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Highly efficient and stable earth-abundant metal electrocatalysts are of great significance
for improving water splitting systems and rechargeable metal—air batteries, in which the
oxygen evolution reaction (OER) plays a central part. Among other strategies, anchoring
metal-organic frameworks (MOFs) onto conductive materials has proven fruitful towards
enhancing their OER performance. Here we explore two strategies for covalent
functionalization of graphene flakes as templates for in situ growth of a bimetallic MOF
(NiCo-Haobpydc) that is formed using 2,2'-bipyridine-5,5'-dicarboxylic acid as the organic
linker, and Ni**/ Co?* (1:1) as the metal nodes. The graphene template modified with low
density functional groups preserves the original octahedral shape of 3D NiCo-Hzbpydc,
while functionalization with high density functional groups transforms the MOF
octahedra into nanoflowers with ‘desert rose’ morphology, leading to increased
accessible active sites, electric conductivity and enlarged active surface area, thus
boosting the OER performance with a small overpotential (241mV) at 10 mA c¢cm™ in
alkaline solution. This synthetic strategy therefore presents an efficient pathway towards
controlling morphology and properties of graphene supported electrocatalytic materials
with excellent OER performance.
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1. Introduction

As society transitions from fossil fuels to renewable energy sources,
substantial efforts are invested in improving technologies such as water
splitting systems and rechargeable metal-air batteries, in which the oxygen
evolution reaction (OER) plays a central role [1-3]. However, the sluggish



reaction kinetics and large overpotential make the OER a major bottleneck
[4-6]. While noble metal oxides such as IrO; and RuO:> are still among the
most efficient OER catalysts, their scarcity and high cost severely restrict
their industrial scale application. The discovery of high-efficiency, low-cost,
and durable catalysts for OER is therefore of great significance and expected
to have immense economic, environmental, and societal impact [7]. In this
context, much work has been devoted to the study of metal-organic
frameworks (MOFs), whose structural and chemical versatility (through
choice of ligands and metal nodes) gives access to a vast variety of materials
[8-11]. Considerable challenges still exist, however, as bulk MOFs often
suffer from low electric conductivity and mass permeability, which have a
direct negative impact on electrocatalytic activity.

In order to solve these problems, the use of ultrathin 2D MOF nanosheets
holds substantial promise due to their high specific surface area,
significantly enhanced presence of unsaturated active sites (dangling bonds)
and faster electron and mass transfer rates [12-16]. Furthermore, synergistic
effects in bimetallic MOFs allow tailoring the electronic structure of the
metal active sites and enhancing their catalytic activity [17-22]. Combining
catalysts with highly conductive carbon materials such as graphene,
graphene oxide (GO) and carbon nanotubes (CNTs) improve electric
conductivity and specific surface area [23-25], again enhancing catalytic
performance. However, simple mechanical blending of the conducting
materials with 2D MOFs only gives marginal improvement of OER
performance due to inefficient electronic communication between the MOFs
and the conductive substrates. Covalent anchoring of MOFs on conducting
materials on the other hand, by efficiently producing overlapping electron
clouds, leads to large improvements in electrocatalytic activity [26]. We
recently exploited the same concept in covalently linking B-cyclodextrin to
graphite for constructing an electrochemical sensor with high selectivity for
hydrophobic analytes, producing the highest sensitivity for dopamine to date
for a cyclodextrin-based sensor [27].

In this work, we synthesized an octahedral, bimetallic MOF (NiCo-
H>bpydc) with Ni?* and Co?* as the metal nodes and 2,2'-bipyridine-5,5'-
dicarboxylic acid (H:bpydc) molecules as organic linkers. Besides
synthesising and characterising this MOF benchmark material, we explore to
what extent covalent modification of graphene flakes allows shape control



during in situ MOF growth, forming MOF/graphene composites. To this end,
graphene flakes were covalently modified with 4-aminobenzoic acid (G-
COOH) and 1-aminobenzene-3,4,5-tricarboxylic acid (G-3COOH), and used
as templates for directing the growth of NiCo-H2bpydc. We found that the
NiCo-Hzbpydc grows on the G-COOH substrate without changing its
original structure (NiCo-H:bpydc@G-COOH), while the G-3COOH
substrate transforms the octahedra into slit-like nanoflowers (NiCo-
Hobpyde@G-3COOH), enlarging the specific surface area, increasing the
accessible unsaturated active sites, and boosting the OER performance.

2. Experimental
2.1. Chemicals

2,2'-Bipyridine-5,5'-dicarboxylic acid (H:bpydc) was bought from Hao
Hong Pharma with a purity of 98%. The graphene nanosheet was bought
from XFNANO Materials Tech 1-5 nm in thickness and 5.0 um in lateral
size. Sodium nitrite (NaNO2, 99.99%), iridium(IV) oxide (IrO2, 99.9%),
nickel(Il) acetate (99.9%), cobalt(Il) acetate (99.9%), and hypophosphorous
acid (HPO3, 50%) were purchased from Macklin. N,N-dimethylformamide
(DMF, 99.5%) and 4-aminobenzoic acid (99.5%) were purchased from
Sinopharm, reagent grade hydrochloric acid from YongHua Chemical,
Nafion solution (5%) and potassium hydroxide (KOH, 99.99%) from Alfa
Aesar, l-aminobenzene-3,4,5-tricarboxylic acid (96%), acetonitrile (98%)
and methanol (analytical grade) from Aladdin.

2.2. Synthetic procedures

NiCo-Hzbpyde MOF was synthesised by preparing 0.5 mM nickel(II)
acetate, 0.5 mM cobalt acetate and 1mM 2,2'-bipyridine-5,5'-dicarboxylic
acid in 14 ml DMF + 1ml H2O. After stirring for 30 mins, the resulting
mixture was transferred to a 20 ml PTFE-lined stainless steel container,
heated to 393 K for 48 hours in a programmed oven and cooled to room
temperature. The grey solid product was obtained via centrifugation and
washed with DMF and anhydrous methanol several times, followed by
drying in a vacuum oven at 333K overnight. G-COOH and G-3COOH were
prepared by covalent modification of graphene flakes with 4-aminobenzoic
acid or l-aminobenzene-3,4,5-tricarboxylic acid via chemically activated
one-electron reduction of the corresponding diazonium compound using



HPO; (50% aqueous solution) according to the previously reported method
[28]. The starting graphene flakes were sonicated for 1 h in water prior to
use. Taking the preparation of G-COOH as an example, a 20 mM solution of
4-aminobenzoic acid was prepared in 0.1M HCI at 298K (10 ml), and then
the equivalent amount of NaNO: was added under stirring. After mixing the
resulting 4-carboxylbenzene diazonium with graphene flakes (50 mg), the
mixture was stirred at 298K. Afterwards, 20 ml HPO3 was slowly added and
the mixture was stirred for 2 h. The resulting 4-aminobenzoic acid modified
graphene (G-COOH) was then filtered and washed with copious quantities
of acetonitrile, methanol and water to remove any unreacted, physisorbed
species, followed by overnight drying in a vacuum oven at 333K. G-3COOH
was prepared following the same procedure, using 1-aminobenzene-3.,4,5-
tricarboxylic acid instead of 4-aminobenzoic acid. NiCo-Haobpydc@G-
COOH was prepared as follows. G-COOH was sonicated in 14 mL DMF
and 1ml H>O for 30 min before use. Afterwards, 0.5 mM nickel(II) acetate
and 0.5 mM cobalt acetate were dissolved in the G-COOH dispersion under
stirring, followed by adding 1mM 2,2'-bipyridine-5,5'-dicarboxylic acid and
stirring for 30 min. The mixture was transferred to a 20 ml Teflon-lined
stainless steel container, heated to 393 K for 48 hours in a programmed oven
and cooled to room temperature. The grey solid product was obtained via
centrifugation and washed with DMF and anhydrous methanol several times,
followed by drying in a vacuum oven at 333K overnight. NiCo-
Hobpydc@G-3COOH was prepared following the same procedure but using
G-3COOH instead of G-COOH.

2.3 Characterisation

Field emission-scanning electron microscope (FE-SEM) images and
energy dispersive spectroscopy (EDS) were recorded in a Regulus 8220 and
S-4800 instrument. X-ray diffraction (XRD) spectra were measured on a
Smartlab TM 9KW (Cu Kal). Raman spectra were obtained using a
LabRAM HR spectrometer. The nitrogen adsorption-desorption isotherms
were performed at 77 K using an ASAP2020M system. The X-ray
photoelectron spectra (XPS) was measured on an AXIS SUPRA
spectrometer.

2.4 Electrochemical measurements



The electrochemical measurements were conducted using a Corrtest
CS300H electrochemical workstation. All the measurements were carried
out in IM KOH solution using a three-electrode configuration, and all
potentials measured were converted to the reversible hydrogen electrode
(RHE) scale through the following equation: Eryg = E + 0.197 V + 0.0592
pH. The working electrode was prepared by uniformly coating 5 pL catalyst
ink (using ethanol/water 1:1 as dispersing agent) on a glassy carbon rotating
disc electrode (3 mm diameter). The solvent was allowed to evaporate
naturally without heating, which took several hours. A mass loading of 0.36
mg cm was used, and the rotation speed was set to 800 rpm to ensure well-
behaved mass transport and remove any bubbles from the electrode surface.
A silver/silver chloride (Ag/AgCl/saturated KCl) was used as the reference
electrode (RE), and platinum foil (1 cm % 1 cm) as the counter electrode
(CE). Cyclic voltammograms (CV) were obtained in the capacitive potential
region using a scan rate of 50 mV s, Linear sweep voltammetry (LSV) was
performed at a scan rate of 5 mV s™! to minimise capacitive current. Tafel
slopes were obtained from their corresponding polarisation curves. Long-
term electrode stability was evaluated through potentiostatic measurement at
an overpotential of 250 mV at a rotation rate of 800 rpm for 50000 s (= 13.9
h). Electrochemical impedance spectra (EIS) were recorded at the open-
circuit potential over the frequency range from 10° Hz to 0.01 Hz, using an
excitation sine wave with an amplitude of 10 mV rms.

3. Results and discussion

Direct solvothermal synthesis of pristine NiCo-H;bpydc was achieved by
reacting Hobpydce with Ni?* and Co?" in N,N’-dimethylformamide (DMF) at
120 Cfor 48 h, as illustrated in Figure la. The preparation of graphene
supported NiCo-Hzbpydc is shown in Figure 1b. Following pathway 1, the
NiCo-H2bpydc@G-COOH composite was synthesized by incorporating G-
COOH as the template to support the growth of 3D NiCo-H:bpydc MOF.
The G-COOH template was prepared by covalent modification of graphene
flakes with 4-aminobenzoic acid. Because the 3- and 5-positions of the pre-
grafted aryl molecules are subjected to the attack of subsequent aryl radicals,
covalent functionalization of graphene by aryldiazonium molecules with a
functional group in the 4-position tends to form a low-density multilayer
dendrite-like structure [29, 30]. Following pathway 2, NiCo-Hobpydc@G-
3COOH was prepared by incorporating G-3COOH as the template to



support the growth of NiCo-H:bpydc nanoflowers that contain slit-like
arrays. The G-3COOH template was formed by covalent functionalization of
graphene flakes with 1-aminobenzene-3,4,5-tricarboxylic acid. In this case,
the 3,4,5-positions are blocked by carboxylic groups, which hinder the
further attack on the pre-grafted molecules and lead to high-density
monolayer functionalization [30].

The morphologies of the pristine graphene flakes, NiCo-H2bpyde MOFs,
NiCo-H2bpydc@G-COOH and  NiCo-Hobpydc@G-3COOH  were
investigated using SEM, Figure 2. Figure 2a shows pristine graphene flakes,
whose size is in the range of a few um. The corresponding EDS analysis
shows mainly carbon (~97.75%) and oxygen as a minor component (~2.25%,
Figure S1). Octahedral structures can be clearly recognised in Figure 2b,
confirming the successful formation of 3D networks of pristine NiCo-
Hobpydc MOF, similar to the morphology reported for Zr(IV)-UiO-67-BPY
containing Zr*" metal nodes and H:bpydc ligands [31-33]. The inset of
Figure 2b shows a high-resolution SEM image of a NiCo-Hz2bpydc MOF
octahedron with 4-5 pm size, while EDS analysis shows the presence of Ni,
Co, C, O and N, indicating that the product contains both metals (N1 and Co)
and the Hzbpydc ligand, Figure S1. When G-COOH is used for directing the
formation of NiCo-H:bpydc@G-COOH, the octahedral shape of the
bimetallic MOF is preserved, Figure 2c, though somewhat smaller octahedra
of 2-3 um are obtained. Similar observations were made in previous work, in
which the shape of the rhombic dodecahedral ZnCo-zeolite imidazole
framework (ZIF) was preserved during graphene oxide-directed in situ
growth [21].

By contrast, the use of G-3COOH as a template for MOF growth leads to a
very different morphology consisting of clusters of nanoflowers, Figure 2d.
The striking morphology is reminiscent of ‘desert rose’ crystals that are
formed in arid environments through slow evaporation of water-soluble
minerals such as gypsum and baryte [34], and that are characterised by
pronounced flattening along the c-axis. A full elucidation of the mechanism
of formation of NiCo-Haobpydc@G-3COOH i1s beyond the scope of this
paper, but it is likely that the large number of carboxylic acid groups on the
G-3COOH template changes the nucleation and growth balance sufficiently
to steer the product shape. It is expected that the surface area and the
number of exposed active sites on this material are very different from the



octahedral crystals. We also anticipate this morphology may have significant
impact on electrochemical characteristics, as these are intimately linked to
interfacial properties. Similar effects were previously demonstrated during
fast charging and discharging of desert rose shaped LiCoO: [35].

The chemical composition and structural characterisation of NiCo-
Hobpyde@G-3COOH are shown in Figure 3. The X-ray photoelectron
spectroscopy (XPS) survey confirms the co-existence of Ni, Co, C, O and N
in the NiCo-H2bpydc@G-3COOH and finds no evidence for other impurities
(Figure 3a). High-resolution XPS scans for Cis of NiCo-Haobpyde@G-
3COOH and graphene are shown in Figure 3b. The presence of the distinct
O-C=O0 peak indicates the existence of a large number of -COOH groups in
NiCo-H2bpydc@G-3COOH and a significant enhancement for the peak area
ratio of C-C sp® / C-C sp? was observed in NiCo-H:bpydc@G-3COOH,
which is caused by the high-density anchoring of 1-aminobenzene-3.4,5-
tricarboxylic acid molecules on graphene through covalent grafting. Further
details of the graphene surface state can be directly probed by Raman
spectroscopy [36, 37]. In particular, the intensity of the d peak in the Raman
spectra of graphene-based samples is strongly related to lattice defects,
including those caused by the formation of sp® carbons following covalent
functionalization. While many other effects factor into the d peak intensity,
there is a consensus that the intensity ratio between d and g peaks (I4/Ig) can
be used to roughly evaluate the degree of covalent functionalization of
graphene and graphitic surfaces [38]. Figure 3c shows that the pristine
graphene flakes have low defect density, as the ratio 14/ equals 0.13. After
low-density covalent modification with 4-aminobenzoic acid, this ratio
triples (Ia/lg = 0.39), while the d and g peaks reach almost equal intensity
(Ie/I; = 0.91) in high-density grafted G-3COOH. The crystal structure of
graphene flakes, pristine NiCo-Hobpyde, G-COOH and G-3COOH
templated NiCo-H2bpydc was characterized by XRD, Figure 3d. The
bimetallic 3D NiCo-Haobpydc MOF shows a similar XRD pattern to the
previously reported UiO-67-BPY with peaks at 5.76° (1 1 1), 6.66° (2 0 0)
and 9.46° (2 2 0), respectively [31-33]. The XRD pattern of G-COOH
directed NiCo-Hobpydec@G-COOH is similar to the pristine MOF,
confirming that in addition to the octahedral morphology (Figure 2), also the
crystal structure is maintained when growing NiCo-H:bpydc on the G-
COOH template. However, the G-3COOH substrate directed growth of



NiCo-Hzbpydc shows a fundamentally different XRD pattern, indicating that
the original crystal structure of NiCo-H:bpydc is transformed, and that a
new crystallographic phase is present. By ignoring the graphene reflection,
the remaining reflections can be indexed to a primitive unit cell measuring:
6.97 (A), 6.97, 23.8, 90 (deg), 90, 90, 1158.8 (A?%), using EXP0O2014 [39]. A
full structural elucidation of the desert rose phase is, however, outside the
scope of this paper, and may be hindered by the fact that the desert rose
phase has one very thin dimension that is unlikely to generate clear XRD
reflections, so that an apparent high-symmetry phase could be select
reflections from a low-symmetry one.

The electrocatalytic OER performance of as-prepared NiCo-Hzbpyde, NiCo-
H2bpyde@G-COOH and NiCo-H:bpydc@G-3COOH was evaluated after
deposition on a glassy carbon electrode with a mass loading of 0.36 mg cm™
and measuring in 1M KOH, using a conventional three-electrode system,
Figure 4. For comparison, also mechanically blended graphene flakes with
NiCo-Hzbpydc (G/NiCo-Hobpydce) and commercial IrO; are evaluated. In
the polarization curves, the oxidations peaks in the potential regions from
1.17 V to 1.45V can be attributed to the oxidation of Ni cations [12]. As
shown in Figure 4a, the NiCo-Hxbpydc@G-3COOH exhibits a significantly
higher current density for electrocatalytic OER, with the lowest
overpotential (The Eo H2O/O2 = 1.229 V as reference) of 241 mV to reach
10 mA cm?, compared to NiCo-H:bpydec (Eio = 431 mV), NiCo-
H>bpyde@G-COOH (E10 = 279 mV), G/NiCo-Hzbpydc (Eio = 384 mV) and
commercial IrO2 (Eio = 319 mV). In addition, the OER performance of
NiCo-Haobpydc@G-3COOH is better than the most of the NiCo based
catalysts reported to date under similar conditions (Table S1). Tafel analysis,
Figure 4b, produces the lowest Tafel slope for NiCo-H2bpydc@G-3COOH
(95 mV dec!), compared to NiCo-H:bpydc@G-COOH (146 mV dec™),
NiCo-Hzbpyde (137 mV dec!) and G/NiCo-Hzbpyde (114 mV dec?),
indicating the most favourable OER kinetics are observed for NiCo-
Hxbpydc@G-3COOH.

In order to analyse in greater detail the origin of the variation in
electrocatalytic activity, and also quantify the effect of extensive covalent
functionalisation of the graphene template, we carried out impedance
measurements in the electrolyte used for OER, Figure 5. While the Nyquist
plots suggest a single semicircle—a consequence of the linear scale, and the



compression of more than half of the spectrum in one corner of the graph
[40-41]—Bode plots clearly show the presence of at least two time constants.
The equivalent circuit shown is the simplest that provides a good quality fit;
apart from the uncompensated electrolyte resistance R1 we attribute the two
RQ combinations with the behaviour of the electrode—catalyst interface and
with the catalyst—electrolyte interface; the parameter values for the 4
different electrode materials are summarised in Table S2. Focussing for now
on the resistive elements, the values of R2 are in the low ohm range for all 4
electrodes, suggesting that even introduction of large numbers of sp® defects
in the graphene template (as is the case for NiCo-H2bpydc@G-3COOH) is
not detrimental to the material’s conductivity. Crucial for the electrocatalytic
properties, the charge transfer resistance R2 of the 3 MOF materials lines up
in the same order in which the OER overpotential increases, confirming that
these effects are mechanistic in nature and not related to resistive losses.

The better performance can be attributed to the higher electron transfer
efficiency generated by the introduction of graphene and the more exposed
unsaturated active sites via the transformation of octahedral structure to
arrays. The increased surface area may also contribute to the enhancement of
OER performance. The Brunauer-Emmett-Teller (BET) surface area (Figure
S3) of NiCo-Hzbpyde@G-3COOH (128.7 m? g'!) is almost twice the value
of NiCo-Hzbpydc (71.8 m? g!). In addition, the N> adsorption-desorption
isotherm of NiCo-H:bpydc@G-3COOH shows a typical type Il isotherm
with H4-type hysteresis loop, in agreement with the formation of a
mesoporous structure (i.e., the desert rose phase) via the aggregation of the
arrays anchored on graphene flakes [26, 42].

As the double layer behaviour based on impedance measurements can be
complicated by constant phase element behaviour, we extracted
electrochemically active surface area from the double-layer capacitance (Cai)
in cyclic voltammograms where no faradaic processes take place, Figure S3.
The is employed to evaluate the electrochemically active surface area. As
shown in Figure S4, the Cq of NiCo-H2bpydc@G-3COOH (1.80 mF cm™) is
ten times higher than that of NiCo-Hzbpydce (0.17 mF cm?), a factor five
higher than the increase of physical surface area based on gas adsorption
discussed above.
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In view of the profound effect of the graphene template on the resulting
MOF morphology in the case of G-3COOH and on the OER characteristics,
the G-3COOH/MOF mass ratio on the OER performance was also evaluated,
Figure 4c. We observe that the overpotential for OER decreases as the G-
3COOH/MOF mass ratio increases from 4% (E10=295 mV) to 6% (E10=280
mV), reaches a minimum at 8% (E10=241 mV), and increases again beyond
this point (E10=270 mV for G-3COOH/MOF = 10%). In line with previous
work on bimetallic MOFs [17-22], Figure 4d confirms the synergistic effect
of the two metals in NiCo-H:bpydc@G-3COOH. Compared to NiCo-
Hobpyde@G-3COOH, higher overpotentials for electrocatalytic OER are
generated by either of the corresponding single-metal materials Ni-
Hobpyde@G-3COOH  (E10=293 mV) and Co-H:bpydc@G-3COOH
(E10=352 mV) under otherwise identical circumstances. In a recent operando
X-ray absorption study, the optimal electrocatalytic activity at a 50/50
atomic Ni/Co ratio was ascribed to the formation of a reactive
NiosCo00s00Ho.75 species at the potentials where high OER activity is
observed [22]. We hypothesise that for the desert rose NiCo-Haobpyde@G-
3COOH phase, the formation of this species under reaction conditions is
particularly effective.

In addition to the electrocatalytic activity itself, the stability of any
electrocatalyst under reaction conditions is vital for any applications. As
shown in Figure 5, the NiCo-H2bpydc@G-3COOH retains 94.5% of its
initial activity after 50000 s (~13.9 h) of continuous OER at an overpotential
of 250 mV, while often cited IrO; retains only 62.8%, indicating excellent
long-term stability of the NiCo ‘desert rose’ electrocatalyst. SEM imaging
after the long-term test, Figure S5, reveals virtually unchanged desert rose
morphology of NiCo-H2bpydc@G-3COOH, despite the structural changes
under operando conditions [22].

4. Conclusions

In this paper, we have explored two different functionalization strategies for
anchoring graphene with low and high density of functional groups for the in
situ growth of MOFs. The two graphene templates are helpful for the
improvement of the OER performance of in situ grown MOFs. The G-
COOH template with low density of functional groups retains the original
octahedral morphology of NiCo-Hzbpydc, while the G-3COOH template
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with high density of functional groups transforms the MOF octahedra into
‘desert rose’ shaped nanoflowers, increasing the active sites and enlarging
the surface area, and overall boosting OER performance in alkaline solution.
Our results show that covalent modification of graphene can profoundly
change structure, morphology and electrocatalytic properties of materials
that are subsequently grown on these templates, for instance using
solvothermal methods.
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Figure 1. (a) Synthesis procedure of NiCo-Hobpydc using solvothermal method. (b)
Synthesis procedure of NiCo-Hobpydc@G-COOH and NiCo-Habpydc@G-3COOH using
different graphene templates with two covalent functionalization pathways.
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Figure 2. Morphology characterisation using scanning electron microscopy (SEM) of (a)

pristine graphene flakes, (b) as-prepared NiCo-Hzbpydc (inset: high-resolution image), (c)
NiCo-H2bpyde@G-COOH (inset: co-existence of octahedral MOFs and graphene flakes),

and (d) NiCo-H>bpydc@G-3COOH with “desert rose” appearance.
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Figure 3. Structural and compositional characterisation of pristine graphene, NiCo-
H>bpydc and functionalized graphene supported NiCo-Hbpydc. (a) XPS survey spectra;
(b) High-resolution Cis XPS scans; (c) Raman spectra with intensity ratios between d and
g bands as indicated; (d) XRD patterns with tentative lattice indexation.
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Figure 4. OER performance in 1M KOH. (a, c, d) linear sweep voltammetry and (b)
Tafel plots generated from these. (c) Effect of G-3COOH/NiCo-H;bpydc mass ratio,
indicating an optimum (i.e. minimal overpotential) at 8 mass%. (d) Synergistic effect of
combining Ni and Co metals, compared to Ni-Hbpydc@G-3COOH and Co-

Habpydec@G-3COOH
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Figure 5. Electrochemical impedance measurements. (a) Nyquist and (b,c) Bode plots for
graphene (red squares), NiCo-H>bpydc@G-3COOH (blue triangles), NiCo-H,bpydc@G-

COOH (magenta diamonds), NiCo-Hbpydc (green circles) on glassy carbon in 1M KOH
at open circuit potential. Markers: data; continuous line: fit using the equivalent circuit

shown as inset.
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Figure 6. Long term stability test for NiCo-H2bpydc@G-3COOH and commercial IrOx.
Chronoamperometry in 1M KOH, 800 rpm, working electrode held at an overpotential of
250 mV.



