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ABSTRACT: The grafting of molecular motifs to the conductive carbon represents a promising approach towards new hybrid ma-
terials for electrocatalytic applications. Here, we investigate the electrochemical behavior of graphene nanoribbons deposited onto
glassy carbon electrode using m — m 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 novel strategy
for modifying basal plane of carbon materials and provide potential platform for incorporation of catalytic metal sites via coordination

through N-functionalities of GNR.

Graphitic nanocarbon materials have recently been recog-
nized as promising electrocatalysts for a range of useful trans-
formations, such as the reduction of dioxygen to water, dinitro-
gen to ammonia, and carbon dioxide to methanol. ¥ The suc-
cess of these electrode materials is attributed to the high elec-
tronic conductivity of graphitic carbon, the high surface area of
nanocarbon electrodes made using template-directed pyrolysis,
and the presence of reactive catalytic functional groups ob-
tained by heteroatom doping of otherwise chemically inert car-
bon framework. Further progress in the field requires the syn-
thesis of nanocarbon electrodes with complex multinuclear cat-
alytic motifs that go beyond “single-atom catalysts”. Unfortu-
nately, introduction of such well-defined catalytic functionali-
ties is limited by the extreme temperatures required to graphi-
tize carbon precursors, at which most functional groups un-
dergo decomposition.

A more favorable way to introduce catalytic moieties to gra-
phitic electrodes involves post-pyrolysis modifications of car-
bon 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,**! = — mr stacking'>*® and
electrostatic interactions.?% 2! Carbon edge sites are often mod-
ified covalently using ‘click’ chemistry* 7 or aryl radical inter-
mediates formed from diazonium salts.> ¢ Carbon basal sites are
modified using m — m stacking interactions between polyaro-
matic groups, most commonly pyrene, and the carbon electrode.
Here, the catalytic units are connected to pyrene through an al-
kyl chain.’>'" 1° These modification techniques ensure the im-
mobilization 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 be-
cause 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 be-
havior. Specifically, Compton and coworkers showed that the
carbon edge planes can be functionalized using ortho-quinone
groups generated by the anodic treatment of the electrode sur-
face.?? 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.?*? 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 im-
portant 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.?%

Similar mechanistic studies involving basal plane modifica-
tions and the strong electronic coupling regime are scarcer. Sev-
eral recent reports involving immobilized metal-coordinated
N4-macrocycles indicate that the -stacking interactions may
generate strongly coupled hybrids.?* For example, the cou-
pling of molecular cobalt phthalocyanine, a carbon dioxide re-
duction catalyst, to a carbon nanotube support has been shown
to affect product selectivity: two-electron reduction to CO is fa-
vored when the homogenous catalyst is used, while a six-elec-
tron reduction to methanol takes place with the heterogeneous
catalyst/carbon hybrid.?® Similar studies with immobilized
metal-coordinated Ns-macrocycles have shown better effi-
ciency toward CO; reduction to CO,?%? as well as improved
nitrogen reduction reaction efficiency.®® However, most of
those basal plane modification studies have been focused on
catalytic performance rather than mechanistic investigation of
their fundamental electrochemistry.
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Scheme 1. Structures of model compounds BPM an GNR and
the products of their cathodic reduction via two-electron, two-
proton (BPMH; and GNRH,) and two-electron four-proton
(BPMH,?* and GNRH,42*) transfer chemistry.

Here, we investigate the degree of electronic coupling in mol-
ecule/carbon electrode hybrids functionalized using m-stacking
interactions. Specifically, we explore how the electrochemical
behavior of 4,4’-bipyrimidine (BPM) changes when immobi-
lized to the glassy carbon surface using graphene nanoribbon
linkers (GNR, Scheme 1). GNRs exhibit large planar aromatic
structures capable of m — m stacking with the basal sites of the
carbon electrode, while the redox activity of bipyrimidine func-
tionalities 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 nitro-
gen moieties reveal that the electrochemically treated GNRs
form monolayers that are strongly coupled with the carbon elec-
trode. This work shows a novel strategy for modifying the basal
plane of carbon materials and provides a potential platform for
incorporation of catalytic metal sites via coordination through
N-functionalities of GNR.

GNR was synthesized according to the method published by
Sinitskii and coworkers (SI, Scheme S1).% The procedure in-
volves the synthesis of a soluble aryl-substituted benzene mon-
omer 8 via Diels-Alder cycloaddition/decarbonylation se-
quence developed by Millen and co-workers.* Dibrominated
monomer 8 was then subjected to Yamamoto coupling to pro-
duce soluble polymer 9. The MALDI mass spectrum of polymer
9 reveals a series of oligomer peaks, separated by 522 au (cor-
responding to the mass of one monomer unit), with sizes up to
16 monomer units corresponding to ~20 nm length (Figure S1,
Sl). The sample of polymer 9 may contain longer chains that
are not detectable by mass spectrometry, and this hypothesis is
consistent with previous reports of micrometer-long nanorib-
bons obtained using similar Yamamoto coupling proce-
dures.®%" The oxidative cyclodehydrogenation of polymer 9

yielded insoluble GNR, which was characterized using solid
state NMR, Raman spectroscopy, transmission electron micros-
copy, and X-ray photoelectron spectroscopy (XPS) (Figures S2-
S5, SI).

Electrochemical behavior of BPM was studied using cyclic
voltammetry (CV) in aqueous medium (black traces in Figure 1
and Figure S6). Chemically reversible or quasi-reversible re-
duction 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,®
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 BPMH, while the acidic pH=0-4 re-
gion was assigned to the two-electron four-proton coupled re-
duction to form BPMH,2* (Scheme 1). This conclusion was fur-
ther supported by an excellent match between the standard re-
duction potential Ep.zr obtained from the Pourbaix diagram
and the same parameter calculated using standard reduction po-
tentials 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 signif-
icantly different from BPM (red traces in Figure 1 and Figures
S7 and S8). For example, the CV of GNR collected at pH=1
exhibits an intense cathodic peak at E.= -0.752 V and a weaker
anodic peak at E;=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 similar (Ey, = 202
mV) to that observed in BPM (E1, = 164 mV). Furthermore, the
halfwave potential shifts to more negative potentials with in-
creasing 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 ob-
served in studies of phthalocyanine aggregates?® *° and these re-
sults illustrate the need for the development of deposition meth-
ods that ensure monomolecular coverage of molecular units and
good electronic communication with the carbon support.

Interestingly, the cathodic (lc) and anodic (l.) peak currents
in as-deposited GNR are not the same. For example, I¢/l, in the
CV of GNR at pH=1 is 7, indicating that some of the GNR ma-
terial is detached from the electrode surface upon reduction.
This prompted us to investigate the electrochemical behavior of
GNR upon subsequent scans (blue traces in Figure 1 and Fig-
ures S7-S9). The CVs of GNR after the first CV scan are sig-
nificantly 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
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Figure 1. CVs of BPM (black), as-deposited GNR (red), and second-scan GNR (blue) in 1 M aqueous solutions at pH 1 (left), pH 7
(middle), and pH 13 (right). GC working electrode; 100 mV/s scan rate. Background scans are shown in pale red in all three panels.

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 re-oxidation of as-depos-
ited GNR, and are assigned to the monolayer GNR deposited to
the carbon support by electrochemical cycling. This assignment
is based on the fact that the anodic-cathodic peak potential sep-
aration AE 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
monolayers GNR coverage (Section S4). Based on these exper-
imental findings, we hypothesize that the electrochemical re-
duction of as-deposited GNRs causes their partial desorption
and solubilization in the solution above the electrode surface.
The subsequent re-oxidation of solubilized GNRs results in
their redeposition to the electrode surface, causing improved
electronic coupling to the carbon electrode support (as illus-
trated in Figure 4). This simple electrochemical treatment pro-
vides a promising method towards deposition of molecular spe-
cies to the carbon electrode and can be useful to the field of
molecular enhancement of heterogeneous electrocatalysis.*°

We now seek to answer the following question: does depos-
ited GNR behave like the molecular species in solution or does
it undergo the field-induced electrochemistry observed previ-
ously?*?® for molecular species that are in strong electronic
communication with the electrode? To address this, we com-
pared 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 po-
tentials for BPM, and this shift is assigned to the extended con-
jugation of GNR. Aside from this difference, the Pourbaix dia-
grams of BPM and as-deposited GNR exhibit similar pH-de-
pendence, indicative of GNRH, formation in the pH=4-14 range
and GNRH,?* 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 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.?® Again, the additional
support of the PCET assignment in weakly-coupled GNR was
provided by obtaining a good match between the experimental
Epcer 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 behav-
ior 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 compensation by electrons
from the carbon electrode.?2 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 diffi-
cult 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.?2> Based on this model, the E3..; can be estimated
from the potential of zero free charge for the electrode/electro-
lyte interface and the zero-field pKa values of the surface pro-
tonation sites. We applied this model to two possible PCET sce-
narios, one where two protons and electrons are transferred and
another where four protons and electrons are transferred (Sec-
tion S4B, Sl). 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 con-
ducted to provide additional insight into the electrochemical be-
havior of GNRs (experimental details are presented in Section
S5). Electrodes were prepared by depositing GNR in different
thickness regimes, to investigate both
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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.

the weakly-coupled GNR aggregates and strongly-coupled
GNR monolayers. The sample thickness had a profound effect
on the observed N1s peaks (Figure 3A). Specifically, the thick
sample showed a major peak at 398.3 eV (red), which we attrib-
ute to pyridinic N atoms.***! 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.*> The 402.1 eV peak is as-
signed 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. 344
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 assign-
ment of 398.3 and 402.1 eV peaks to those arising from aggre-
gate and monolayer GNRs, respectively.

The changes in the XPS N 1s peaks of thick GNR samples
were monitored after electrochemical treatment (Figure 3B).
The samples, initially at OCP, were first reduced at a constant
potential of -1.7 V, then re-oxidized 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 treat-
ment, 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 Rh-functionalized GC electrodes
where, unlike their molecular analogs, no change in X-ray ab-
sorption near edge structure, i.e., oxidation state, during ion-
coupled ET is observed.?®* Similarly, subsequent anodic treat-
ment does not induce changes to the binding energies of

weakly- or strongly-coupled GNR. Importantly, integrated ar-
eas under XPS curves suggest 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 ev-
idence that the electrochemical treatment of GNRs leads to the
improved electronic contact between GNR and the carbon sup-
port.
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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 sig-
nals.

Based on combined electrochemical and XPS investigations,
we hypothesize that strong coupling between GNR and the car-
bon support can be achieved via electrochemical cycling of
drop-casted GNRs, as schematized for acidic electrolyte solu-
tion in Figure 4. Upon reduction (grey line, point 2, Figure 4),
GNR is reduced to GNRH.?*, which detaches from the electrode
and partially dissolves in the electrolyte solution. Subsequent
oxidation to GNRH,?* (point 3) redeposits some of the GNRs
onto the electrode, now in improved electronic communication
with GC, showing PCET behavior of a strongly-coupled system
(points 4 and 5).
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Figure 4. Electrochemical behavior of GNR on GC electrode. Gray
like presents first CV scan, while black line is second scan at pH 1.
Red dot present certain points where transformation of interest oc-
curs with insets showing corresponding relevant structural motifs.

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 molec-
ular unit and the carbon support using non-covalent = —
stacking interactions via 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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