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ABSTRACT: The immobilization of molecular electrocatalysts on conductive electrodes is an appealing strategy for enhancing their
overall activity relative to those of analogous molecular compounds. In this study, we report on the interfacial electrochemistry of
self-assembled two-dimensional nanosheets of graphene nanoribbons (GNR-2DNS) and analogs containing a Rh-based hydrogen
evolution reaction (HER) catalyst (RhGNR-2DNS) immobilized on conductive electrodes. Proton-coupled electron transfer
(PCET) taking place at N-centers of the nanoribbons was utilized as an indirect reporter of the interfacial electric fields experienced
by the monolayer nanosheet located within the electric double layer. The experimental Pourbaix diagrams were compared with a
theoretical model, which derives the experimental Pourbaix slopes as a function of parameter f, a fraction of the interfacial potential
drop experienced by the redox-active group. Interestingly, our study revealed that GNR-2DNS was strongly coupled to glassy carbon
electrodes (f = 1), while RhGNR-2DNS was not (f = 0.15). We further investigated the HER mechanism by RhGNR-2DNS using
electrochemical and X-ray absorption spectroelectrochemical methods and compared it to homogeneous molecular model
compounds. RhGNR-2DNS was found to be an active HER electrocatalyst over a broader set of aqueous pH conditions than its
molecular analogs. We find that the improved HER performance in the immobilized catalyst arises due to two factors. First, redox-
active bipyrimidine-based ligands were shown to dramatically alter the activity of Rh sites by increasing the electron density at the
active Rh center and providing RhGNR-2DNS with improved catalysis. Second, catalyst immobilization was found to prevent
catalyst aggregation that was found to occur for the molecular analog in the basic pH. Overall, this study provides valuable insights
into the mechanism by which catalyst immobilization can affect the overall electrocatalytic performance.

■ INTRODUCTION
Green hydrogen, produced via water electrolysis using
renewable sources, such as solar or wind energy, stands as a
pivotal resource with versatile applications. It serves as a key
ingredient for electricity generation through fuel cells while
also being a valuable component in the production of value-
added chemicals, such as methanol, via hydrogenation.1 The
hydrogen evolution reaction (HER) represents the cathodic
half of the overall water-splitting process, and a wide array of
hydride-forming transition metal complexes have been
reported to accelerate this transformation.2−13 These homoge-
neous electrocatalysts have been explored in great detail to
understand the electronic and structural factors that control
proton-coupled electron transfer (PCET) processes underlying

HER. For example, Blakemore and others performed extensive
mechanistic studies of HER catalysis by [Cp*(bpy)RhIII−Cl]+

and other analogous complexes.14−17 The authors found that
Cp*RhI(bpy), electrogenerated via a two-electron, Rh-
centered reduction of the precursor complex and subsequent
loss of the labile halide ligand, represents a key catalytic
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intermediate. The basicity of Cp*RhI(bpy) controls the
formation of the protonated hydride form, [Cp*(bpy)RhIII−
H]+, and the kinetics of the subsequent HER reactivity.
Protonation of Cp*RhI(bpy) was found to occur only in the
acidic region, and the initial protonation site is the Rh center,
which forms [Cp*(bpy)RhIII−H]+ intermediate.18−22 Interest-
ingly, this kinetic product is short-lived, and it was shown to
tautomerize into a thermodynamically more stable ligand-
protonated [Cp*-H(bpy)RhI]+ form, which was characterized
using single-crystal X-ray diffraction.20,22 The HER activity is
intimately connected with the energetics and stereochemistry
of this protonation step. For example, the two-electron reduced
Cp*RhI(bpy) did not protonate at pH < 6,18 which has been
explored to catalyze the reduction of other substrates, such as
NAD+.18,23−25 Here, the hydride transfer reactivity is depend-
ent on the basicity of the Cp* ligand (Cp*H pKa = 9),
suggesting atypical noninnocence of Cp* and unique
cooperativity between Rh and Cp* in proton and electron
accumulation.18

When molecular electrocatalysts are anchored onto an
electrode surface through covalent bonds, such as those
formed using ortho-quinone26 or diazonium27 functionaliza-
tion methods, they encounter electric fields at the interface
between the electrode and the electrolyte.26,28−40 These
electric fields have a profound effect on the outer-sphere
electron transfer (ET) processes. For instance, research led by
the Surendranath group has demonstrated that outer-sphere
electron transfer (ET) processes, like the oxidation from
Ru(II) to Ru(III), can be completely inhibited.33 This happens
due to the cancelation of the electric field effects on the
electrochemical potentials of charge carriers and redox-active
moieties. Moreover, the Mirkin group’s findings suggest that
when the redox-active part of a molecule is positioned at an
intermediate distance within the electric double layer, the

charge carriers, redox-active sites, and substrate molecules
experience varying electric field intensities.41−44 This variation
in the electric field strength within the electric double layer
adds an extra “push” for ET between the redox sites and the
substrates, which enhances redox catalysis. The influence of
electric fields also extends to the electron-coupled bond
forming/breaking steps,37−39 as well as the catalytic processes
mediated by the surface-immobilized species.28,34−36,40 For
example, when a molecular Rh-based HER catalyst was
attached to the carbon electrode, its electrocatalytic behavior
was drastically different from that observed for its homoge-
neous analog ([Cp*(bpy)RhIII−Cl]+); while the homogeneous
catalyst was active only in a narrow range of pH values, the
immobilized analog maintained its catalytic performance over
the entire experimentally accessible pH window.33,35,36 Here,
the electric fields experienced by the immobilized catalyst led
to superior catalytic performance by preventing undesired
outer-sphere ET processes.
Noncovalent immobilization strategies have also been

explored, often for planar macrocycle complexes, such as
metal porphyrins or phthalocyanines.45−49 Again, the immo-
bilized catalysts were found to exhibit different electrochemical
behavior from that observed for their homogeneous analogs.
For example, electrocatalytic CO2 reduction by Co-phthalo-
cyanine (CoPc) adsorbed onto conductive carbon supports
was found to exhibit drastic differences in product selectivity,
forming either only CO or a CO/CH3OH mixture, depending
on the subtle and poorly understood differences in the
preparation of these molecule/electrode hybrid materials.50−54

A recent study explored the effect of the carbon support on
catalytic performance and observed differences in reactivity
when CoPc was adsorbed onto carbon nanotubes (CNT) with
different diameters. The diverging behaviors were assigned to
the increased macrocycle strain imparted on CoPc by differing

Scheme 1. (a) Structures of the Molecular Model Compounds (Rh-bpds and Rh-bpm) and GNR Samples (GNR and RhGNR),
and (b) Liquid−Air Interfacial Preparation of RhGNR-2DNS
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carbon nanotube curvatures, resulting in differences in *CO
binding energies.55 In addition to these structural factors, the
adsorbed macrocycles are positioned in intimate proximity to
conductive CNT, which results in their electrochemical
behavior being further modulated by the large electric fields
experienced at the electrode/electrolyte interfaces.46

Our group investigates graphene nanoribbons (GNRs) for
the immobilization of molecular catalysts to the electrode
surface using noncovalent interactions (Scheme 1). These
GNRs are synthesized using the bottom-up synthetic method-
ology first reported by Sinitskii and co-workers.56 In a previous
study, we took advantage of the redox-active nitrogen
functionality to investigate the electrochemical behavior of
GNRs immobilized using a simple drop-casting deposition
method.57 In the first voltammograms of drop-casted GNR, we
observed behavior reminiscent of that observed for a
homogeneous model compound, bipyrimidine (bpm). How-
ever, successive electrochemical cycling of drop-casted GNR
samples generated novel interfaces, whose electrochemical
behavior diverged significantly, indicating that the interfacial
electric fields modulate the electrochemical behavior of
immobilized GNR. In this study, we investigated the
electrochemical behavior of GNR two-dimensional (2D)
nanosheets (GNR-2DNS) and Rh-coordinated GNR 2D
nanosheets (RhGNR-2DNS) and their activity toward the
HER. We demonstrated that GNR-2DNS strongly coupled to
GC electrodes and that RhGNR-2DNS did not. However,
RhGNR-2DNS was an active electrocatalyst for the HER and
performed in a broader set of aqueous pH conditions than its
molecular analogs. PCET-hosting bipyrimidine-based ligands
were shown to dramatically alter the activity of Rh sites and
provide RhGNR-2DNS improved catalysis.

■ RESULTS AND DISCUSSION
Preparation and Characterization of RhGNR-2DNS.

The GNRs were prepared following a procedure published by
Sinitskii (Scheme S1).56 The synthesis involved three principal
steps: (1) Diels−Alder cycloaddition and decarbonylation step,
which generated the dibrominated monomer 8;58 (2)
Yamamoto C−C coupling of the monomer to produce the
nonplanarized oligomer 9; and (3) FeCl3-mediated cyclo-
dehydrogenation of oligomer 9 to produce the planar GNRs.
Full synthetic details and characterization of the GNRs using
solid-state NMR, Raman spectroscopy, transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS) have been reported previously.57 GNR-2DNS and
RhGNR-2DNS were prepared on glassy carbon (GC)
electrodes according to a modified Langmuir−Schaefer (LS)
deposition process (Scheme 1b).59,60 This technique leveraged
the GNR’s hydrophobicity and tendency to minimize solvent
interactions by self-assembly into dense, π-stacked monolayers
when introduced to a polar solvent, i.e., deionized H2O. GNR
powder was first dissolved in chlorosulfonic acid at
concentrations between 0.1 and 1.0 mg/mL. Dissolution
happened through the protonation of basic N-sites on the
GNR. This solution was slowly introduced onto the surface of
the aqueous solution containing the precursor complex,
pentamethylcyclopentadienyl rhodium(III) chloride dimer
(RhCp*Cl2)2. The neutralization of protonated GNRs resulted
in self-assembly at the water/air interface, generating RhGNR-
2DNS that was visible to the naked eye and reached widths in
excess of 2 cm. GNR-2DNS films were prepared in the same
way in the absence of the Rh-based precursor. Films of GNR-

2DNS and RhGNR-2DNS floating on the water surface were
transferred to various substrates (e.g., GC, Si/SiO2, Au) by
gently and vertically touching the substrate to the surface to
collect nanosheets. The films had a tendency to immediately
adhere to the chosen substrate. After the deposition process,
the prepared films were washed thoroughly by submerging the
film in a bath of deionized water to remove any acid residues
or RhCp* precursor.
Microscopic characterization of GNR-2DNS and RhGNR-

2DNS matched well with what has been reported previously
for films of similar chevron-type GNR prepared through the
modified LS deposition process.60 Scanning electron micros-
copy (SEM) images demonstrated the uniformity of both
GNR-2DNS and RhGNR-2DNS, with single domain sizes
reaching up to 1 mm in length (Figure S1). Close-up atomic
force microscopy (AFM) images of GNR-2DNS and RhGNR-
2DNS prepared on Si/SiO2 (Figure S2) or highly ordered
pyrolytic graphite (HOPG, Figure S3) revealed a roughly 2 nm
step height from the substrate to our prepared film. The
measured distance corresponds to the width of our chevron-
type GNR and agrees well with what has been reported
previously for GNR-2DNS.60 TEM images of GNR-2DNS
suspended on graphene films show regions of isotropic
orientation with parallel lines separated by ∼0.35 Å. This
distance is likely associated with the π−π stacking between
individual GNRs. Taken together, the AFM and TEM analysis
suggests that the GNR-2DNS and RhGNR-2DNS films self-
assemble as monolayers in an “edge-on” configuration at the
liquid−air interface and that orientation is retained once
transferred to a substrate. High-resolution X-ray photoelectron
(XPS) spectra in the N 1s and Rh 3d regions were also
collected on GNR-2DNS and RhGNR-2DNS samples to gain
deeper insight into the interaction between GNR and Rh
(Figure S5). GNR-2DNS in the N 1s region features
predominant peaks at 398.8 and 401.3 eV, which have
previously been assigned to imine-like nitrogen sites in weak
and strong electronic communication with the electrode,
respectively.57,61,62 An additional feature was present at 400.3
eV, which came from native nitrogen species present on
commercial carbon electrodes.63 Interestingly, integration of
the N 1s features at 398.8 and 401.3 eV suggested that weakly
and strongly coupled nitrogen sites were present in a 1.5:1
ratio, helping to confirm the “edge-on” orientation of GNR-
2DNS. RhGNR-2DNS featured peaks similar to those of
GNR, with an additional feature at 399.9 eV that we assigned
to the imine-N sites on Rh-coordinated GNRs. The ∼1 eV
shift to higher binding energies upon Rh-coordination results
from σ donation to Rh from pyrimidine units of GNR. The Rh
3d spectra of RhGNR-2DNS exhibited the 3d5/2 and 3d3/2
doublet at 309.7 and 314.3 eV, respectively, which is consistent
with the Rh(III) oxidation state (Figure S5a).64 Importantly,
both the 3d5/2 and 3d3/2 peaks were fit with a single Gaussian
function, indicating a single Rh speciation in RhGNR-2DNS.
Synchrotron-based X-ray absorption spectroscopy (XAS) at

the Rh K-edge was utilized to examine the molecular structure
of RhGNR-2DNS. To aid the data analysis, the XAS
measurements were also performed on a model compound
Rh-bpds (structure shown in Scheme 1, while the synthesis
and characterization are summarized in the Supporting
information (SI)). Estimates of the Rh oxidation state in Rh-
bpds and RhGNR-2DNS were done by comparison of the
absorption edge position in the X-ray absorption near edge
spectrum (XANES) region, relative to a series of Rh standards
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(Table S8 and Figure S24a,b). Both samples were assigned to
be in the Rh(III) oxidation state. To gain atomic-level insight
into the local structure around Rh in Rh-bpds and RhGNR-
2DNS, extended X-ray absorption fine structure (EXAFS) data
were fit using a crystal structure of a similar bipyridine-ligated
RhCp* complex reported in the literature (Figure S26).65

EXAFS fitting of Rh-bpds and RhGNR-2DNS was performed
using Artemis from the Demeter software package.66 Our best
fits featured a total of eight atoms in the first coordination shell
of Rh. This included a combination of seven N (imine sites) or
C atoms (Cp* ring) and one Cl atom (chloride ligand).
Average bond lengths for Rh−N/Rh−C and Rh−Cl were
within 0.02 Å of the reported crystal structure, and these are
provided in Tables S9−S11. These experimental results
support our assignment of the RhGNR-2DNS structure as is
shown in Scheme 1, involving a coordination of the Rh
complexes to imine-N sites of GNR.
Electronic properties of molecular analogs (bpm and Rh-

bpm) and film samples (GNR-2DNS and RhGNR-2DNS)
were studied using combined spectroscopic and computational
approaches. The ultraviolet−visible (UV−vis) absorption
spectra of GNR-2DNS and RhGNR-2DNS, collected by
using photothermal deflection spectroscopy (PDS), are shown
in Figure 1a. For comparison, Figure 1a also shows the
solution-based transmission spectra of the model compounds
bpm and Rh-bpm (the structure of Rh-bpm is shown in
Scheme 1, while the synthesis of Rh-bpm is summarized in SI).
The experimental UV−vis spectrum of bpm exhibits intense
absorption at 270 nm, which is consistent with the computa-
tionally predicted π−π* transition at 261 nm (Figure 1b,
computational details are summarized in Section 5 of the
Supporting Information). Rh-bpm has similar high energy
absorption features at 270 nm and an additional broad

absorption band in the 350 and 500 nm range. This low energy
absorption was also predicted in the calculated spectrum of
Rh-bpm, as shown in Figure 1b. Based on the molecular
orbitals involved in the lowest energy transition of Rh-bpm
(Figure S7), we assigned the broad absorption band to the
ligand-to-ligand charge transfer (LLCT) transitions with
significant charge transfer from Cl− to the bpm and Cp*
ligands (Cl− → bpm and Cp* LLCT state), and our
assignment is consistent with the previous report.67

The PDS of GNR-2DNS showed a broad absorption in the
400−700 nm range (Figure S6a), which is consistent with the
UV/vis absorption spectrum reported for the analogous GNR
in solution.68 Likewise, the calculated spectrum of a model
compound with reduced size (Flake, structure shown in Figure
S8) exhibits the lowest energy transitions at 462 and 478 nm.
These low energy transitions in Flake were assigned to the
π−π* transitions with significant charge transfer character to
the bipyrimidine unit, as illustrated by the molecular orbitals
involved in the transition (Figure 1c).
The PDS of RhGNR-2DNS was qualitatively similar to that

of GNR-2DNS (Figure 1a). A small degree of red shift was
observed in the absorption maximum, which may arise due to
the presence of Rh-coordinated moieties. The experimentally
observed red shift was not as significant as the calculated shift
for the Rh-Flake (structure shown in Figure S8) model
compound, where the Rh-coordination resulted in the
appearance of a new band at 531 nm (Figure 1b). The
molecular orbitals for the three lowest energy transitions in
Rh-Flake are shown in Figure 1c and indicate that the first two
excited states arise due to ligand-centered transitions, while the
third excited state reflects LLCT character similar to that of
Rh-bpm. Thus, it appears that the increased conjugation of the
ligand from bpm to Flake increased the contribution of the

Figure 1. (a) Absorption spectra of bpm, Rh-bpm (top panel, spectra collected as solution-based UV−vis absorption), and GNR-2DNS and
RhGNR-2DNS (bottom panel, spectra collected by photothermal deflection spectroscopy (PDS) on deposited films). (b) TD-DFT spectra of
bpm, Rh-bpm, Flake, and Rh-Flake. Vertical lines represent the predicted electronic transitions. (c) Orbitals involved in the lowest energy
electronic transitions shown with representative charge distribution.
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ligand-centered excited states to the lower energy band at 531
nm. This effect is expected to be even more pronounced as one
goes from Rh-Flake to RhGNR-2DNS since the ligand-
centered transitions decrease in energy with the introduction
of additional monomer units.68 Given this reasoning, we
conclude that the electronic spectroscopy of RhGNR-2DNS is
dominated by the π−π* transitions located on the GNR,
making the spectra less sensitive to Rh-coordination.
Ligand-Centered Reduction. GNR-2DNS films depos-

ited on GC electrodes were redox-active and displayed a single,
chemically reversible feature in the +0.02 to −0.70 V vs NHE
range (Figure 2). This redox feature shifted to more negative
potentials with an increase in pH, indicating that the process

involved proton-coupled electron transfer (PCET). Similar
behavior was observed for a homogeneous model compound,
bpm (Figure 2 and ref 57), and we assigned this signal to a
proton-coupled reduction of the bipyrimidine moieties of both
bpm and GNR-2DNS to form the hydrogenated species
shown in Scheme 2. The cathodic-to-anodic peak-to-peak
separation (ΔE) observed in GNR-2DNS varied between 30−
50 mV, indicating a small kinetic barrier associated with the
observed charge transfer process and strong electronic
coupling of GNR-2DNS with the glassy carbon electrode. In
our previous study,57 we observed similar “strongly coupled”
responses for GNR samples drop-casted onto the electrode
surface. However, in the previous study, electrochemical

Figure 2. CVs of bpm (gray), Rh-bpds (gold), Rh-bpm (green), GNR-2DNS (blue), and RhGNR-2DNS (red) recorded in 0.1 M sodium
phosphate solutions at pH (a) 2, (b) 7, and (c) 13. Observed half-wave potentials (E1/2) and cathodic-to-anodic peak-to-peak separations (ΔE) are
presented. RhGNR-2DNS samples feature two cathodic features, which are assigned to (1) bipyrimidine unit reduction on the uncoordinated
RhGNR-2DNS sites (blue text) and (2) bipyrimidine unit reduction on Rh-coordinated RhGNR-2DNS sites (red text). CVs are referenced vs
NHE and were recorded at 100 mV/s scan rates on glassy carbon working electrodes with an Ag/AgCl and Pt wire reference and counter electrode,
respectively.

Scheme 2. Representative Structures for All PCET Transitions Assigned in the Pourbaix Diagrams of Figure 3
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pretreatment was required to disperse the “weakly coupled”
GNR aggregates and form GNR monolayers in strong
electronic communication with the electrode. In this study,
the response of the “strongly coupled” GNRs was obtained for
as-deposited samples without the need for additional electro-
chemical pretreatment. The full width at half-maximum values
taken from select GNR-2DNS cathodic waves demonstrate
significant broadening of GNR-2DNS redox features (Figure
S12) as compared to bpm. This broadness suggests that there
is increased heterogeneity of the redox-active bipyrimindine
units in GNR-2DNS.
The charge associated with the bipyrimidine reduction peaks

in GNR-2DNS was derived by integrating the cathodic CV
peak across the entire pH region, which gave rise to an average
value of 6.47 × 10−5 C cm−2. Assuming both the inner- and
solvent-exposed bpm units in the vertically aligned GNR-
2DNS are redox-active, the theoretical charge for the two-
electron reduction of a full monolayer of vertically aligned
GNR-2DNS was calculated to be 7.28 × 10−5 C cm−2 (Section
4 of the Supporting Information), which agreed very well with
our experimental data. However, this integration is an average
of charges derived from measurements at different pH values,
where varying numbers of electrons and protons are expected
to be involved. Thus, the integration of CV peaks is not a
sufficiently reliable probe of the redox activity of N-edges. To
evaluate further the nature of GNR films, we recorded aqueous
CVs of monolayer and multilayer GNR-2DNS in the presence
of a ferrocenemethanol internal reference. In both cases, we
observed the Fe(III/II) redox feature near +0.27 V vs Ag/AgCl
(Figure S11). The Fc anodic−cathodic peak separation does
not change for CVs involving different amounts of GNR layers
coating the GC electrode, indicating that the GNR films are
likely to be electronically conductive. Electronic conductivity
would imply that the GNR films are densely packed and that
only the surface-exposed sites are redox-active. However,

additional experimental work is needed to confirm this
assignment. The vertical alignment of GNR-2DNS films is
also consistent with AFM data collected on the Si/SiO2 and
HOPG supports (Figures S2 and S3). The number of surface
layers covering the electrode was tuned by increasing the
concentration of the GNR/CSA precursor solutions or
increasing the number of LS deposition steps (Figure S14).
In multilayer GNR-2DNS films, a secondary CV feature
appeared with significantly larger ΔE (Figure S14c), which
indicates increased kinetic sluggishness associated with the
PCET process in thicker samples. For simplicity, we limited
our investigation to the monolayer samples for all follow-up
GNR experiments reported here.
Although the observed half-wave potentials (E1/2) of the

bipyrimidine reduction feature for both GNR-2DNS and bpm
shift to more negative values with increasing pH, indicating
that PCET is occurring, their respective Pourbaix diagrams
reflect significantly different behaviors. In the case of bpm
(Figure 3a, gray trace), three regions with differing Pourbaix
slopes were observed, and linear fitting of the data revealed
three distinct regions of pH-dependence for bpm with a
differing number of protons transferred in each region (Figure
3 and Scheme 2). The fitting of our experimental data gives a
value for EPCET

0(bpm/bpmH2) = +0.25 V and the pKa values
of pKa,1 (bpmH4

2+ → bpmH3
+ + H+) = 4.2 and pKa,2

(bpmH3
+ → bpmH2 + H+) = 8.0 (Section 4 of the Supporting

Information). The E1/2 and pKa values are in qualitative
agreement with DFT-calculated EPCET

0, pKa,1, and pKa,2 values
of +0.43 V vs NHE, 0.6, and 10.3, respectively (Section 5 of
the Supporting Information).
To confirm our assignment of three distinct pH regions in

the Pourbaix diagram of bpm, we performed UV−vis
absorption spectroelectrochemistry (SEC) measurements on
solutions of bpm at three representative pHs (2, 7, and 13,
Figure S19a−c). In all solutions, at applied potentials more

Figure 3. Pourbaix diagrams of all (a) molecular analogs (bpm, Rh-bpm, and Rh-bpds) and (b) GNR-based (GNR-2DNS and RhGNR-2DNS)
samples investigated in this study. Positions for the bipyrimidine-centered PCET, Rh-centered reduction, and HER onset are denoted on each
panel. To account for the discrepancies in ERh(III/I) values introduced by the chemically irreversible Rh(III/I) reduction in acidic and neutral
solutions, we recorded only the cathodic Rh(III/I) feature. The assigned slopes in the Pourbaix diagram were determined through linear regression
fitting assuming a net m proton, n electron transfer PCET process. The fraction of the interfacial potential experienced (f) was assumed to be 0 for
the molecular model compounds (bpm and Rh-bpm).
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negative than the bpm reduction potential, a new absorption
signal emerged concomitant to the loss of the main bpm
absorption feature at 271 nm, which indicated the presence of
a new species. The new absorption signal was red-shifted
relative to the main bpm absorption and appeared at 297, 313,
and 322 nm in solutions of pH 2, 7, and 13, respectively. These
values agree excellently with DFT-computed absorption
spectra for the bpmH4

2+, bpmH3
+, and bpmH2 species,

which show absorption centered at 296, 310, and 322 nm,
respectively (Figure S19d). Our assignment for bpm electro-
chemistry was thus slightly modified from our original work,
where only two distinct pH regions were identified.57 The
updated model presented here is more consistent with the
additional theoretical modeling and SEC results.
The Pourbaix diagram for GNR-2DNS (Figure 3b, light blue

trace) is significantly different from bpm: only a single slope of
−59 mV per pH unit was observed throughout the entire pH
region (Figure 3). Such an intriguing change in the Pourbaix
slope is fully consistent with the effect that interfacial potential
drops are expected to exert on GNR-2DNS immobilized at the
electrode/electrolyte interface (Figure 4a). To model the effect
of interfacial potential on PCET, we derived an expression that
predicted how Pourbaix slopes change with the interfacial
potential experienced by a redox-active PCET group. For this
purpose, we adopted a model similar to what has been used
previously to model proton transfer and PCET processes in
monolayer films that contain acid−base groups.37,69,70 We
assume that the redox-active group experiences a fraction of
the overall potential (ΨM − ΨS) that is formed at the
electrode/electrolyte interface. This fraction is defined by a
parameter, f, whose values range from 0 to 1. Parameter f
adopts a value of zero for PCET occurring in the bulk solution
and a value of 1 for PCET occurring at the electrode surface.
We then derived the expression that related how Pourbaix

slopes changed with parameter f (Section 7 of the Supporting
Information). The dependence is displayed in Figure 4a, which
shows that the Pourbaix slope depends on parameters m
(number of protons transferred during PCET), n (number of
electrons transferred during PCET), and f. Figure 4b plots the
effect that the interfacial potentials have on the Pourbaix
slopes. If PCET occurs in the bulk solution, the parameter f
becomes zero, and the Pourbaix slope simplifies to the well-
known values of −59·m/n mV per pH unit (at room
temperature). This PCET slope has been very useful in studies
of PCET in homogeneous systems, as it reports on the relative
ratio m/n, providing information on the number of electrons
and protons transferred during PCET.36,57,71 In our case, we
used the slopes observed for bpm to assign three PCET
processes taking place in three pH regions: bpm/bpmH4

2+

interconversion in the acidic region (m = 4 and n = 2, slope of
−118 mV per pH unit), bpm/bpmH3

+ interconversion in the
neutral pH range (m = 3 and n = 2, slope of −88 mV per pH
unit), and bpm/bpmH2 interconversion in the basic region (m
= 2 and n = 2, slope of −59 mV per pH unit, Scheme 2).
Interestingly, as the f parameter increases to a value of 1,

Pourbaix slopes for all PCET processes, regardless of m or n,
merge into a unique value of −59 mV per pH unit. In other
words, when the redox-active PCET group is adsorbed directly
on the electrode surface, information regarding the number of
protons and electrons transferred during PCET disappears
from the Pourbaix slope. For GNR-2DNS, a single slope of
−59 mV per pH unit has been observed in all pH regions,
indicating that the bipyrimidine groups experience full
potential at the electrode surface, confirming our assignment
of strong electronic coupling. Given the model presented in
Figure 4, we can no longer identify how many protons are
transferred per electron since this information is absent from
the Pourbaix slope expression. An alternative explanation for

Figure 4. (a) Illustration of the driving forces for electron transfer. The superimposed GNR-2DNS in its vertically aligned configuration
experiences full interfacial potential at the electrode. (b) Plot showing the predicted Pourbaix slopes for various m H+:n e− PCET processes based
on f. Data points collected for the model compounds (bpm and Rh-bpm), GNR-2DNS, and RhGNR-2DNS are plotted.
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the observed −59 mV slope for GNR-2DNS may be that the
addition of any electron into the film must be accompanied by
a proton in order to maintain a neutral charge within the film.
The densely packed GNR-2DNS film prevents solvent
penetration and the subsequent stabilization of any charged
GNR analogs on the surface.
Unlike the behavior of GNR-2DNS (Figure 2, blue traces),

CVs of RhGNR-2DNS films reveal two reversible, partially
overlapping features across the entire aqueous pH region
(Figure 2, red traces). E1/2 values for these features were
derived using a semiquantitative background subtraction and
peak fitting process described in Section 4 of the Supporting
Information. We assigned these two reduction features to
PCET at bipyrimidine moieties that are either uncoordinated
(feature 1, peaks that appear at the same potential as GNR-
2DNS at all pHs) or Rh-coordinated (feature 2, peaks appear
at more positive potentials due to the electron-withdrawing σ-
acceptor nature of Rh atoms). E1/2 of the two features were
separated by ∼100 mV to up to 400 mV in acidic and basic
solutions, respectively. The relative peak area integrations of
the two features suggest that ∼40% of redox-active
bipyrimidine units are coordinated with Rh centers.
Both features, 1 and 2, showed discernible nonzero Pourbaix

slopes, which is indicative of PCET at bipyrimidine units
(Figure 3b). Feature 1 exhibits the same behavior as GNR-
2DNS, with a single −59 mV per pH unit slope across the
entire pH range, which is consistent with the PCET involving
strongly coupled PCET moieties, as discussed above.
Interestingly, Rh-coordinated feature 2 exhibits a different
behavior in the basic region (pH = 5.7−14), where the
Pourbaix slope of −32 mV per pH unit was recorded. The
observed Pourbaix slope is quite similar to that of the
homogeneous model compound Rh-bpm, which exhibits a
−59 mV slope in the acidic region (pH = 0−7.2) and a −29
mV per pH unit slope in the basic region (pH > 7.2). Different
Pourbaix slopes observed in Rh-bpm and RhGNR-2DNS are
assigned to PCET processes that involve two electrons and two
protons in the acidic region (m = 2, n = 2) to make Rh-bpmH2
fragments. The reactivity switches to a two-electron, one-
proton PCET process in the basic region (m = 1, n = 2) to
make Rh-bpmH− fragments as shown in Scheme 2. The fitting
of our experimental data gives EPCET

0 values of +0.12 and

+0.22 V for the two-proton, two-electron conversion of Rh-
bpm and Rh-coordinated GNR units (RhGNR-2DNS feature
2), respectively. The fitting was also used to extract pKa values
for the dissociation of a single proton at the reduced
bipyrimidine sites (Rh-bpmH2 → Rh-bpmH− + H+ or Rh-
GNRH2 → Rh-GNRH− + H+, pKa,3). pKa,3 values of 7.2 and
5.7 were observed for Rh-bpm and RhGNR-2DNS,
respectively, which agreed qualitatively with DFT-calculated
pKa,3 values (Tables S3, S5 and S7).
Similar to bpm, SEC measurements were performed on

solutions of Rh-bpm at pHs 2, 10, and 13 to confirm our
Pourbaix diagram assignments (Figure S20a−c). At pH 2,
under −0.3 V applied potential, the main Rh-bpm absorption
feature at 288 nm decreased in intensity while a new feature
centered at 321 nm appeared, which agrees excellently with the
computed absorption spectra for Rh-bpmH2 (Figure S20d)
and confirms it as the product of Rh-bpm reduction from pH
0−7.2. In basic solutions (pH 10 and 13) under applied
cathodic potentials, the only observed spectral change was a
decrease in the intensity of the Rh-bpm absorption. The Rh-
bpm signal intensity was recovered when anodic potentials
were applied. After measurements were performed at constant
cathodic potentials, the working electrode was removed from
the solution and rinsed thoroughly. Subsequent CVs recorded
in fresh electrolyte solutions showed the presence of an anodic
oxidation feature at −0.21 V vs NHE (Figure S13). Combined
together with the signal intensity losses observed in SEC
measurements, we concluded that within the basic pH regions
(pH > 10), ligand-centered reduction of Rh-bpm results in
deposition on the electrode surface. We expect that deposition
happens as a result of the formation of the Rh-bpmH−

fragment with an anionic bpmH− ligand.
The differing Pourbaix slopes of features 1 and 2 in

RhGNR-2DNS imply that the two functional groups
experience different interfacial potential drops. While GNR-
2DNS are strongly coordinated to the electrode surface and
experience the full fraction (f = 1) of the interfacial potential
drop, the Rh-coordinated RhGNR-2DNS behaves like a
molecule in the bulk solution, indicating only weak effects of
interfacial electric fields on the Rh-coordinated site (Figure
4b). Furthermore, upon solvent exposure, RhGNR-2DNS films
showed a clear solvent uptake seen by the dimensionless

Figure 5. Linear sweep voltammograms (LSVs) recorded at pH 2 and 13 for all (a) model compounds and (b) GNR-based samples. LSVs are
referenced vs NHE and were recorded at 100 mV/s scan rates on glassy carbon working electrodes with an Ag/AgCl and Pt wire reference and
counter electrode, respectively.
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refractive index decreasing from 6.6 to 3.7. This suggests the
disruption of π−π stacking and possible swelling of the film
upon solvent exposure. These results indicate that there is
some degree of structural rearrangement induced within 2D
nanosheets that accompanies the coordination of sterically
bulky RhCp* that may disrupt the π−π stacking within the
film and positions Rh-coordinated bipyrimidine sites away
from the electrode surface, reducing the potential drop
experienced by the moiety.
Rh-Centered Reduction. Rh-bpds and its analogs are

we l l - s tud i ed HER ca ta l y s t s in ac id i c aqueous
media.14−16,19,21,22 Here, Rh-bpds served as a molecular
analogue for a comparative study of the Rh-centered redox
chemistry. Our electrochemistry matched well with previous
literature reports.35 At pH 1, no reversible features were
observed in the CV, but there was a large cathodic current
resulting from Rh-mediated HER, which picks up to a catalytic
onset current of 1 mA cm−2 at −0.52 V (Figure 2a). At pH 7,
we observed a chemically irreversible Rh prefeature at −0.60 V,
followed by HER onset at −1.17 V (Figures 2b and S9b). The
prefeature was assigned to a Rh-centered, 2e− reduction
followed by protonation of the nascent Rh(I) intermediate to
form Rh(III)−H. By pH 9.1 and beyond, we observed no HER
current apart from what was present from the bare glassy
carbon electrode (Figures 5a and S9), and by pH 13, a
reversible 2e− Rh(III/I) reduction at −0.68 V was observed
(Figure 2c). The ERh(III/I) values are pH-independent, while the
HER activity has a clear dependence on the solution acidity
(Figure S9). The HER activity disappears at pHs higher than
8.1 because Rh-bpds no longer possessed the basicity required

to generate the requisite Rh(III)−H intermediate necessary to
host HER.18,35

Rh-centered reduction of the Rh-bpm model behaved
similarly to Rh-bpds with two major differences: First,
Rh(III/I) reduction (ERh(III/I)) appeared at potentials more
negative for Rh-bpm than for Rh-bpds (Figures 3a and S6).
This shift in the potential is consistent with the increased
electron density of reduced bipyirimidine ligands formed at
potentials that are more positive than those of ERh(III/I) (Figure
2). DFT calculations supported this conclusion and predicted
the ERh(III/I) values to be ordered by Rh-bpm > Rh-bpy > Rh-
bpmH2 > Rh-bpmH− (Table S6). Second, we observed an
extension of the pH window (up to pH 10.1) for which Rh-
bpm was active for HER (Figures 3 and S6). This increased
pH range over which Rh-bpm retained its HER activity was
assigned to the increased basicity of the 2e−-reduced Rh(I)
intermediate, forming protonated Rh(I)Cp*−H and Cp*Rh-
(III)-H species, which are essential for catalytic turnover. Our
DFT evidence showed that the reduced bpmH2/bpmH−

ligands destabilize the Rh-centered highest occupied molecular
orbital (HOMO) of the 2e−-reduced Rh(I) intermediates and
thus dramatically increase their basicity and lead to an
extended window of HER activity (Figure S21 and Table
S6). Because of the beneficial effects from the “responsive”,
PCET-hosting bpm ligand, the Rh-bpmH− was predicted to
maintain HER activity well outside the aqueous pH window;
predicted pKa’s for the Rh(III)−H and Rh(I)Cp*−H species
were 26.6 and 31.7, respectively. We postulate that the reason
for the loss of HER activity in the basic region is not associated
with the low basicity of Rh(I) species (as is the case for Rh-
bpds) but with the aggregation of Rh-bpmH− species that we

Figure 6. (a) Grazing incidence X-ray absorption near edge structure (XANES) data of RhGNR-2DNS recorded at pH 2 and 13. The samples
were measured as ex situ (black spectra), at open circuit potential (OCP, blue spectra), and at constantly applied potentials more negative than the
onset for HER (red spectra), which were −0.5 V and −1.3 V vs NHE for pH 2 and 13, respectively. The inset shows a clear edge shift to lower
energies under HER conditions, indicating a net reduction in the Rh oxidation state. (b) Determination of Rh oxidation state in RhGNR-2DNS
and Rh-bpds samples based on calibration with a Rh(0), Rh(I) and Rh(III) reference.
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described in the previous section. The exact nature of the
aggregate is outside the scope of this study, but clearly, the
ligand-centered reduction to form anionic bpmH− triggered its
formation, resulting in electrode passivation and termination of
HER activity (see Section 4 of the Supporting Information for
more detail).
Voltammetry of RhGNR-2DNS showed no signature of Rh-

centered reduction; however, it did show activity for HER,
which was maintained throughout the entire aqueous pH
window (Figure 5b). The observed onset of HER (taken as the
potential where TOF = 1 s−1) shifted with pH by −59 mV per
pH unit. This stands in stark contrast to studies on our
molecular analogs whose catalytic activity was confined to pHs
≤ 10.1. It appears that the immobilization of Rh centers onto
the electrode surface enhances the electrocatalytic performance
of RhGNR-2DNS toward HER. Similar behavior has been
observed by Surendranath on Rh-modified carbon electrodes,
which were assigned to the electric fields experienced by the
Rh center.35 In our case, the Pourbaix analysis described in the
previous section indicated that Rh-moieties experience a
negligible interfacial potential drop, and such field effects are
unlikely to influence the catalytic behavior of RhGNR-2DNS
(Figure 4). Thus, the observed electrocatalytic enhancements
in RhGNR-2DNS must be explained by an alternative
mechanism.
To investigate the mechanism of Rh-mediated HER in

RhGNR-2DNS samples, we performed in situ grazing
incidence X-ray absorption near edge structure (GI-XANES)
measurements (Figure 6). Comprehensive details of these
measurements are found in Section 6 of the Supporting
Information. When measured as a film or at open circuit
potential (OCP), RhGNR-2DNS exhibited an edge energy
characteristic of Rh(III) (Edge position: 23.224 keV)
according to reference samples (Figure 6a,b). Notably,
RhGNR-2DNS had a slightly higher edge position (0.3 eV),
indicating a higher formal oxidation state than Rh-bpds, which

was attributed to the more electron-withdrawing character of
the GNR ligand. Under applied potentials more negative than
the onset of HER (−0.5 and −1.3 V vs NHE at pH 2 and 13,
respectively), an evident ∼2 eV shift to lower edge energies
was detected, which was comparable to the shift expected for a
two-electron Rh-centered reduction to its +1 oxidation state
(Figure 6a,b), according to the analysis of reference
compounds. It is possible that Rh-centered reduction to the
+1 oxidation state was not fully completed; nonetheless, the
observation indicates that the bottleneck intermediate in the
catalytic cycle is some form of a two-electron reduced Rh(I)
intermediate of RhGNR-2DNS. This striking observation
diverges from models put forward for strongly coupled
molecular catalysts grafted onto conductive electrodes35,36

and further supports our conclusion that the electrocatalytic
behavior of RhGNR-2DNS is not explained by the interfacial
electric fields that enhance catalysis in strongly coupled
systems. The observation of Rh(I) species as the longest-
lived intermediate aligns with previous mechanistic studies of
molecular catalysts by Blakemore and coauthors, where the
longest-lived intermediate is proposed to involve the Rh(I)
species with protonated Cp* ligands.22 Based on these results,
we hypothesize that the HER by RhGNR-2DNS follows a
mechanism that is similar to that observed for molecular
species and involves the protonation of two-electron reduced
Rh(I) species and subsequent tautomerization to form
Rh(I)Cp*−H, as illustrated in Scheme 3.
The question remains why does RhGNR-2DNS maintain

catalytic activity throughout the entire pH region, while the
model compounds Rh-bpds and Rh-bpm appear to lose
catalytic behavior at pH values above 8.1 and 10.1,
respectively. Taking together data from in situ Rh K-edge
GI-XANES and our insights from Pourbaix slope analysis, we
concluded that strong electronic coupling and local electric
field effects do not explain the retained HER activity in
RhGNR-2DNS. The Rh K-edge shift observed during in situ

Scheme 3. Proposed HER Pathway for Rh-bpm and RhGNR-2DNS in Acidic (Left) and Basic (Right) Conditionsa

aIn both cases, HER is preceded by PCET at the bipyrimidine moiety, which generates the active form of the catalyst. The rate-determining step
(RDS) is proposed to involve the Rh(I)Cp*−H intermediate involved in molecular HER pathways.22 Rh-bpm lost activity in basic pHs resulting
from ligand-centered reduction-induced aggregation.
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GI-XANES suggests that Rh sites on RhGNR-2DNS were not
strongly coupled to the glassy carbon electrodes. In previous
studies on grafted molecular systems, the lack of metal K-edge
shifts was used as evidence for strong electronic coupling and
true hybridization between catalyst and electrode. Our analysis
of the Pourbaix slopes indicated that RhGNR-2DNS
experience, at most, a small fraction of the interfacial potential
drop (f value of 0.15). This small value of f is quite reasonable
considering that Rh atoms on RhGNR-2DNS were expected
to be positioned at the far edge of the electrical double layer
(EDL) (∼1.7 nm from the electrode), where local electric
fields have largely decayed. A similar study by Kwabi et al.
demonstrated that quinones tethered at intermediate distances
from glassy carbon electrodes behave similarly and with
corresponding non-Nernstian slopes.69 Such a small value of f
may be capable of providing the added “push” needed to drive
protonation at reduced Rh sites; however, it cannot be
confidently stated to account for the changed reactivity, and
thus, a molecular picture of the operative HER mechanism is
most appropriate (Scheme 3).
Our investigations suggest that the broadened HER activity

of RhGNR-2DNS, as compared to our molecular model
compounds, can be ascribed to the “responsive” nature of the
bipyrimidine-based ligands, which host PCET. HER activity of
the Rh-bpds model was lost beyond pH 8, a result associated
with a diminished driving force for protonation of the Rh(I)
intermediate. Computational analysis reinforced this by
predicting an 8 or 14 pKa unit increase to the Rh(I) basicity
for the dihydro (H2) or hydrido (H−) versions of hydro-
genated bipyrimidine-based ligands, respectively (Table S6).
The increased basicity was seemingly uninfluenced by the
bipyrimidine-based ligand size, which was confirmed by
surveying additional model compounds with the phenanthro-
line- and benzoperylene-based ligands, as shown in Figure S22.
For Rh-bpm, while we did observe an extension of the
operative pH window (up to pH 10.1), the activity was
curtailed by film formation, which passivated the electrode.
Conversely, the ordered RhGNR-2DNS films exhibit sustained
HER activity across the entire aqueous pH window, which was
attributable to the elevated basicity of Rh(I) intermediates
bestowed by the responsive PCET-hosting GNR ligand. Such
findings demonstrate the pivotal role of ligand design in
predicting and optimizing the behavior of metal-centered
electrocatalysts for efficient energy conversion.

■ CONCLUSIONS
In conclusion, we report an electrochemical investigation of
self-assembled GNR films (GNR-2DNS) and Rh-coordinated
GNR films (RhGNR-2DNS) on electrode surfaces. We
developed an indirect method to probe the interfacial potential
drop experienced by the nanosheets at the electrode/
electrolyte interface. Our method involves experimentally
obtaining the Pourbaix slopes associated with PCET on
nanoribbon bipyrimidine units and fitting the resulting slopes
to a theoretical model that allows the derivation of the
parameter f, which represents the fraction of the interfacial
potential drop experienced by the redox-active group. Our
analysis revealed an interesting outcome: GNR-2DNS fully
experiences the inner potential of the working electrode (f =
1), indicating the lack of charge screening by the electrolyte
ions in the plane of the redox-active PCET groups of GNR-
2DNS. This “strongly coupled” behavior shows that non-
covalent interactions can be utilized to immobilize molecular

functional groups onto electrode surfaces for field-driven
chemistry. However, the fraction of the interfacial potential
drop experienced by RhGNR-2DNS was found to be a much
smaller value (f = 0.15), suggesting that Rh-coordinated
bipyrimidine sites of RhGNR-2DNS are weakly coupled to the
electrode surface and are instead positioned near the edge of
the EDL wherein interfacial potentials have largely decayed.
Our investigation of HER activity has shown that RhGNR-

2DNS exhibits significantly improved catalytic performance
relative to two molecular model compounds, Rh-bpds and Rh-
bpm. In specific, the molecular models were shown to lose
their activity in the basic pH region, while RhGNR-2DNS
remains HER-active throughout the entire aqueous pH domain
(pH 0−14) with catalytic onset changing by a slope of −59
mV per pH unit. The dramatically improved HER performance
was assigned to two factors that underscore the importance of
ligand design and macroscopic assembly for developing active
and robust electrocatalysts: (1) the “responsive” nature of
bipyrimidine-based ligands, which play host to their own
PCET process, dramatically altered the driving force for crucial
protonation steps at reduced Rh intermediates. (2) Our
immobilization approach, which forms ordered films of
RhGNR-2DNS, prevented the aggregation, which was
responsible for attenuating the HER activity of Rh-bpm.
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