t t t t t } } }
0 2 4 6 8 10 12
t (h)

Figure 3. CP of CNT@PE (black line), 1-H,O@CNT@PE (green line), 10-(H,0).@CNT@PE (blue
line) and 15-H,O@CNT@PE (red line).
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Figure 4. (A) CV evolution of 15-H,O0@CNT@PE during CPE, taken after each step, in 1.0 M
phosphate buffer pH 7 with 10 mV-s%. (B) I (dark red marks) and jmax (orange marks with
dashed line) of 15-H,0@CNT@PE, obtained from the corresponding CV.
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Figure 5. (A) CV evolution of 10-(H.0).@CNT@PE during CP, taken after each CP step, in 1.0 M
phbf pH 7 with 10 mV-s%, (B) I (dark blue marks) and jmax (blue marks with dashed line) of
10-(H,0).@CNT@PE, obtained from the corresponding CV.



