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Salts of Cy(OH); Electrodeposited onto a Glassy Carbon Electrode:
Surprising Catalytic Performance in the Hydrogen Evolution

Reaction™**

Junqiao Zhuo, Tanyuan Wang, Gang Zhang, Lu Liu, Liangbing Gan,* and Meixian Li*

With the energy crisis becoming increasingly serious, hydro-
gen is proposed as a promising energy carrier substitute to
fossil energy. A practical technique to produce hydrogen is
the splitting of water by either electrochemical or photo-
chemical methods.!! Usually, catalysts are widely used to
overcome the overpotential for the hydrogen evolution
reaction (HER) and to obtain high efficiency. Among the
catalysts produced for the HER, Pt, Pd, and Ru show the best
performance, but their high cost seriously limits their use. On
the other hand, less expensive substitutes using metals such as
Ni and Co suffer from corrosion, passivation, and lower
catalytic activity.” The need for active, stable, and inexpen-
sive electrocatalysts has aroused intensive research interest,
resulting in the development of molecular catalysts. Thus far,
relatively few molecular catalysts have been studied for the
HER in aqueous solutions, and most of catalysts studied
consisted of transition metals.) Herein, we report a novel
molecular catalyst based on carbon: a salt consisting of
fullerenol anions electrodeposited onto a glassy carbon
electrode (GCE) coated with Nafion in an aqueous solution
for the HER. The onset potential was estimated to be —0.11 V
(vs. RHE) with low loading and high exchange current
density.

Polyhydroxylated fullerene (fullerenol) is one of the most
studied fullerene derivatives, because of their low biological
toxicity and outstanding radical scavenging ability.) Various
synthetic methods have been reported,”” but most of them
obtained complicated mixtures of fullerenols with different
structures, which limited further study of their properties. We
have previously reported the preparation of the first isomeri-
cally pure multihydroxylated fullerene, Cgo(OH)s.! Its sol-
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ubility in water is much greater than that of C4, due to the
eight hydroxy groups on the carbon cage, which makes it
possible to study its electrochemical properties in aqueous
solutions; these properties are fundamental for investigating
electrocatalysis based on fullerenols. There have been few
reports to date about the electrochemical properties of
fullerenols in water,”® therefore, we investigated electro-
chemical behavior of C4(OH)g in aqueous solutions.

Figure 1 displays a cyclic voltammogram of Cg(OH)g in
an aqueous solution of KCl (0.1m). A reduction peak at
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Figure 1. Cyclic voltammogram of Cg,(OH); (5 um) on a GCE in an
aqueous solution of KCl (0.1m) at a scan rate of 0.1 Vs™".

—1.31V (vs. SCE) and an oxidation peak at —1.11 V were
observed. The experimental results indicated that the cations
of the supporting electrolyte influenced the electrochemical
behavior of Cg(OH)s. Optimal current responses were
obtained in NaCl and KCI solutions, and their redox peak
potentials were identical. The possible explanation is that the
sizes of sodium and potassium cations are more suitable for
intercalation into the lattice of Cq,(OH)g crystals to compen-
sate for the negative charge and stabilize its crystal structure
upon electrochemical reduction of C¢(OH)s. Therefore, NaCl
and KCI were chosen as the supporting electrolytes for the
following work. To illustrate the electrochemical reaction
mechanism of Cg(OH)g in an aqueous solution, the electro-
chemical behavior of C¢(OH)g in N,N-dimethylformamide
(DMF) was also investigated by cyclic voltammetry. Three
reduction peaks on an initial scan to negative potentials and
three oxidation peaks on the reverse scan were observed
(Supporting Information, Figure S1). The redox potentials
(E,,) are —0.98, —1.50, and —2.12 V (vs. Fc'/Fc), respectively.
Compared to the electrochemistry of pristine Cq under
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similar conditions,”’ they corresponded to three-step reduc-
tions and reoxidations of C¢(OH)s, and they are shifted to
more negative potentials, owing to the addition of hydroxy
groups on the Cg cage. Based on this, and the reported
electrochemistry of Cy, films in a mixture of DMF and
water,'”! we concluded that the redox peaks of Cg(OH)g in
aqueous solution corresponded to a one-electron-transfer
reduction and reoxidation.

The influence of scan rate was also studied (Figure S2).
The reduction peak current had a linear relationship with the
square root of the scan rate in the range of 0.02-0.5 Vs™,
which suggested that the reduction peak was a diffusion-
controlled wave. From the peak shape of the reoxidation
peak, we presumed that the reoxidation peak might be
a stripping process. This was verified by experimental results
showing that the reoxidation peak current increased as the
deposition time increased at a deposition potential of —1.50 V
(vs. SCE), and that the reduction peak current showed no
significant change (Figure S3). Therefore, we concluded that
one C¢(OH); molecule obtained one electron to form
a Cg(OH); anion during the reduction process, the
C¢(OH); anion combined with cation of the supporting
electrolyte to form a “Cg(OH)g anion salt”, and then
deposited onto the surface of the electrode. Upon reoxida-
tion, the C4(OH)g anion salt on the electrode was stripped
into the solution.

Scanning electron microscopy (SEM) and X-ray photo-
electron spectroscopy (XPS) characterizations also attested
to this. As shown in Figure2 (see also Figure S4), some
microparticles were deposited on the GCE after being
electrolyzed at —1.50 V for 120s, and they resulted from
aggregates of the Cy(OH); anion salt; Cg(OH)g also has
a strong tendency to form aggregates."!! The deposited

Figure 2. SEM images of a GCE modified with the C¢(OH)g anion salt
before (a) and after reoxidation scanning at —1.5-0V (b) using
differential pulse voltammetry.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

microparticles decreased visibly during the scan from —1.50
to 0 V, which supports the deposition—stripping process. The
poor reversibility of the reduction of Cy4(OH)g resulted in not
all of the deposited particles being released into the solution.
XPS analysis (Figure S5) indicated that the electrodeposited
C¢(OH); anion salt was composed of the elements C, O, and
Na (hydrogen cannot be detected). Furthermore, the amount
of sodium deposited on the electrode decreased visibly after
reoxidation. These results also verified that sodium cations
combined with C¢(OH)g anions to form the salt deposited on
the electrode surface during the reduction process. Mean-
while, experimental results revealed that the large ionic
strength was helpful for the electrodeposition of the salt and
its stripping upon reduction and reoxidation (Figure S6A),
which conformed to the electrodeposition condition require-
ment of high conductivity.

Taking into account the possible interaction between
C¢(OH); and H™, as well as the potential application of
fullerenols as proton conductors,®!? the electrocatalytic
activity of the obtained C4(OH)g anion salt on the GCE
toward the HER was also investigated. To inhibit the
dissolution of electrodeposited microparticles on the GCE
into the solution, Nafion was dropped onto the surface of an
electrode modified with the C4(OH)g anion salt to form
a Nafion/Cy(OH)g salt modified GCE. Figure 3 shows the
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Figure 3. Polarization curves of a) bare GCE, b) bare GCE coated with
Nafion, c) C4 modified GCE, d) C¢o(OH)g modified GCE, €) C¢(OH),
anion salt modified GCE, and f) Nafion/Cg(OH), salt/GCE. All per-
formed in H,SO, (0.5 M) at a scan rate of 2 mVs™". See the Supporting
Information for experimental details.

catalytic performance of different electrodes for the HER.
The best result was obtained from the electrode modified by
the deposited C¢(OH); anion salt, which was prepared in an
aqueous solution of Cg(OH)g (5 um) containing KCI (0.5Mm) at
—1.50 V (vs. SCE) for 120 s and coated with Nafion films.
Hydrogen evolution was observed at —0.11 V (vs. RHE),
which is comparable to results with MoS, on the electrodes.™”!

The Tafel plot fit well with the Tafel equation when the
overpotential was between 0.11 V and 0.25V, as shown in
Figure 4, and the Tafel slope was calculated to be
78 mVdec™!, which means that the HER occurs through
a Volmer-Heyrovsky mechanism.'¥ The rate determining
step is the electrochemical desorption of an adsorbed hydro-
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Figure 4. Tafel plots of a) the Nafion/Cg(OH), salt/GCE and b) GCE
modified with the Cg,(OH); anion salt. Performed in H,SO, (0.5 ™) at
a scan rate of 2mVs™’, and corresponding to Figure 3e and f.

gen atom and H;O" to form hydrogen, based on the
corresponding Tafel slopes of three predominant reactions
for the HER on a metal catalyst. Compared with a Tafel slope
of 103mV dec™! and an onset potential of —0.16 V for the
HER at the electrode modified with C¢(OH); anion salt, but
without Nafion (Figures 3 and 4), it was concluded that the
presence of Nafion not only acted as a proton-exchange
membrane to permit effective transportation of hydrogen
ions, but also suppressed the stripping of the electrodeposited
Cg(OH)g anion salt, thus much more electrocatalyst was
retained on the GCE. To test this, the electrode modified with
the electrodeposited Cq,(OH)g anion salt was taken out of the
solution containing C4(OH)g, washed with water, and then
put into a solution containing KCI (0.5M) and a continuous
electrochemical scan from —1.5V to —0.8 V was performed
by differential pulse voltammetry (DPV). It was found that
the reoxidation peak current gradually decreased, and the
reoxidation peak nearly disappeared after three scans (Fig-
ure S7). The electrode was used to test the HER, but no
electrocatalytic activity was observed. However, when Nafion
was coated onto the surface of the electrode modified with the
electrodeposited Cq4(OH)g anion salt and the same tests were
done, no reoxidation peak was observed by DPV and good
electrocatalytic activity for the HER was obtained. These also
provided support for the stripping of the C¢)(OH)g anion salt
upon reoxidation at the modified electrode without Nafion.
The exchange current density was calculated to be 7.0 x
107" Acm™2, which was on the same order of magnitude as
the well-developed molybdenum and tungsten sulfide cata-
lysts."®) The approximate loading of the salt was 2 ugem™>,
which was much smaller than the different reported MoS, and
WS, catalysts (see the Supporting Information for these
calculations).® All of these results indicated the excellent
electrocatalytical performance of the Cg(OH)s anion salt
with Nafion films for the HER.

The experimental results suggested that the ionic strength
for the electrodeposition of the C¢(OH); anion salt similarly
influenced the electrocatalytic activity of the HER. The large
ionic strength was helpful for enhancing the catalytic activity
in 0.05-0.5M KCl (Figure S6). One possible reason for this is
the increase of the deposited loading of the C4(OH)g anion
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salt on the electrode. However, when the electrodeposition
was performed in concentrations of KCl larger than 0.5M, the
catalytic performance was poor, which may result from the
larger loading on the electrode leading to poor conductivity,
as in our previous work.!"!

A possible explanation for high electrocatalytic activity of
the C¢(OH); anion salt toward the HER can be deduced
from the following two aspects: 1) The adsorption of H* onto
the C4(OH); anion salt is relatively easy. As fullerenols have
been reported to act as proton conductors,®*'? it is facile to
form hydrogen bonds between H" and oxygen atoms in the
C¢(OH); anion. Furthermore, the Cq,(OH); anion salt, which
is negatively charged, is helpful for the adsorption of H,
owing to electrostatic interactions. The adsorption of H on
these oxygen atoms leads to hydrogen evolution. This is
similar to the origin of MoS, and WS, for the HER, which is
ascribed to the adsorption of H atoms on the unsaturated
sulfur atoms at the edge.'! The fact that the Cg, modified
electrode exhibited an inferior catalytic activity for the HER
also provides support for this, as shown in Figure 3. In
addition, the location of all the OH groups of the fullerenol
Cs(OH)g molecule in the same hemisphere may produce
a good structure for hydrogen evolution. 2) The C4(OH)g
anion salt deposited on the GCE showed good conductivity,
which was verified by electrochemical impedance measure-
ments (Figures S8 and S9). The charge transfer resistance of
the Nafion/Cq(OH)g salt/GCE decreased as the overpotential
increased at 100-240 mV, and they were much lower than
those of the bare GCE and the Cq(OH); modified GCE.
Effective electrical coupling of the electrodeposited Cq,(OH)g
anion salt to the GCE resulted in much faster HER kinetics,
as with MoS, nanoparticles grown on graphene.!”

The durability of the electrode modified with the electro-
deposited Cy4y(OH); anion salt for the HER was also tested.
After 1000 scanning cycles, a polarization curve for the HER
similar to that before testing was observed, with a negligible
decrease in the cathodic current (Figure 5). The good stability
of the Nafion/Cy(OH)g salt/GCE was attributed to the
Nafion film, as it inhibited the stripping of the Cg(OH)g
anion salt.

In summary, we have prepared an electrode modified with
an electrodeposited Cg4(OH)s anion salt and coated with

0.0

-0.24

-0.4

-0.6

j/(mAcm?)

-0.84

-1.0
-0.25

015 010  -0.05
E/V vs. RHE

T
-0.20 0.00 0.05

Figure 5. Stability test for the Nafion/Cg(OH); salt/GCE. Polarization
curves of the first scan (a) and after 1000 cycles of cyclic voltammetric

scanning (b) in H,SO, (0.5Mm) solution at a scan rate of 2 mVs™".
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Nafion. This system was developed by investigating the
electrochemical behavior of C4(OH)g in water on a GCE. It
showed good catalytic performance in the HER with an onset
potential of —0.11 V and an exchange current density of 7.0 x
107 Acm™ at a loading of about 2 ugcm™2 This study
provides a new kind of molecular catalyst, based on fullerene
derivatives without transition metals, for the HER. We
anticipate our discovery to be the starting point for exploring
more effective all-carbon-based non-metal molecular cata-
lysts for the HER. Further work will involve the study of
other fullerene derivatives with polar groups, such as sulfo
groups, carboxyl groups, and different numbers of hydroxy
groups on the fullerene cage, as molecular catalysts for the
HER.

Received: June 20, 2013
Published online: August 19, 2013

Keywords: electrocatalysis - electrodeposition - fullerenes -
hydrogen evolution reaction

[1] a) M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher,
Q. X.Mj, E. A. Santori, N. S. Lewis, Chem. Rev. 2010, 110, 6446 —
6473; b) J. A. Turner, Science 2004, 305, 972-974.

[2] a) A. W. Jeremiasse, J. Bergsma, J. M. Kleijn, M. Saakes, C. J. N.

Buisman, M. C. Stuart, H. V.M. Hamelers, Int. J. Hydrogen

Energy 2011, 36, 10482 -10489; b) C. Tard, C. J. Pickett, Chem.

Rev. 2009, 109, 2245-2274; c¢) P. W. Du, R. Eisenberg, Energy

Environ. Sci. 2012, 5, 6012-6021; d) M. Wang, L. Chen, L. C.

Sun, Energy Environ. Sci. 2012, 5, 6763 -6778.

a) E. Navarro-Flores, Z. W. Chong, S. Omanovic, J. Mol. Catal.

A 2005, 226, 179-197; b) C. C. L. McCrory, C. Uyeda, J. C.

Peters, J. Am. Chem. Soc. 2012, 134, 3164-3170; c)T.F.

Jaramillo, J. Bonde, J. D. Zhang, B. Ooi, K. Andersson, J.

Ulstrup, 1. Chorkendorff, J. Phys. Chem. C 2008, 112, 17492

17498; d) H. I. Karunadasa, C. J. Chang, J. R. Long, Nature 2010,

464, 1329-1333; e) H. I. Karunadasa, E. Montalvo, Y. J. Sun, M.

Majda, J. R. Long, C.J. Chang, Science 2012, 335, 698-702;

f) E.S. Andreiadis, P. Jacques, P.D. Tran, A. Leyris, M.

Chavarot-Kerlidou, B. Jousselme, M. Matheron, J. Pécaut, S.

Palacin, M. Fontecave, V. Artero, Nat. Chem. 2013, 5, 48-53;

¢) M. Rakowski DuBois, D. L. DuBois, Chem. Soc. Rev. 2009, 38,

62-72.

3

—_—

[4] a) S. Bosi, T. D. Ros, G. Spalluto, M. Prato, Eur. J. Med. Chem.
2003, 38, 913-923; b) L. Y. Chiang, F.J. Lu, J. T. Lin, J. Chem.
Soc. Chem. Commun. 1995, 1283-1284; c) L. L. Dugan, J. K.
Gabrielsen, S. P. Yu, T. S. Lin, D. W. Choi, Neurobiol. Dis. 1996,
3,129-135.

[5] a) L. Y. Chiang, R. B. Upasani, J. W. Swirczewski, J. Am. Chem.
Soc. 1992, 114, 10154-10157; b) L. Y. Chiang, R. B. Upasani,
J. W. Swirczewski, S. Soled, J. Am. Chem. Soc. 1993, 115, 5453 —
5457.

[6] G.Zhang,Y.Liu, D. H. Liang, L. B. Gan, Y. L. Li, Angew. Chem.
2010, 722, 5421-5423; Angew. Chem. Int. Ed. 2010, 49, 5293 —
5295.

[7] F. F. Wang, N. Li, D. Tian, G. F. Xia, N. Xiao, ACS Nano 2010, 4,
5565-5572.

[8] R.B. Sardenberg, C. E. Teixeira, M. Pinheiro, J. M. A. Figueir-
edo, ACS Nano 2011, 5, 2681 —2686.

[9] D. Dubois, G. Moninot, W. Kutner, M. T. Jones, K. M. Kadish, J.
Phys. Chem. 1992, 96, 7137-7145.

[10] A. Szfics, J. Electroanal. Chem. 2008, 632, 41 —48.

[11] Y. Liu, G. Zhang, L. Niu, L. B. Gan, D. H. Liang, J. Mater. Chem.
2011, 21, 14864 —14868.

[12] a) K. Hinokuma, M. Ata, Chem. Phys. Lett. 2001, 341, 442 —446;
b) Y. M. Li, K. Hinokuma, Solid State Ionics 2002, 150, 309-315;
c) K. Tasaki, A. Venkatesan, H. B. Wang, B. Jousselme, G.
Stucky, F. Wudl, J. Electrochem. Soc. 2008, 155, B1077-1084.

[13] a) A.B. Laursen, S. Kegnas, S. Dahl, 1. Chorkendorff, Energy
Environ. Sci. 2012, 5, 5577-5591; b) D. Merki, S. Fierro, H.
Vrubel, X. L. Hu, Chem. Sci. 2011, 2, 12621267, c) D. Merki,
X.L. Hu, Energy Environ. Sci. 2011, 4, 3878-3888; d) D.S.
Kong, H. T. Wang, J. J. Cha, M. Pasta, K. J. Koski, J. Yao, Y. Cui,
Nano Lett. 2013, 13,1341 -1347; ¢) H. Vrubel, X. L. Hu, Angew.
Chem. 2012, 124, 12875 -12878; Angew. Chem. Int. Ed. 2012, 51,
12703 -12706.

[14] a) J. O. M. Bockris, E. C. Potter, J. Electrochem. Soc. 1952, 99,
169-186; b) J. G. Thomas, Trans. Faraday Soc. 1961, 57, 1603 —
1611; c¢) D. Merki, H. Vrubel, L. Rovelli, S. Fierro, X. L. Hu,
Chem. Sci. 2012, 3, 2515-2525.

[15] T. Y. Wang, L. Liu, Z. W. Zhu, P. Papakonstantinou, J. B. Hu,
H.Y. Liu, M. X. Li, Energy Environ. Sci. 2013, 6, 625-633.

[16] T. F.Jaramillo, K. P. Jgrgensen, J. Bonde, J. H. Nielsen, S. Horch,
1. Chorkendorff, Science 2007, 317, 100-102.

[17] a) Y. G. Li, H. L. Wang, L. M. Xie, Y. Y. Liang, G. S. Hong, H. J.
Dai, J. Am. Chem. Soc. 2011, 133, 7296-7299; b) J. Kibsgaard,
J. V. Lauritsen, E. Lagsgaard, B.S. Clausen, H. Topsge, F.
Besenbacher, J. Am. Chem. Soc. 2006, 128, 13950-13958.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2013, 125, 11067 -11070


http://dx.doi.org/10.1021/cr1002326
http://dx.doi.org/10.1021/cr1002326
http://dx.doi.org/10.1126/science.1103197
http://dx.doi.org/10.1016/j.ijhydene.2011.06.013
http://dx.doi.org/10.1016/j.ijhydene.2011.06.013
http://dx.doi.org/10.1021/cr800542q
http://dx.doi.org/10.1021/cr800542q
http://dx.doi.org/10.1039/c2ee03250c
http://dx.doi.org/10.1039/c2ee03250c
http://dx.doi.org/10.1039/c2ee03309g
http://dx.doi.org/10.1021/ja210661k
http://dx.doi.org/10.1021/jp802695e
http://dx.doi.org/10.1021/jp802695e
http://dx.doi.org/10.1038/nature08969
http://dx.doi.org/10.1038/nature08969
http://dx.doi.org/10.1126/science.1215868
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1016/j.ejmech.2003.09.005
http://dx.doi.org/10.1016/j.ejmech.2003.09.005
http://dx.doi.org/10.1039/c39950001283
http://dx.doi.org/10.1039/c39950001283
http://dx.doi.org/10.1006/nbdi.1996.0013
http://dx.doi.org/10.1006/nbdi.1996.0013
http://dx.doi.org/10.1021/ja00052a010
http://dx.doi.org/10.1021/ja00052a010
http://dx.doi.org/10.1021/ja00066a014
http://dx.doi.org/10.1021/ja00066a014
http://dx.doi.org/10.1002/ange.201001280
http://dx.doi.org/10.1002/ange.201001280
http://dx.doi.org/10.1002/anie.201001280
http://dx.doi.org/10.1002/anie.201001280
http://dx.doi.org/10.1021/nn100485g
http://dx.doi.org/10.1021/nn100485g
http://dx.doi.org/10.1021/nn102913p
http://dx.doi.org/10.1021/j100196a056
http://dx.doi.org/10.1021/j100196a056
http://dx.doi.org/10.1039/c1jm12964c
http://dx.doi.org/10.1039/c1jm12964c
http://dx.doi.org/10.1016/S0009-2614(01)00549-8
http://dx.doi.org/10.1016/S0167-2738(02)00449-6
http://dx.doi.org/10.1149/1.2965725
http://dx.doi.org/10.1039/c2ee02618j
http://dx.doi.org/10.1039/c2ee02618j
http://dx.doi.org/10.1039/c1sc00117e
http://dx.doi.org/10.1039/c1ee01970h
http://dx.doi.org/10.1021/nl400258t
http://dx.doi.org/10.1002/ange.201207111
http://dx.doi.org/10.1002/ange.201207111
http://dx.doi.org/10.1002/anie.201207111
http://dx.doi.org/10.1002/anie.201207111
http://dx.doi.org/10.1149/1.2779692
http://dx.doi.org/10.1149/1.2779692
http://dx.doi.org/10.1039/tf9615701603
http://dx.doi.org/10.1039/tf9615701603
http://dx.doi.org/10.1039/c2sc20539d
http://dx.doi.org/10.1039/c2ee23513g
http://dx.doi.org/10.1126/science.1141483
http://dx.doi.org/10.1021/ja201269b
http://dx.doi.org/10.1021/ja0651106
http://www.angewandte.de

