IEESAPPLIED MATERIALS

INTERFACES

www.acsami.org

Graphene-Immobilized Monomeric Bipyridine-M** (M** = Fe3*, Co?*,
Ni%*, or Cu®*) Complexes for Electrocatalytic Water Oxidation
Xin Zhou, Teng Zhang,T Carter W. Abney,'}- Zhong Li,** and Wenbin Lin*"

TDepartment of Chemistry, University of Chicago, 929 E. 57th Street, Chicago, Illinois 60637, United States
*School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510640, P.R. China

© Supporting Information

ABSTRACT: Covalent anchoring of 2,2’-bipyridine (L) to a graphene (Gr) modified
electrode followed by treatment with an M**(NOs,), solution (M = Fe*, Co**, Ni**, or Cu®*)
results in surface-bound catalysts with high redox activity in neutral water at ambient
temperature. Raman and IR spectroscopies indicate the successful L grafting and Gr
deposition onto the electrodes, whereas metal concentration was determined by inductively
coupled plasma mass spectrometry (ICP-MS). Cyclic voltammetry measurements were used
to investigate catalytic performances, whereas a rotating ring-disk electrode was used to
measure the faraday efficiencies of oxygen evolution reaction and determine experimental
turnover frequencies (TOFs). Of the four metal-L complexes investigated, Co-L on a Gr-
modified indium tin oxide (ITO) electrode exhibits the best catalytic activity. Washing with a
solution containing catalytically inert Zn** removes Co weakly bound by surface carboxylate
functionalities, and ensures the presence of only covalently attached active catalytic species.
This process results in an experimental TOF of 14 s™' at an overpotential of 834 mV.

0, + 4H*
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Functionalization of Gr-modified electrodes with appropriate metal-binding moieties thus provides a feasible strategy for loading

first row transition metals onto conductive surfaces for the generation of highly active water oxidation catalysts.
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lobal energy consumption is accelerating rapidly, resulting
in the combustion of nonrenewable fossil fuels and
emission of CO,, one of the main sources of anthropogenic
climate change. Electrolytic water splitting has become an
active research area in an effort to convert electrical energy
from sustainable sources to carbon-neutral fuels."”> However, it
is a challenging process because of the necessary stepwise
transfer of multiple electrons and protons, typically resulting in
a very high overpotential. Major research efforts are devoted to
the development of artificial water oxidation catalysts (WOCs)
as the mechanism of biological water oxidation becomes
increasingly elucidated.>™>
The ubiquitous oxygen evolution center (OEC) of photo-
system II (PS II) is widely studied as an efficient catalytic
system for water oxidation. Although the active site of the OEC
in PS II is a Mn,CaO(H,0), metallocluster,® the most
successful artificial WOCs are based on precious metals such as
Ru’""" and Ir'"*™"° whose limited supplies make them
unsuitable for large-scale application. In contrast, first row
transition metals are earth-abundant and inexpensive, making
them feasible alternatives for WOCs. Although Fe,ls_lg
C0,%°7% Cu,” "% and Ni** ™ complexes have been intensively
investigated as WOC:s, these molecular complexes are often
unstable in the presence of strong sacrificial oxidants such as
Ce(IV), periodate, or persulfate, and the identity of the actual
catalyst is not always evident. It is even more problematic when
the corresponding metal oxides, such as CoO, or NiO,, are
superior WOCs compared to the initial molecular complexes.
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Recently, we observed that immobilizing catalytic centers
within a metal—organic framework (MOF) support can
significantly enhance the catalyst stability by eliminating
bimolecular decomposition pathways, resulting in highly active
catalysts for water oxidation and organic reactions.'>¢
However, the insulating nature of most MOF materials
prevents their applications in electrocatalysis. Graphene, a 2-
dimentional sheet of carbon atoms joined by sp* bonds,*’”
possesses high conductivity, surface area, and tunability,”®*'
making it an ideal support for immobilizing catalysts for
electrochemical water oxidation.*

Here we report covalent anchoring of four transition metal
water oxidation catalysts of the formula M-L(H,0),* (M=
Fe*, Co*, Ni**, or Cu®', L = 2,2"-bipyridine) to a graphene
(Gr) modified electrode (ITO or glassy carbon) to afford
surface-bound catalysts with high activity in neutral water at
ambient temperature. Briefly, L was functionalized with an
amino group and grafted to graphene oxide (GO) via a
diazonium coupling reaction**** before electrical reduction to
LGr and deposition onto the electrodes to form LGr-ITO. The
modified electrodes were soaked in a DMF solution of the
metal nitrate to metalate at the bipyridine N,N’ site, washed
with deionized water and ethanol to remove weakly bound
metal ions, and dried under nitrogen prior to use (Scheme 1).
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These Gr-bound WOC systems are referred to as 1—4 for Fe*,
Co™, Ni**, and Cu*, respectively.

Scheme 1. Method for Covalent Attachment of 1st Row
Transition Metal WOCs to Graphene-Modified ITO
Electrodes
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The metalated LGr-modified electrode was characterized by
Raman and FT-IR spectroscopy. An enhanced signal ratio Ip/Ig
in the Raman spectra revealed an increase in the disorder of the
Gr hexagonal network,* which can be attributed to covalent
grafting of L onto Gr (Figure 1a). Similarly, FT-IR indicated
the presence of L characteristic bands (1300—1600 ecm™)* on
L grafted Gr (Figure 1b).

The catalytic performance of electrodes 1—4 was first
investigated by cyclic voltammetry (CV). Figure 2 shows the
voltammograms acquired in phosphate buffer (pH 7.5, 0.1 M)

with KNOj; (1 M) as supporting electrolyte. The comparison of

the water oxidation current densities for the electrodes 1—4
shows that 2 gives the highest catalytic current density (up to
0.9 mA cm™” at 1.4 V) with onset potential at ~1.19 V vs the
Ag/AgCl reference electrode, while the pristine ITO electrode
gives negligible current density (22 4A cm™2). In addition, 1, 3,
and 4 also exhibit enhanced catalytic current densities
compared to the pristine ITO electrode. None of the modified
electrodes show visible redox couples for the metal complexes
due to slow electron transfer processes at the metal centers as
well as the low overall loading of surface-bound catalysts. The
functionalized electrodes were digested in concentrated nitric
acid and analyzed by ICP-MS to determine the exact amount of
surface-bound metal sites. Turnover frequency (TOF) for the
catalysts can be calculated from eq 1

i
nFy

TOF = —
(1)
where i, is the catalytic current density, # is the faraday
efficiency, F is Faraday’s constant, y is the surface concentration
of the catalyst, and # is the number of electrons transferred per
production of one oxygen molecule (n = 4). The TOFs
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Figure 2. Comparison of CVs for 1—4 in phosphate buffer (pH 7.5,

0.1 M) with KNO; (1 M) supporting electrolyte, scan rate 50 mV s~

reported here are calculated at 1.4 V vs Ag/AgCl (834 mV
overpotential). The maximum TOF is calculated by assuming
all transferred charge is used to catalyze water oxidation (1 =
100%). These values are listed in Table 1. Among all four

Table 1. Maximum TOFs for the WOC Functionalized
Electrodes

M y (nmol cm™2) i, (UA cm™?) TOF (s7')
1 Fe?* 2.7 + 0.1 245.0 0.24
2 Co* 0.9 + 0.1 888.2 27
3 Ni2* 1.7 + 02 63.3 0.10
4 Cu* 3.6+ 02 285.2 0.21

metals, Co serves as the best catalyst with a maximum TOF 1
order of magnitude higher than the other three. Thus, we
focused on the Co system in the following studies.

As carboxylate functionalities are known to be present after
oxidation of graphene-derived materials,"”** the Co** cation
could also weakly bind to those sites and form [Co-COO]*

species with lower catalytic activities (Figure 3). To compare
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Figure 3. Proposed metal binding motifs for L-functionalized Gr.

the catalytic activities of [Co-L]** and [Co-COO]" sites, a layer
of Gr without L functionalization was deposited on an ITO
electrode, with subsequent metalation performed as discussed
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Figure 1. (a) Raman spectra of ITO, GO, and Co-LGr-ITO. Ip/I; = 1.09 for Co-LGr-ITO, whereas I,/I; = 0.93 for GO. (b) FT-IR spectra of the
original graphite material, graphene oxide powder (GO), ungrafted ligand L, and L-grafted GO (LGO) powder.
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previously. This material, denoted 2/, only contains Co** bound
through surface carboxylate groups. Although 2" showed higher
current density than 2 (Figure 4), it also exhibited higher Co
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Figure 4. Comparison of CVs for Co-based catalysts 2 (Co-LGr-ITO)
and 2 (Co-Gr-ITO) with and without Zn** wash. CVs were obtained
in phosphate buffer (pH 7.5, 0.1 M) with KNO; (1 M) supporting
electrolyte. Scan rate: S0 mV s™".

loading and afforded a lower TOF of 1.6 s, revealing
carboxylate-bound Co** to be an inferior WOC compared to
[Co-L]*". We expected that cation exchange with catalytically
inert Zn** could displace the carboxyl-bound metals while
retaining metals bound by the bipyridine functionality, resulting
in better electrode performance.

Density functional theory (DFT) calculations*’ were
performed to assess the feasibility of Zn** cation exchange
with the weakly bound metal carboxylate species. Thermo-
chemical calculations were performed to determine the bond
strength of [M—L]** and [M—COO]*"Y* complexes and to
investigate the Gibbs free energy for Zn>' substitution. As
shown in Table 2, [Zn—L] ** (5) is the least thermodynami-

Table 2. DFT Calculated Changes in Gibbs Free Energy (kJ
mol ') during M** and L/COO~ Bond Formation

M*  AGpy™  AGpcool®™™ AAGg 1> AAGim-_cool

1 Fe* —98.81 —147.4 56.13 69.85
2 Co* —46.43 —60.95 3.75 —16.6
3 N —84.16 —81.00 41.48 3.45
4 Cu* -1176 -102.3 74.92 24.75
5 Zn* —42.68 —77.55

cally favorable of all [M—L]*" complexes, indicating that Zn>" is
not likely to replace any metal ions bound by the bipyridine
ligand. In contrast, [Zn-COO]" is more thermodynamically
favorable than the Co*" analogue by over 16 kJ mol™', making
Zn* an ideal candidate for replacing Co** bound by COO™.

After soaking in DMF solutions of metal nitrate, the L-
functionalized ITO electrodes were washed with Zn*" solution
and CVs obtained under identical conditions to those
presented above. The corresponding maximum TOFs are
provided in Table 3.

As displayed in Figure 4, the anode current density of 2’
dramatically decreases after the Zn>* wash, whereas 2 shows
only a modest decrease. Because weakly bound [Co-COO]" is
the catalytically active species on 2’, it easy to reconcile the
remarkable decrease in current density following Zn>" wash.
These results suggest the weakly bound Co®* in 2’ is displaced
by Zn**, which is in good agreement with the DFT results. In
contrast, Zn>" is not able to displace the Co** bound to L in 2.
Removal of the weakly bound [Co-COO]" results in distinct

Table 3. Maximum TOFs for Co-WOC Functionalized
Electrodes

7 (nmol cm™) I, (MA cm™>)  TOF (s71)
2’ as-prepared 1.8 £ 03 1090 1.6
2’ washed with Zn** 0.14 + 0.04 3372 6.1
2 as-prepared 0.86 + 0.08 888.2 2.7
2 washed with Zn>* 0.097 + 0.004 636.5 17

improvement in catalyst activity as demonstrated by a > 14 s™*

increase in the maximum TOF. Before the Zn>* wash, neither 2
nor 2’ exhibits a high TOF, with the anode current density of 2
attributed to the superpositioning of the catalytic currents from
[Co-L]** and [Co-COO]". Following the Zn** wash, 2 exhibits
outstanding catalytic activity with a maximum TOF of 17 s7*,
compared to 6.1 s™" for Zn** washed 2’ and 2.7 s~ for 2 prior
to the Zn** wash. These results are consistent with our earlier
hypothesis that the [Co-L]** site is a better WOC than the
[Co-COOQ]* site.

To investigate the stability of the [Co-L]*" catalyst system,
we performed multiple CV scans with corresponding ICP-MS
analyses. The current densities decreased continuously as
additional CV cycles were applied (see Figure S4 in the
Supporting Information), whereas ICP-MS data revealed the
concentration of the surface-bound catalyst decreased as a
function of number of cycles. These results indicate the catalyst
system does not possess long-term stability under these
conditions. Despite slow decomposition, the maximum TOF
did not drop significantly (Table 4). The deteriorating

Table 4. Maximum TOFs for 2 Obtained from Sequential
CV Cycles

y (nmol cm™2) I, (uA cm™) TOF (s7)
as-prepared 0.103
after 1 cycle 0.097 636.5 17
after 2 cycle 0.075 5184 18
after 3 cycle 0.064 383.5 19

performance is ascribed to the gradual loss of surface-bound
catalysts, rather than decomposition of the [Co-L]*" complex.
It is known that graphene-based material can be gradually
oxidized at high positive potential, and oxidation and exfoliation
of the graphene support may thus account for the loss of
surface-bound catalysts.

To confirm the efliciency for water oxidation by 2, we used a
rotating ring-disk electrode (RRDE; Pt ring and glassy carbon
disk modified with 2) to quantify the amount of O, produced,
affording determination of the faraday efficiency and exper-
imental TOF. Controlled potential electrolysis was performed
with the RRDE rotating at 2000 rpm in nitrogen saturated
phosphate buffer (pH 7.5, 0.1M). In this measurement the disk
was held at 1.4 V and the ring at —0.3 V in order to oxidize
water and reduce O, under mass transport controlled
conditions. Large bubbles of O, were observed after 30 min
of electrolysis (see Figures S6 and S7 in the Supporting
Information). Figure S8 in the Supporting Information records
the current change of the electrolysis process. Current densities
from the RRDE experiments are lower than those from CV
scans, which can be ascribed to the gradual loss of surface-
bound catalysts during bulk electrolysis, leading to a lower
catalytic current density. It is worth noting this does not affect
the measurement of the faraday efliciency since the ring current
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is proportional to the disk current. The faraday efliciency was
determined to be 82.6% calculated from eq 2

2‘(‘/‘iringdt - /i;ingdt) 1
n= _
/ ik dt M4 (2)

where iy, is the current at the ring electrode, iy, is the current
at the modified disk electrode for electrolysis, i’ is the
background current on the ring, and 74 is the collecting
efficiency of the RRDE (7, = 0.25). The experimental TOF for
2 was calculated as 14 s,

In conclusion, this work demonstrates the utility of
covalently anchoring first row transition metals to Gr-modified
electrodes for preparation of WOC systems with high catalytic
activity. Weakly bound Co*" was readily removed by washing
with a Zn*" solution, affording a TOF of up to 14 s™'. This
strategy of preparing surface-immobilized WOCs facilitates
investigation of electrocatalytic activities for diverse metal
complexes containing simple ligands and provides a useful
platform for the rapid and efficient screening of potential water
oxidation catalysts.
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