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ABSTRACT: The grafting of molecular motifs to the conductive
carbon represents a promising approach toward improved hybrid
materials for electrocatalytic applications. Here, we investigate the
electrochemical behavior of graphene nanoribbons (GNR)
deposited onto a glassy carbon electrode using π−π stacking
interactions. Using the bipyrimidine moiety on the nanoribbon
edges as a reporter of the proton-coupled electron transfer
chemistry, we illustrate that the simple electrochemical treatment
of as-deposited nanoribbon generates a hybrid material that is in
strong electronic communication with the conductive support.
This work shows a strategy for modifying the basal plane of carbon
materials and provides a potential platform for the incorporation of
catalytic metal sites via coordination through the N-functionalities
of GNR.

KEYWORDS: graphene nanoribbons, carbon electrode modification, strong electronic coupling, electrochemical treatment,
proton-coupled electron transfer

■ INTRODUCTION

Graphitic nanocarbon materials have recently been recognized
as promising electrocatalysts for a range of useful trans-
formations, such as the reduction of dioxygen to water,
dinitrogen to ammonia, and carbon dioxide to methanol.1−3

The success of these electrode materials is attributed to the
high electronic conductivity of graphitic carbon, the high
surface area of nanocarbon electrodes made using template-
directed pyrolysis, and the presence of reactive catalytic
functional groups obtained by heteroatom doping of otherwise
chemically inert carbon framework. Further progress in the
field requires the synthesis of nanocarbon electrodes with
complex multinuclear catalytic motifs that go beyond “single-
atom catalysts.” Unfortunately, the introduction of such well-
defined catalytic functionalities is limited by the extreme
temperatures required to graphitize carbon precursors, at
which most functional groups undergo decomposition.
A more favorable way to introduce catalytic moieties to

graphitic electrodes involves postpyrolysis modifications of
carbon edge and basal sites with well-defined molecular motifs.
For this purpose, several creative chemical methods have been
developed to immobilize molecular catalysts to the carbon-
based surfaces using covalent bonds,4−11 π−π stacking,12−19

and electrostatic interactions.20,21 Carbon edge sites are often
modified covalently using “click” chemistry4,7 or aryl radical
intermediates formed from diazonium salts.5,6 Carbon basal
sites are modified using π−π stacking interactions between

polyaromatic groups, most commonly pyrene, and the carbon
electrode. Here, the catalytic units are connected to pyrene
through an alkyl chain.15−17,19 These modification techniques
ensure the immobilization of homogeneous catalysts, thus
eliminating the need for their diffusion to the electrode surface.
However, the electrochemical behavior of such immobilized
catalysts usually does not differ from that observed in
homogeneous analogs because the electronic coupling between
the catalytic moieties and the conductive carbon electrode
remains weak.
More recently, chemical methods have been explored to

graft molecular catalysts using strong electronic coupling to
create new hybrid structures with altered reactivity and
catalytic behavior. Specifically, Compton and co-workers
showed that the carbon edge planes can be functionalized
using ortho-quinone groups generated by the anodic treatment
of the electrode surface.22 The Surendranath group used this
coupling method to attach molecular catalysts to the carbon
edge sites and found that the strong electronic coupling exists
between the catalytic unit and the carbon band structures.23−25
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Such strong coupling resulted in interesting changes of the
electrochemical behavior of the grafted hybrid relative to the
homogeneous analog. For example, grafted hybrids were
shown not to undergo simple outer-sphere electron transfer
processes, which in turn had important implications in catalysis
by enabling the proton-coupled chemistry to take place: a
hydrogen-evolving Rh-based catalyst, when grafted to the
carbon electrode, operates over a full pH region (0−14),
whereas the homogeneous analog shows catalytic activity only
in the acidic region.23−25

Similar mechanistic studies involving basal plane modifica-
tions and the strong electronic coupling regime are scarcer.
Several recent reports involving immobilized metal-coordi-
nated N4-macrocycles indicate that the π-stacking interactions
may generate strongly coupled hybrids.26−34 For example, the
coupling of molecular cobalt phthalocyanine, a carbon dioxide
reduction catalyst, to a carbon nanotube support has been
shown to affect product selectivity: two-electron reduction to
CO is favored when the homogeneous catalyst is used, while a
six-electron reduction to methanol takes place with the
heterogeneous catalyst/carbon hybrid.26 Similar studies with
immobilized metal-coordinated N4 macrocycles have shown
better efficiency toward CO2 reduction to CO,27−32 as well as
improved nitrogen reduction reaction efficiency.33 However,
most of those basal plane modification studies have been
focused on catalytic performance rather than a mechanistic
investigation of their fundamental electrochemistry.
Here, we investigate the degree of electronic coupling in

molecule/carbon electrode hybrids functionalized using π-
stacking interactions. Specifically, we explore how the electro-
chemical behavior of 4,4′-bipyrimidine (BPM) changes when
immobilized to the glassy carbon surface using graphene
nanoribbon linkers (GNR, Scheme 1). GNRs exhibit large
planar aromatic structures capable of π−π stacking with the

basal sites of the carbon electrode, while the redox activity of
bipyrimidine functionalities reports on the degree of electronic
coupling between the nitrogen sites and the electrode surface.
Our detailed studies of proton-coupled electron transfer
(PCET) chemistry of nitrogen moieties reveal that the
electrochemically treated GNRs form monolayers that are
strongly coupled with the carbon electrode. This work shows a
novel strategy for modifying the basal plane of carbon materials
and provides a potential platform for the incorporation of
catalytic metal sites via coordination through the N-
functionalities of GNR.

■ RESULTS AND DISCUSSION
GNR was synthesized according to the method published by
Sinitskii and co-workers (SI, Scheme S1).35 The procedure
involves the synthesis of a soluble aryl-substituted benzene
monomer 8 via Diels−Alder cycloaddition/decarbonylation
sequence developed by Müllen and co-workers.36 Dibromi-
nated monomer 8 was then subjected to Yamamoto coupling
to produce soluble polymer 9. The matrix-assisted laser
desorption/ionization (MALDI) mass spectrum of polymer 9
reveals a series of oligomer peaks, separated by 522 au
(corresponding to the mass of one monomer unit), with sizes
up to 16 monomer units corresponding to ∼20 nm length
(Figure S1, SI). The sample of polymer 9 may contain longer
chains that are not detectable by mass spectrometry, and this
hypothesis is consistent with the previous reports of micro-
meter-long nanoribbons obtained using similar Yamamoto
coupling procedures.35,37 The oxidative cyclodehydrogenation
of polymer 9 yielded insoluble GNR, which was characterized
using solid-state NMR, Raman spectroscopy, transmission
electron microscopy, and X-ray photoelectron spectroscopy
(XPS) (Figures S2−S5, SI).
Electrochemical behavior of BPM was studied using cyclic

voltammetry (CV) in an aqueous medium (black traces in
Figures 1 and S6). Chemically reversible or quasi-reversible
reduction features were observed in the cathodic region (−0.5
to 0 V vs NHE), and the half-wave potential was found to shift
to more negative values with increasing pH, indicative of
PCET. The equilibrium potentials were used to construct the
Pourbaix diagram in Figure 2A, which shows two distinct pH
regions (0−4 and 4−14) in which the potential varies linearly
with pH. The experimental data were fit to the Nernst
equation for PCET,38 which lead to the assignment of the two
pH regions as follows: the pH = 4−14 process was assigned to
a two-electron two-proton transfer reduction to form BPMH2,
while the acidic pH = 0−4 region was assigned to the two-
electron four-proton-coupled reduction to form BPMH4

2+

(Scheme 1). This conclusion was further supported by an
excellent match between the standard reduction potential
EPCET
0 obtained from the Pourbaix diagram and the same

parameter calculated using standard reduction potentials for
single-electron transfer processes and the relevant pKa values
(more information is available in Tables S1 and S2 of Section
S4B, Supporting Information, SI).
The electrochemical behavior of as-deposited GNR is

significantly different from BPM (red traces in Figures 1, S7,
and S8). For example, the CV of GNR collected at pH = 1
exhibits an intense cathodic peak at Ec = −0.752 V and a
weaker anodic peak at Ea = 1.074 V. This large separation
between the cathodic and anodic peaks indicates a large kinetic
barrier for the observed electrochemical transformation.
Interestingly the approximate half-wave potential for GNR is

Scheme 1. Structures of Model Compounds (BPM and
GNR) and the Products of Their Cathodic Reduction via
Two-Electron, Two-Proton (BPMH2 and GNRH2) and
Two-Electron Four-Proton (BPMH4

2+ and GNRH4
2+)

Transfer Chemistry
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similar (E1/2 = 202 mV) to that observed in BPM (E1/2 = 164
mV). Furthermore, the half-wave potential shifts to more
negative potentials with increasing pH, suggesting that the
observed transformation is the proton-coupled reduction of
bipyrimidine moieties in GNR. The slow rate for the observed
PCET is likely associated with the low electron and proton
conductivity in GNR aggregates in the as-deposited sample.
Similar sluggish kinetics were observed in studies of
phthalocyanine aggregates,29,39 and these results illustrate the
need for the development of deposition methods that ensure
monomolecular coverage of molecular units and good
electronic communication with the carbon support.
Interestingly, the cathodic (Ic) and anodic (Ia) peak currents

in as-deposited GNR are not the same. For example, Ic/Ia in
the CV of GNR at pH = 1 is 7, indicating that some of the
GNR material is detached from the electrode surface upon
reduction. This prompted us to investigate the electrochemical
behavior of GNR upon subsequent scans (blue traces in
Figures 1 and S7−S9). The CVs of GNR after the first CV scan
are significantly different from those for as-deposited GNR.
Namely, the second-scan CVs show the appearance of new
reversible and pH-dependent features in the 0 to −1 V
potential range. These reversible features in the second scan
appear only if the first scan ends at potentials more positive
than the anodic process (Figure S10), suggesting that their
formation requires reduction and reoxidation of as-deposited
GNR, and are assigned to the monolayer GNR deposited to
the carbon support by electrochemical cycling. This assign-
ment is based on the fact that the anodic−cathodic peak
potential separation ΔE is drastically reduced in the second-
scan features, suggesting that the kinetics of electron and
proton transfer are significantly improved. Furthermore, the
integration of CV peaks is consistent with the expected current

for the 0.5−3 monolayer GNR coverage (Section S4). Based
on these experimental findings, we hypothesize that the
electrochemical reduction of as-deposited GNRs causes their
partial desorption and solubilization in the solution above the
electrode surface. The subsequent reoxidation of solubilized
GNRH4

2+ results in their redeposition to the electrode surface,
causing improved electronic coupling to the carbon electrode
support (as illustrated in Figure 4). This simple electro-
chemical treatment provides a promising method toward the
deposition of molecular species to the carbon electrode and
can be useful to the field of molecular enhancement of
heterogeneous electrocatalysis.40 Interestingly, the analogous
anodic pretreatment does not produce strongly coupled GNRs
(Figure S13, SI).
Due to its large aromatic and planar structure, GNR is likely

held to the GC electrode via π−π interactions. This conclusion
is further supported by the results of a comparative study
involving GC electrodes with covalently attached imine groups.
Pyrazine-modified electrodes were prepared as previously
described,46 and CVs were run on this electrode as prepared
and after sonication (Figure S12B, SI). It is shown that this
modification is stable even after 30 min of sonication. On the
other hand, GNR-modified GC does not show the strongly
coupled GNR peak after only 10 min of sonication (Figure
S12A). These experiments do not directly show that GNR has
π−π interactions with GC, but it proves they are weaker than
covalent modifications. Interestingly, GNRs interact with both
the basal and the edge plane of the carbon electrode. In
specific, highly ordered pyrolytic graphite (HOPG) electrodes
were also modified with GNR to probe the type of interactions
between the electrode and GNRs. The same electrochemical
treatment was performed on HOPG basal and edge plane
electrodes as was done on GC, but no significant difference

Figure 1. CVs of BPM (black), as-deposited GNR (red), and second-scan GNR (blue) in 1 M aqueous solutions at pH 1 (A), pH 7 (B), and pH
13 (C). GC working electrode; 100 mV/s scan rate. Background scans are shown in pale red in all three panels.

Figure 2. Pourbaix diagrams of (A) BPM, (B) GNR weakly coupled to the electrode, and (C) GNR strongly coupled to the electrode. Shaded parts
represent pH-potential regions where annotated species are stable.
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between GC and basal and edge plane HOPG was noticed
(Figure S15, SI).
We now seek to answer the following question: does

deposited GNR behave like the molecular species in solution
or does it undergo the field-induced electrochemistry observed
previously23−25 for molecular species that are in strong
electronic communication with the electrode? To address
this, we compared Pourbaix diagrams for as-deposited GNRs
(first CV scan) and monolayer GNRs (second CV scan). The
Pourbaix diagram of as-deposited GNRs (Figure 2B) show that
their half-wave potentials are slightly more positive than the
corresponding potentials for BPM, and this shift is assigned to
the extended conjugation of GNR. Aside from this difference,
the Pourbaix diagrams of BPM and as-deposited GNR exhibit
similar pH-dependence, indicative of GNRH2 formation in the
pH = 4−14 range and GNRH4

2+ formation in the 0−4 region
(Scheme 1). The two-electron, four-proton reduction behavior
observed in the pH = 0−4 region is indicative of weak
electronic coupling between GNR and the carbon support.
When the strong electronic coupling is achieved, each proton
transfer event generates a surface charge that is immediately
compensated by the electron transfer from the electrode,
leading to an overall neutral product and the 59 mV/pH slope
in the Pourbaix diagram.25 Again, the additional support of the
PCET assignment in weakly coupled GNR was provided by
obtaining a good match between the experimental EPCET

0 values
and those calculated using DFT (Tables S3 and S4 in Section
S4B).
The Pourbaix diagram of the second CV-scan GNR (Figure

2C) is different from that obtained for as-deposited GNRs. In
specific, the slope of the Pourbaix diagram remains the same
throughout the entire pH = 0−14 range. The change in PCET
chemistry that was observed at ∼pH 4 in the case of BPM and
as-deposited GNR was absent. We hypothesize that this
behavior indicates that the second CV-scan GNR is strongly
coupled with the carbon support. As mentioned earlier, the
strongly coupled system is expected to only undergo processes
that are overall charge neutraleach protonation of the
surface nitrogen sites triggers the immediate charge compen-
sation by electrons from the carbon electrode.23−25 Thus, the
absence of the two-electron, four-proton-coupled chemistry in
the acidic region is indicative of the strong coupling regime.
The exact number of protons (m) and electrons (n) transferred
during PCET is difficult to evaluate from Figure 2C because
the ∼59 mV/pH slope informs only of the m/n = 1 ratio. To
obtain more insight into the details of the process, the
Pourbaix diagram was treated using the model developed by
Surendranath for field-driven PCET.24,25 Based on this model,
the EPCET

0 can be estimated from the potential of zero free
charge for the electrode/electrolyte interface and the zero-field
pKa values of the surface protonation sites. We applied this
model to two possible PCET scenarios, one where two protons
and electrons are transferred and another where four protons
and electrons are transferred (Section S4B, SI). A better match
with the experiment was observed for two-proton/electron
PCET, indicating the likelihood that only two nitrogen centers
are protonated.
XPS investigations on modified carbon electrodes were

conducted to provide additional insight into the electro-
chemical behavior of GNRs (experimental details are
presented in Section S5). Electrodes were prepared by
depositing GNR in different thickness regimes, to investigate
both the weakly coupled GNR aggregates and strongly coupled

GNR monolayers. The sample thickness had a profound effect
on the observed N 1s peaks (Figure 3A). Specifically, the thick

sample showed a major peak at 398.3 eV (red), which we
attribute to pyridinic N atoms.35,41 The same peak was
observed for GNR powder, indicating that it originates from
GNR aggregates that are not coupled to the carbon electrode.
The thick sample had additional higher binding energy (BE)
features at 402.1 (blue) and 400.4 eV (green). The 400.4 eV
feature was observed on the bare electrode, and it arises due to
native nitrogen present in commercial carbon electrodes.42

The 402.1 eV peak is assigned to the signal from monolayer
GNR. This assignment is consistent with the appearance of the
N 1s peak at higher BE, a trend that is expected for GNR in
intimate electronic interaction with the electron-withdrawing
electrode environment.43,44 Meanwhile, the thin sample only
shows features from the strongly coupled monolayer GNR and
the nitrogen present on the bare electrode (Figure 3A), further
confirming our assignment of 398.3 and 402.1 eV peaks to
those arising from aggregate and monolayer GNRs, respec-
tively.
The changes in the XPS N 1s peaks of thick GNR samples

were monitored after electrochemical treatment (Figure 3B).
The samples, initially at open-circuit potential (OCP), were
first reduced at a constant potential of −1.7 V, then reoxidized
at a constant potential of +0.9 V. The N 1s XPS data were
collected at three potentials to observe changes to the sample.
Interestingly, cathodic treatment, which gives rise to PCET,
does not lead to any significant shift in BE from the weakly or
strongly coupled signals. The lack of the shift in the red signal
after the −1.7 V treatment is not surprising, as it is assigned to
the residual GNR aggregates on the electrode which were not
electrochemically reduced. We hypothesize that the reduced
GNR detaches from the electrode and thus not contribute to
the XPS signal. The lack of the shift in the blue signal is more
surprising, as it originates from strongly coupled GNRs which
have participated in PCET. The observed insensitivity of the N
1s BE indicates that the effect of nitrogen protonation on BE is
fully compensated by the electron density redistribution within
the carbon electrode, resulting in a near-zero BE shift (Figure
4). This finding is similar to in situ studies on strongly coupled

Figure 3. (A) XPS data recorded at open-circuit potential (OCP)
across multiple thickness regimes. Red, blue, and green traces are used
to identify the fitting of N 1s from the weakly coupled GNR, strongly
coupled GNR, and carbon electrode, respectively. (B) Ex situ XPS
data at OCP, cathodic and anodic potentials for thick GNR electrodes
with ratios of strongly and weakly coupled GNR signals.
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Rh-functionalized GC electrodes where, unlike their molecular
analogs, no change in X-ray absorption near edge structure, i.e.,
oxidation state, during ion-coupled ET is observed.23,45

Similarly, subsequent anodic treatment does not induce
changes to the binding energies of weakly or strongly coupled
GNR. Importantly, integrated areas under XPS curves suggest
that the electrochemical treatment is enriching the ratio of
strongly to weakly coupled GNRs as it changes from 1:12, 1:5,
and 1:4 across the OCP, cathodic, and anodic panels,
respectively. These results provide additional evidence that
the electrochemical treatment of GNRs leads to the improved
electronic contact between GNR and the carbon support.
Based on combined electrochemical and XPS investigations,

we hypothesize that strong coupling between GNR and the
carbon support can be achieved via electrochemical cycling of
drop-casted GNRs, as schematized for the acidic electrolyte
solution in Figure 4. Upon reduction (gray line, point 2WC,
Figure 4), GNR is reduced to GNRH4

2+, which detaches from
the electrode and partially dissolves in the electrolyte solution.
Subsequent oxidation to GNRH4

2+ (point 1WC) redeposits
some of the GNRs onto the electrode, now in improved
electronic communication with GC, showing the PCET
behavior of a strongly coupled system (points 1SC and 2SC).

■ CONCLUSIONS
In summary, we provide a mechanistic investigation of PCET
in GNR/carbon electrode hybrids. Our work demonstrated
that strong electronic coupling can be achieved between the
molecular unit and the carbon support using noncovalent π−π
stacking interactions via a simple electrochemical treatment
that involves cathodic/anodic cycling of as-deposited GNR.
The presence of nitrogen-containing functionalities on GNR
opens up the possibility to coordinate transition metals and
develop a new type of heterogeneous electrocatalysts with
molecular-level control of the catalytic units.
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dendrimers: from three-dimensional to two-dimensional structures.
Angew. Chem., Int. Ed. 1997, 36, 631−634.
(37) Vo, T. H.; Shekhirev, M.; Kunkel, D. A.; Morton, M. D.;
Berglund, E.; Kong, L.; Wilson, P. M.; Dowben, P. A.; Enders, A.;
Sinitskii, A. Large-scale solution synthesis of narrow graphene
nanoribbons. Nat. Commun. 2014, 5, No. 3189.
(38) Warren, J. J.; Tronic, T. A.; Mayer, J. M. Thermochemistry of
proton-coupled electron transfer reagents and its implications. Chem.
Rev. 2010, 110, 6961−7001.
(39) Choi, J.; Wagner, P.; Gambhir, S.; Jalili, R.; MacFarlane, D. R.;
Wallace, G. G.; Officer, D. L. Steric modification of a cobalt
phthalocyanine/graphene catalyst to give enhanced and stable
electrochemical CO2 reduction to CO. ACS Energy Lett. 2019, 4,
666−672.
(40) Nam, D.-H.; De Luna, P.; Rosas-Hernańdez, A.; Thevenon, A.;
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