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Decreasing operating potential for water electrolysis
to hydrogen via local confinement of iron-based soft
coordination suprapolymerst
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Currently there is intense interest in decreasing the operating potential for hydrogen evolution in water
electrolysis to considerably decrease the energy cost. In this work we report a significant decrease of
the operating potential for hydrogen evolution from neutral water mediated by an iron based soft
coordination polymer (Fe"-SCSP). The creation of a local acidic environment with a thickness in the
range of ~40 nm on the surface of a glassy carbon electrode allows enrichment of H* on the GCE, so
that the operating potentials were effectively decreased. This strategy thus generates a new paradigm
for lowering the operating potential of hydrogen generation from neutral water without the use of
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Introduction

The electro-catalytic hydrogen production from water is a conve-
nient way for renewable and sustainable energy storage."” The cost
of hydrogen production from water electrolysis is largely deter-
mined by the electrical energy expended, which is in turn governed
by the operating voltage. For the purpose of decreasing the high
proton reduction overpotential, various expensive catalysts for
hydrogen evolution reaction (HER) are studied, such as platinum
and platinum alloys,”® as well as the equally expensive iridium
oxide (IrO,) and ruthenium oxide (RuQ,) catalysts.” However, the
tremendous costs associated with the use of noble metal oxides
have almost counterbalanced their contribution to lowering the
operating voltage. In order to lower the cost triggered by the use
of noble metals, molecular catalysts of the metal complexes
made from Earth-abundant metals such as cobalt, nickel, iron
or molybdenum have attracted wide attention.®'” Although
quite a few molecular catalysts are proved to decrease the
operating potential effectively, organic acids, bases, additives
or solvents are still required, which led to environmental
problems.'®** Therefore, the creation of Earth-abundant mole-
cular systems that produce H, from neutral water with catalytic
activity remains a significant basic science challenge.?
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additional acids and organic cosolvents.

In this work we report a unique film catalyst for H, production
from neutral water using an iron-based reversible soft coordina-
tion suprapolymer (Fe™-SCSP). The Fe-SCSP was formed by
simply mixing Fe*" solution and an aqueous solution of a ditopic
ligand, pyridine-2,6-dicarboxylic acid (L,EO,, Scheme 1),ina1:1
ratio, as described in our previous work.>*® Each coordinating
center carries one negative elementary charge. Because of the
reversible coordination bonds between the metal centers and the
ligands, they exhibit a concentration dependent polymerization
degree.>® In our previous work, it was found that the Fe™-SCSP
may lower the half-wave potentials for electrochemical reactions,
meanwhile increasing the current upon being modified onto a
glassy carbon electrode (GCE).>” However, this occurs only in
cases where the films are fully covered with over 6 pairs of
modified layers, and the mechanism for this dual catalytic

Fe(TI)-SCSP

Scheme 1 Structure of the water-soluble bifunctional ligand L,EO, and the
formation of soft coordination supramolecular polymers Fe3*—L,EQ, (Fe-SCSP) in
water. Each coordination center carries one negative elementary charge.
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performance was attributed to decrease of the overpotentials. In
this work, we report that the Fe"-SCSPs catalyze water electrolysis
probably via a nanopool mechanism, which is different from our
previous recognition. We found that considerable decrease of
operating potential and increase of current (density) occurred
even on the electrode modified with only one pair of the film,
where the surface of the electrode was not fully covered. This was
attributed to the generation of a local low pH environment on the
modified GCE owing to the binding of OH to the iron centers. In
the following we report the results in detail.

Experimental
Materials

The water soluble Fe(i)-SCSPs were prepared by simply mixing
the aqueous solution of bisligand L,EO, (Scheme 1) and fresh
FeCl; solution in an equimolar ratio. K3Fe(CN)s, K,Fe(CN)e and
KNO; were purchased from Sigma-Aldrich. Polyethylenimine,
branched, (PEI) was purchased from Aldrich with a M, of
25 000. Milli-Q water was used when required.

Electrode modification

For the modification of electrodes used in this study, alterna-
tively dropping 10 pl of aqueous solutions of PEI and Fe(ur)-
L,EO, coordination polymers on the GCE or FTOE (to verify the
success of the layer-by-layer assembly, Fig. S2a, ESIf) was
adapted. Both solutions contain 0.1 M KNO;, which is the
supporting electrolyte for electrochemical experiments. Prior
to assembly, the GCE (0.07 cm?) was first polished with a
0.05 mm alumina slurry by a polisher and then washed in
H,0 and ethanol for 3 minutes by an ultrasonic cleaner. An
FTO glass slide was sonicated in the mixed solvent of Lysol and
Milli-Q water (volume ratio 1: 3), and then sonicated 3 times in
Milli-Q water each for another 30 minutes before use. PEI was
deposited as the first layer on both the GCE and FTO glass
electrodes. Then the surface was washed with Milli-Q water
three times each for 1 min and dried under argon. Next,
alternative assembling of Fe"™'-L,EO, coordination suprapoly-
mers and PEI was carried out. The concentration of Fe"™-L,EO,
and PEI is 2 mM and 10 mM, and the assembling time is 15 and
1 minute, respectively. Then the films were rinsed with clean
water before being dried under argon.

Electrochemical measurements

A CHI660C electrochemical workstation (Shanghai Chenhua
Equipments, China) with a conventional three-electrode system
was used to perform electrochemical measurements. A plati-
num wire was used as the counter electrode, and Ag/AgCl
(3 mol L' KClfilled) as the reference electrode. The scan
rate for CV analysis was 100 mV s . The modified (PEI/Fe™-
L,EO,), GCEs (0.07 cm?) with various bilayer numbers n (n =1,
4, 6, 8) as described before were fabricated and were used as
working electrodes, and voltammetry measurements were con-
ducted in 0.1 M KNOj; solution.
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Ultraviolet-visible (UV-vis) spectra

UV spectra of the aqueous solutions of L,EO,, FeCl; and coordina-
tion complexes of Fe(m)-L,EO, were collected on a Pgeneral TU-1810
UV-vis spectrophotometer.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out on an AXIS-Ultra instrument
from Kratos Analytical using monochromatic Al Ko radiation
(225 W, 15 mA, 15 kV) and low-energy electron flooding for charge
compensation. Target PIC micelle solutions were dropped onto a
clean silicon wafer, followed by drying naturally. To compensate
for surface charge effects, binding energies were calibrated using
the C 1s hydrocarbon peak at 284.80 eV. The data were converted
into a VAMAS file format and imported into CasaXPS software
package for manipulation and curve-fitting. Zeta potentials were
measured using a temperature-controlled ZetaPALS zeta potential
analyzer (Brookhaven Instruments Corporation).

Results and discussion

Electrochemical measurements for water hydrolysis were performed
at ~25 °C in a three-electrode cell connected to a CHI Instru-
ment. A glassy-carbon electrode (GCE, 0.07 cm?) coated with the
[PEI/Fe'™-SCSP],, films was used as the working electrode
whereas Ag/AgCl (3 mol L~ KCl-filled) and a platinum wire
served as the reference and counter electrodes, respectively. A
0.1 M KNO; solution was the electrolyte in the electrochemical
measurements. The detailed procedures to prepare the Fe™-SCSP
and the Fe™-SCSP modified GCE can be found elsewhere.””
Succinctly speaking, 10 pl of the 1: 1 mixed Fe*" and L,EO, aqueous
solution and a PEI solution were alternatively dropped onto the
GCE for assembling for 15 and 1 minute, respectively. The electrode
was washed with Milli-Q water and allowed to dry under an argon
atmosphere before assembling the next layer.

Fig. 1 shows the linear sweep voltammetry curves of the
freshly prepared GCEs modified with [PEI/Fe™-SCSP], films
with 7 in the range of 0-8. It is very striking that the onset
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Fig. 1 Linear sweep voltammetry curves of H* reduction at the (PEI/Fe"-SCSP),,
modified GCE surface. The area of the GCE is 0.07 cm?, n is the number of PEI/
Fe'"-SCSP pairs modified onto the GCE. Oxygen was removed before voltammetry
measurements by purging with argon. Measurements were made vs. Ag/AgCl.

Phys. Chem. Chem. Phys, 2013, 15,15912-15916 | 15913


http://dx.doi.org/10.1039/c3cp53152j

Published on 31 July 2013. Downloaded by Beijing University on 19/12/2013 08:38:07.

4.00E-03 1 mBare GCE 8 PEI/PSS GCE = PEI/Fe-L2EO4 GCE
3.50E-03 -

3.00E-03

L

2.50E-03

2.00E-03

1.50E-03

Current /A

1.00E-03 -

5.00E-04 -

0.00E+00 -

Potential/V

Fig. 2 Comparison of the currents on different GCEs operating at various
potentials. Blue: bare GCE; red: GCE modified with 8 pairs of PEI/PSS, where
PSS represents polystyrene sulphite, sodium salt; green: GCE modified 8 pairs of
PEI/Fe"—L,EQ,.

potential of proton reduction starts to shift to a more positive
value even at n = 1, which is obviously different from our
previous observations where catalytic behaviors for electro-
active molecules can be observed only at n beyond 5.>7 It is
demonstrated in Fig. 1 that on the bare GCE (n = 0), the onset
potential is about —1.8 V, yet it has been decreased to —1.2 V on
the 8 pair modified GCE. Although the absolute operating
potentials in the literature for water electrolysis are not com-
parable due to the use of different working and standard
electrodes,?®**° the 0.6 V drop in the operating potential is very
significant, which is among the most efficient potential drop
reported in the literature,?*22%29

In line with the significant drop in operating potentials, the
[PEI/Fe™-SCSP], films give rise to sharp rises in current, indicating
that a catalytic process occurred for water activation.***?" In Fig. 2
we show the comparison of currents on the bare and the [PEI/Fe™-
L,EO,]s modified GCEs at different operating potentials. It can be
clearly seen that dramatic enhancement of the current (density) can
be achieved on the modified GCE in the range of —1.4to —2.0 V. It
is worth noting that at an operating potential of —1.5 V, the actual
current has reached 1.2 mA, which is higher than the result
obtained by Long et al. by 0.4 mA.>" and is comparable to that
acquired on noble metals.**** In Long and Chang’s study, a
molecular molybdenum-oxo catalyst may produce a current of
0.8 mA in the process of water splitting on the GCE of the same
size in acetic acid operating at 1.5 V.>* Since the Fe"™-SCSPs used in
our study, though assembled into the films, are fully accessible to
water, they are promising new molecular catalysts in electrochemi-
cal generation of hydrogen from neutral water.

To verify that the Fe"™-SCSPs are crucial for this catalytic
hydrogen evolution to occur, we conducted the control experi-
ments in which the negatively charged Fe™-SCSP was replaced
by a non-electrochemical active covalent polyelectrolyte, poly-
styrene sodium sulphite (PSS). In this situation, the electrode is
not covered with electro-active species. As expected, we observed
only decreases of the proton reduction current without a change
in potential (Fig. S1, ESIf). This is the typical characteristic of the
resistance effect of permissive non-conductive films, as reported
by Bruening and Harris.**
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Fig. 3 UV spectra of the aqueous solutions of L,EQ,, FeCls and the coordination
complex Fe-L,EQ,.

It is worth noting that the catalytic effect occurs even in the
presence of only 1 pair of film, a situation where the GCE
surface is not fully covered.?” This indicates that the coordina-
tion polymer Fe'™-SCSP must have been involved in H, evolu-
tion. We expect that this is related to binding of the OH™ group
to the iron centre which leads to the release of H'. This
produces a local environment in the modified film that is rich
in H” which can be inferred from the pH of bulk Fe™-SCSP
aqueous solution. For a solution of 0.1 mM Fe'-SCSP, the pH
was found to be 3.5. Obviously, considerable protons are
produced in the coordinating system, which is an indication
of strong binding of OH to the central Fe*" jon. This was further
proved by the changes in UV measurements. In Fig. 3 we show
the comparison of UV spectra of the aqueous solutions of Fe*",
L,EQ,, and coordinating complexes of Fe""-L,EQ,. It is clear
that Fe** ions exhibit featureless flat absorption resulting from
various hydroxides Fe(OH),""®)~ in the range of 200-400 nm,**
whereas the L,EO, ligand shows no absorption beyond 300 nm.
Upon coordination, strengthened absorption beyond 300 nm is
observed. The flat feature of the absorption in this region is
very similar to that observed in the Fe’" aqueous solutions, and
thus can be assigned to the contribution from the mixed
coordination complex of Fe(OH)(L,EO,4).>® This species was
indeed reported in the literature.>**® Therefore, we can infer
that this species may also exist in the film so that the pH in the
films is about 3.5 which is much lower than that in the bulk. As
aresult, an acidic “nanopool” was created on the modified GCE
(Scheme 2). It has been estimated that the average thickness of
the modified layer is about 4-5 nm per pair.>” This means that
the depth of the ‘nanopool’ is around 30-40 nm for an 8-pair
modified electrode. The H' in the ‘nanopool’ was reduced to
the H atom which then forms H, (Scheme 2) upon applying a
negative potential.

Furthermore, X-ray Photoelectron Spectroscopy (XPS) mea-
surements were conducted for the films after electrolysis of
water for 10 minutes at —1.7 V to clarify whether Fe® particles
have been produced during the water splitting reaction. The
XPS spectra in Fig. 4 show that the binding energy of the 2p
electrons of iron is 710 eV and 723 eV, which is characteristic of
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Scheme 2 Demonstration of the mechanism of H, evolution on the film of Fe''-

L,EO, during the electrolysis.
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Fig. 5 Long time duration of current density of the films. The operating
potential is —1.7 V. To avoid any experimental artifact from solvent evaporation
and oxygen reduction, the long-term electro-chemical test cell was maintained
under continuous water vapor-saturated N, purging.
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Fig. 4 Fe 2p XPS spectra of the Fe-L,EQ, films after electrolysis of water for
10 min at 1.7 V.

the presence of Fe".>**! This means that in the presence of a
strong coordination field, it is difficult to reduce Fe™ to Fe®. We
have found that the reduced product of Fe™-L,EQ, coordination
complexes with the strong reducing agent NaBH, is Fe"'-1,EQ,,**
which is in line with the results obtained in this study. On the
basis of the above two experiments, we can unambiguously
conclude that it is Fe-SCSP that catalyzed the water splitting.

It should be pointed out that the binding of OH to the Fe**
center is reversible in the presence of L,EO,. This can be
verified by the changes in the solution pH of FeCl; before
and after complexation with the L,EO, ligand. The pH for the
original Fe** solution is 2.4, while it increases to 3.5, suggesting
that complexation between Fe** and L,EO, is stronger than that
between Fe** and OH. Therefore, the excess OH in the coordi-
nation sphere of Fe** will dissociate and is replaced by the
chelating groups in L,EO,. This reversible nature made the
films endurable in the process of water electrolysis which is
reflected in the long-term HER performance. In Fig. 5 we show
the variation of current density under continuous electrolysis of
the film on the GC electrode. Except for some potential drop
caused by the accumulated H, bubbles on the film, the potential
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potentials in future HER studies.

Finally, in order to check whether uncomplexed Fe** ions or
uncoordinated L,EO, ligands have contributed to the catalytic
performance, voltammetry measurements on the bare GCE against
KNO; solutions containing the same amount of the above two
species separately were conducted, and no catalytic effects were
observed. Similarly, when the same amount of Fe™L,EQ, coordina-
tion complexes was dispersed in the same supporting electrolyte, no
catalytic effect was observed as well, unambiguously verifying the
necessity of the ‘nanopool’ in catalysis of hydrogen evolution.

In summary, we have reported an efficient hydrogen generation
catalyst that works effectively when confined on the surface of an
electrode via simple layer-by-layer assembly. It is possible that we
have created an acidic ‘nanopool’ on the surface of an electrode
and established a new paradigm in catalytic studies of hydrogen
evolution via water electrolysis from neutral water without the
use of additional acids and organic cosolvents. Ongoing efforts
are focused on modifying the Fe-SCSP and related platforms to
further facilitate sustainable energy cycles.

Acknowledgements

This work was supported by National Natural Science Foundation
of China (NSFC, Grant No. 21173011, 20805002, and 21073006).

References

1 S. Uhm, H. Jeon, T. J. Kim and J. Lee, J. Power Sources, 2012,
198, 218-222.

2 M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher,
Q. X. Mi, E. A. Santori and N. S. Lewis, Chem. Rev., 2010, 110,
6446-6473.

3 F. Barbir, Sol. Energy, 2005, 78, 661-669.

Phys. Chem. Chem. Phys., 2013, 15,15912-15916 | 15915


http://dx.doi.org/10.1039/c3cp53152j

Published on 31 July 2013. Downloaded by Beijing University on 19/12/2013 08:38:07.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

P. W. Du, K. Knowles and R. Eisenberg, J. Am. Chem. Soc.,
2008, 130, 12576-12577.

A. Fujishima and K. Honda, Nature, 1972, 238, 27-38.

X. B. Chen, S. H. Shen, L. J. Guo and S. S. Mao, Chem. Rev.,
2010, 110, 6503-6570.

D. J. Evans and C. J. Pickett, Chem. Soc. Rev., 2003, 32, 268-275.
B. E. Conway, L. Bai and M. A. Sattar, Int. J. Hydrogen Energy,
1987, 12, 607-621.

C. C. L. McCrory, C. Uyeda and J. C. Peters, J. Am. Chem. Soc.,
2012, 134, 3164-3170.

A. Fihri, V. Artero, M. Razavet, C. Baffert, W. Leibl and
M. Fontecave, Angew. Chem., Int. Ed., 2008, 47, 564-567.

T. R. Cook, D. K. Dogutan, S. Y. Reece, Y. Surendranath,
T. S. Teets and D. G. Nocera, Chem. Rev., 2010, 110, 6474-6502.
O. Savadogo and H. Lavoie, Int. J. Hydrogen Energy, 1992, 17,
473-477.

B. Hinnemann, P. G. Moses, J. Bonde, K. P. Jorgensen,
J. H. Nielsen, S. Horch, 1. Chorkendorff and J. K. Norskov,
J. Am. Chem. Soc., 2005, 127, 5308-5309.

T. F. Jaramillo, K. P. Jorgensen, J. Bonde, J. H. Nielsen,
S. Horch and I. Chorkendorff, Science, 2007, 317, 100-102.
Y. G. Li, H. L. Wang, L. M. Xie, Y. Y. Liang, G. S. Hong and
H. J. Dai, J. Am. Chem. Soc., 2011, 133, 7296-7299.

D. Merki, S. Fierro, H. Vrubel and X. L. Hu, Chem. Sci., 2011,
2, 1262-1267.

D. Merki, H. Vrubel, L. Rovelli, S. Fierro and X. L. Hu, Chem.
Sci., 2012, 3, 2515-2525.

X. L. Hu, B. S. Brunschwig and J. C. Peters, J. Am. Chem. Soc.,
2007, 129, 8988-8998.

A. D. Wilson, R. H. Newell, M. J. McNevin, J. T. Muckerman,
M. R. DuBois and D. L. DuBois, J. Am. Chem. Soc., 2006, 128,
358-366.

J. I. Goldsmith, W. R. Hudson, M. S. Lowry, T. H. Anderson
and S. Bernhard, J. Am. Chem. Soc., 2005, 127, 7502-7510.

V. S. Thoi, H. I. Karunadasa, Y. Surendranath, J. R. Long and
C. J. Chang, Energy Environ. Sci., 2012, 5, 7762-7770.

Y. J. Sun, J. P. Bigi, N. A. Piro, M. L. Tang, J. R. Long and
C. J. Chang, J. Am. Chem. Soc., 2011, 133, 9212-9215.

H. I. Karunadasa, C. J. Chang and ]. R. Long, Nature, 2010,
464, 1329-1333.

15916 | Phys. Chem. Chem. Phys., 2013, 15, 15912-15916

24

25

26

27

28

29

30

31

32

33

34
35

36

37
38

39

40

41
42

View Article Online

Y. Yan, Y. R. Lan, A. de Keizer, M. Drechsler, H. Van As,
M. A. C. Stuart and N. A. M. Besseling, Soft Matter, 2010, 6,
3244-3248.

Y. Ding, Y. Yang, L. Yang, Y. Yan, ]J. B. Huang and
M. A. C. Stuart, ACS Nano, 2012, 6, 1004-1010.

Y. R. Lan, L. M. Xu, Y. Yan, J. B. Huang, A. de Keizer,
N. A. M. Besseling and M. A. C. Stuart, Soft Matter, 2011, 7,
3565-3570.

J. Z. Y. W. Liang, D. W. Zhang, Y. Yan, Y. L. Zhou,
X. X. Zhang and J. B. Huang, RSC Adv, 2012, 2, 12732-12738.
C.Y. He, X. L. Wu, J. C. Shen and P. K. Chu, Nano Lett., 2012,
12, 1545-1548.

H. I. Karunadasa, E. Montalvo, Y. J. Sun, M. Majda,
J. R. Long and C. J. Chang, Science, 2012, 335, 698-702.

Y. J. Sun, J. W. Sun, J. R. Long, P. D. Yang and C. J. Chang,
Chem. Sci., 2013, 4, 118-124.

J. R. McKone, B. F. Sadtler, C. A. Werlang, N. S. Lewis and
H. B. Gray, ACS Catal., 2013, 3, 166-169.

E. Anxolabehere-Mallart, C. Costentin, M. Fournier,
S. Nowak, M. Robert and J. M. Saveant, J. Am. Chem. Soc.,
2012, 134, 6104-6107.

F. W. Campbell, S. R. Belding, R. Baron, L. Xiao and
R. G. Compton, J. Phys. Chem. C, 2009, 113, 14852-14857.
J.J. Harris and M. L. Bruening, Langmuir, 2000, 16, 2006-2013.
J. Y. Wang, A. de Keizer, H. P. van Leeuwen, Y. Yan, F. Vergeldt,
H. van As, P. H. H. Bomans, N. A. J. M. Sommerdijk,
M. A. C. Stuart and J. van der Gucht, Langmuir, 2011, 27,
14776-14782.

G. G. Bombi, R. Aikebaier, A. Dean, V. B. Di Marco,
D. Marton and A. Tapparo, Polyhedron, 2009, 28, 327-335.
D. G. Kurth and R. Osterhout, Langmuir, 1999, 15, 4842-4846.
I. D. Welsh and P. M. A. Sherwood, Phys. Rev. B: Condens.
Matter Mater. Phys., 1989, 40, 6386-6392.

T. Fujii, F. M. F. de Groot, G. A. Sawatzky, F. C. Voogt,
T. Hibma and K. Okada, Phys. Rev. B: Condens. Matter Mater.
Phys., 1999, 59, 3195-3202.

N. S. Mcintyre and D. G. Zetaruk, Anal. Chem., 1977, 49,
1521-1529.

D. T. Harvey and R. W. Linton, Anal. Chem., 1981, 53, 1684-1688.
L. Zhao, Y. Yan and J. B. Huang, Langmuir, 2012, 28, 5548-5554.

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp53152j

