Adsorbed Cobalt Porphyrins Act like Metal Surfaces in Electrocatalysis
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Abstract: Carbon electrodes chemically modified with molecular active sites are potent catalysts for key energy con-
version reactions. Generally, it is assumed that these molecularly modified electrodes operate by the same redox me-
diation mechanisms observed for soluble molecules, in which electron transfer and substrate activation occur in sep-
arate elementary steps. Here, we uncover that, depending on the solvent, carbon-bound cobalt porphyrin can carry
out electrolysis by the non-mediated mechanisms of metal surfaces in which electron transfer and substrate activation
are concerted. We chemically modify glassy carbon electrodes with cobalt tetraphenylporphyrin units that are an-
chored by flexible aliphatic linkages to form CH-CoTPP. In acetonitrile, CH-CoTPP displays a clear outer-sphere
Co(1I/T) process which catalyzes the H: evolution reaction by a step-wise, redox-mediated reaction sequence. In con-
trast, clear surface redox waves are not observed for CH-CoTPP in aqueous media and H: evolution proceeds via a
non-mediated, concerted proton-electron transfer reaction sequence over a wide pH range. The data suggest that, in
aqueous electrolyte, the CoTPP fragments reside inside the electrochemical double layer and are electrostatically cou-
pled to the surface. This coupling allows CH-CoTPP to carry out catalysis without being pinned to the redox potential
of the molecular fragment. These studies highlight that the simple adsorption of molecules can lead to reaction mech-
anisms typically reserved for metal surfaces, exposing new principles for the design of molecularly-modified elec-
trodes.

INTRODUCTION

An economy based on renewable energy requires efficient catalysts for interconverting between chemical and electrical en-
ergy. Molecular catalysts can be appended to inert electrodes to generate chemically-modified electrodes (CMEs) that are
potent catalysts for key reactions in next generation energy conversion devices.'-® While there are many strategies to prepare
CMEs, a widely employed and convenient approach is the simple adsorption of the molecular component onto the electrode
surface 3-13:1517:1920.22-27 Thig ease of preparation along with the high degree of tunability afforded by the molecular component
and overall potent reactivity make CMEs compelling catalyst materials. It is thus desirable to uncover the design principles
for CMEs to enable rational optimization of this important class of catalysts.?*26-2

The design of CMEs usually centers on the optimization of the molecular catalyst because the electrode support is generally
viewed as an inert source or sink of electrons. The synthesis of active CMEs thus follows two general steps: the selection of
a known highly active molecular catalyst for the reaction of interest and the development of a heterogenization method. This
synthetic logic assumes that activity trends in homogeneous molecular catalysts will correspond to the same trends in elec-
trode activity upon heterogenization. However, there are flaws to these implicit assumptions: (a) for solubility reasons, most
molecular electrocatalysts are evaluated and optimized in aprotic polar organic solvents such as acetonitrile and DMF with
added proton donors. In contrast, catalysis by CMEs is typically evaluated in the aqueous media relevant to device operation,
which has starkly different solvation properties and proton conductivities. both of which are expected to dramatically impact
the mechanisms of the proton-coupled electron transfer reactions. Further, (b) in molecular electrocatalysis, substrate activa-
tion take place in solution, far from the enormous electric fields native to the electrode surface.32*° Since electric fields impact
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the reactivity of enzymes, surfaces, and molecules,*-*" there is every reason to expect that they may influence
reactivity of CMEs.?®3%38 An improved understanding of the mechanistic implications of (a) and (b) has the potential to
expose new design principles for the rational development of more active CMEs.

Recent observations lend credence to the notion that heterogenization does alter catalytic activity.?+26272932 For example
immobilization of an iron porphyrin results in a 26-fold rate enhancement versus the same species dissolved in the same
reaction media.’® Other studies have shown that the reactivity of an appended catalyst is tuned by diverse factors such as
immobilization method,?*3! electrode surface chemistry?®?’ and polymer binder identity.!®*” Though these factors are as im-
portant as the catalyst structure in defining its reactivity, the origins of these effects remain unclear.'®?#?%27 In a poignant
example, pyrazine linkages that engender strong electronic coupling between molecules and the surface prevent the immobi-
lized catalyst from operating by the step-wise pathways characteristic of molecular catalysts and instead enforce the concerted
mechanisms unique to heterogeneous metallic catalysts.??>!-3 Clearly, the rational development of CMEs requires greater
understanding of the molecule-surface interactions that play a key role in defining their reactivity.

In this study, we directly probe the impact of strong surface interactions on catalysis by adsorbed molecules. Counterintui-
tively, instead of directly adsorbing the molecular species to the surface, we anchored a cobalt tetraphenylporphyrin (CoTPP)
to an oxidized glassy carbon electrode with a covalent aliphatic linkage. We chose this linkage to minimize convolution from
multilayer adsorption,>>7 prevent dynamic aggregation on the surface,?? and permit the comparison of reactivity across di-
verse reaction media while maintaining a constant surface population of active sites. Importantly, we chose a flexible cyclo-
hexyl tether that allows the appended CoTPP to adopt either an adsorbed or solvated configuration, depending upon the
solvating properties of the electrolyte. Thus, by examining catalytic trends across different reaction media, we isolate the
critical role of surface interactions on catalysis by CMEs.

Herein, we identify that surface adsorption of CoTPP confers electrostatic coupling to the electrode surface with dramatic
implications for reaction mechanism and catalyst design. We identify these results by comparing the hydrogen evolution
reactivity (HER) of CoTPP covalently-linked to a glassy carbon electrode in acetonitrile, aqueous, and mixed aqueous-pyri-
dine electrolytes. We further compare the surface-bound CoTPP to a water-soluble analog in aqueous electrolyte. We demon-
strate that the step-wise reaction pathways observed for soluble molecules occur for this CME in media where CoTPP is
soluble but that the concerted reaction pathways typical of metallic electrodes occur for this CME in media where CoTPP is
insoluble. Finally, we provide a model to explain how this change in reaction mechanism could arise from strong adsorption
to the surface. These results have broad implications for the design of CMEs and suggests that the design criteria for opti-
mizing soluble molecular catalysts may not apply upon adsorption to the electrode surface.

RESULTS AND DISCUSSION

Synthesis and Characterization

The necessary surface functionalization precursor containing an insulating aliphatic linkage was accessed via treatment of 5-
(p-aminophenyl)-10,15,20-triphenylporphyrin with frans-4-(BOC-amino)cyclohexanecarboxoyl chloride followed by re-
moval of the BOC group with trifluoroacetic acid to yield trans-4-amino-N-(4-(10,15,20-triphenylporphyrin-5-yl)phenyl)cy-
clohexane-1-carboxamide (H,PorNH-»). The cobalt-coordinated species, CoPorNH» was accessed via treatment of H,PorNH»
with cobalt acetate tetrahydrate. Functionalization of the surface proceeded readily by modification of literature procedures.?"
3860 Specifically, surface acyl chlorides were generated by treatment of oxidized glassy carbon electrodes with thionyl chlo-
ride. Subsequent treatment of the electrodes with either H,PorNH, or CoPorNHj; in the presence of pyridine generated CH-
MTPP (M = 2H, Co) (Scheme 1). Full synthetic details are provided in the Supporting Information (SI).

Scheme 1. Preparation of CH-MTPP electrodes
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X-ray photoelectron spectroscopy (XPS) evinces successful ligation of the molecular precursor to the graphitic support to
form CH-CoTPP. Following functionalization, new features corresponding to N 1s and Co 2p transitions appear in the survey
analysis (Figure S1). High resolution scans of these features reveal an N 1s peak manifold that is fit well with three peaks
centered at 398.5, 399.7 and 401.4 eV that we assign to porphyrin,®! amide,®' and pyridinium®"%? nitrogen environments,
respectively (Figure 1a). The porphyrin and amide features integrate in the expected 2:1 ratio consistent with the structure of
CH-CoTPP. The integration of the pyridinium feature varies from 1 to 1.5 with respect to the amide feature. The binding
energy of this feature is inconsistent with metal-bound pyridinic nitrogen and structural data is most consistent with square
planar cobalt (see below). Thus, we attribute this feature to the reaction of pyridine with reactive surface chlorides that result
from the thionyl chloride treatment. Further, this feature is not observed or is greatly attenuated after electrochemistry in
aqueous media where such species would be expected to hydrolyze (Figure S2). The high-resolution spectrum of the Co 2p
peak manifold reveals a single 2p doublet at 779.9 and 795.1 eV, indicative of only a single cobalt environment on the surface
(Figure 1b). The observed Co 2p binding energies are consistent with literature reports on cobalt porphyrins.3!®* The relative
integrations of the amide and porphyrin together against the Co 2p peak manifold yields a N:Co ratio of 8 (expected = 6),
suggesting some demetallation occurs during the surface functionalization procedure. Together, the XPS data support the
formation of the amide linkages and the presence of intact porphyrin units on the surface.
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Figure 1. Characterization of CH-CoTPP. High-resolution XPS scans of the N 1s (a) and Co 2p (b) regions with the measured
signal (gray points), fit peaks (red), background and overall fit peak envelope (black). ¢) Extended X-ray absorption fine
structure of CH-CoTPP and model complexes. d) X-ray absorption near edge structure spectrum of CH-CoTPP and model
complexes.

X-ray absorption spectroscopy (XAS) further supports surface modification with intact CoTPP units. Cobalt K-edge extended
X-ray absorption fine structure analysis (EXAFS) provides a fingerprint for the molecular structure about the cobalt center.
EXAFS of CH-CoTPP is nearly identical to that of the molecular analog, CoTPP, but does not fit well to CoCITPP that bears
an axial ligand on the Co center (Figure 1c). These data reveal a square planar coordination environment for CH-CoTPP. The
X-ray absorption near-edge structure (XANES) provides complimentary electronic structural information. Consistent with
previously examined covalently grafted porphyrins on graphitic carbon,’' the XANES spectrum of CH-CoTPP exhibits pre-
edge features consistent with both the Co(II) and Co(1II) standards that may indicate mixed valency character of the Co center
on the surface (Figure 1d). The origin of the changes to the pre-edge features remains undetermined. Together with the XPS
data, the XAS data support ligation of intact CoTPP units to the glassy carbon surface.

Outer-Sphere Electron Transfer is Observed in Acetonitrile

In acetonitrile electrolyte, the cyclic voltammogram (CV) of CH-CoTPP exhibits a clear outer-sphere Co(I1/T) feature, con-
sistent with analogous systems.®® In 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) in acetonitrile, this feature
occurs at —0.76 V vs decamethylferrocene (Fc*/Fc**) (Figure 2). The peak current density of this feature scales linearly with
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scan rate, consistent with a surface-bound species (Figure S3). Importantly, the charge passed in this feature correlates well
to the amount of cobalt on the surface, as determined by inductively-coupled plasma mass spectrometry (see SI for details).
We find a Co-to-electron ratio of 1.05 + 0.07 which further supports our assignment of this feature as a Co(II/T) redox process.
The observation of this feature in electrolyte without strongly-coordinating anions suggests that it is not ion-coupled. Further,
this feature exhibits no dependence on chloride concentration, indicating that the feature is not tied to ion coordination or
dissociation (Figure S4). Together, the data support that, in acetonitrile media, CH-CoTPP exhibits outer-sphere electron
transfer (ET) behavior.
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Figure 2. Cyclic voltammogram of CH-CoTPP in 0.1 M TBAPF; in acetonitrile showing the outer-sphere Co(II/T) redox
couple. Data were recorded at 150 mV s™! scan rate. The scan was initiated by sweeping reductively.

Catalysis in Acetonitrile Displays Characteristics of Redox Mediation

CH-CoTPP is a catalyst for HER in acetonitrile. CVs of CH-CoTPP were collected in acetonitrile containing 0.1 M TBAPF¢
and donors with defined proton activities. The proton activity was defined by addition of 25 mM each of proton donor and
conjugate base. In the presence of highly acidic donors, CH-CoTPP catalyzes the HER but decomposes too rapidly for in
depth analysis. In the presence of a chloroacetic acid buffer (pK,= 15.3; CH,CICO,H-[TBA*][CH,CICO, ])** CH-CoTPP
catalyzes the HER with a near classical S-shaped wave observed at a scan rate of 5 mV s™! (Figure 3a). The onset of this S-
shape wave is tied to the Co(II/T) redox couple. Such behavior indicates mediated catalysis that operates by step-wise outer-
sphere pathways.%>% Charge integrations of the Co(Il/I) redox wave with the faster scan rate CVs that beat out catalysis in
the chloroacetic acid buffer accounts for ~75 % of the total loading of Co on the surface, indicating that CH-CoTPP does not
substantially decompose under these reaction conditions (Figure S5).

To further support the assignment of a mediated step-wise mechanism, catalysis was evaluated in the presence of a more
basic donor. Redox mediated reactions are pinned to an outer-sphere reduction potential but Erpug shifts Nernstianly with the
pK. of the proton donor.5”-%% For a step-wise reaction, selection of a sufficiently basic donor can move £/, to an underpotential
of Erue and catalysis will shut off. Such behavior is diagnostic of a redox mediated sequence proceeding by outer-sphere
step-wise electron transfers.’> CVs of CH-CoTPP were collected in the presence of an acetic acid buffer (pK, = 22.3; AcOH-
[TBA™][AcO]),*” where E12(Co™) lies at an estimated underpotential of ~100 mV (see SI). In the acetic acid buffer, no
catalysis was observed off of the Co(II/T) couple and the redox feature was recovered (Figure 3b). Importantly, the observation
of clear Co(II/T) waves in the acetic acid buffer demonstrates that CH-CoTPP does not decompose under these more basic
conditions. Together, the observation of an S-shaped wave tied to the Co(I1/1) redox couple with chloroacetic acid buffer and
the lack of catalysis with the more basic AcOH support a step-wise, redox mediated sequence initiated by outer-sphere elec-
tron transfer.
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Figure 3. Cyclic voltammograms of CH-CoTPP in acetonitrile containing 0.1 M TBAPFs (grey) and 25 mM each of proton
donor and conjugate base (black). Scans were recorded at 5 mV s™'. a) The donor and conjugate base are CH,CICO,H and
[TBA*][CH,CICO; ], respectively. d) The donor and conjugate base are AcOH and [TBA*][AcO], respectively.

Clear Electron Transfer Waves are Not Observed in Aqueous Media

In contrast to its behavior in acetonitrile, CH-CoTPP does not exhibit clear Co-based redox features in aqueous media. To
aid interpretation of the aqueous electrochemistry of CH-CoTPP, we first examined the water-soluble cobalt meso-tetra(p-
sulfonatophenyl)porphyrin chloride (CoCITSP). CVs of CoCITSP reveal an outer-sphere Co(II/T) couple at —0.64 V vs NHE
in both 0.1 M sodium phosphate at pH 6.4 and in 0.1 M NaOH (Figures S6 and S7). In acidic media, CoCITSP mediates HER
catalysis preventing observation of the Co(II/I) wave (Figure S8). Consistent with our measured value for the Ey,(Co'") for
CoCITSP, heterogenized cobalt protoporphyrin IX exhibits a Co(Il/I) couple at —0.6 V vs SHE when incorporated into a film
on pyrolytic graphite.®

Unlike for the soluble molecular analog, voltammetry of CH-CoTPP does not reveal redox waves attributable to an outer-
sphere Co(II/T) redox process. The CV of CH-CoTPP in 0.1 M HCIO4 reveals one feature near 0.6 V vs NHE (Figure 4a)
which is also observed in the CV of bare glassy carbon in this electrolyte (Figure S10). We attribute this feature to surface
quinone PCET features or ion-intercalation processes native to oxidized glassy carbon.” In 0.1 M phosphate buffer at pH
6.4, this feature is not observed and the CV of CH-CoTPP is featureless within the solvent window (Figure 4b). Finally, in
0.1 M NaOH, the CV of CH-CoTPP displays a broad redox wave centered at —0.75 V vs NHE (Figure 4c). The magnitude
of this wave is highly variable across electrode preparations and the integrated charge in this wave does not correlate with
the Co surface loading. Additionally, this feature is also observed in the CVs of CH-H,TPP (Figure S10), thus we conclude
that it is not associated with a Co(II/T) redox process. Importantly, CVs of CH-CoTPP in acetonitrile still show a pronounced
Co(II/T) wave after collection of this aqueous electrochemistry (Figures S11), indicating that the attached CH-CoTPP units
remain intact even though they do not exhibit a clear Co(II/T) redox wave in water.

Interestingly, an outer-sphere redox process for CH-CoTPP in aqueous media can be recovered in a mixed solvent system.
Initially we hypothesized that axial coordination of the Co species could recover the Co(Il/I) wave. In non-aqueous media,
the introduction of pyridine is known to induce a Nernstian shift in the Co(II/I) wave of heterogenized Co porphyrins to more
negative potentials,*’ indicative of pyridine ligation to Co(II). Additionally, Co porphyrins have also been heterogenized via
axial ligation to surface-bound pyridine units,”!-”3 suggesting that pyridine binds strongly to CoTPP in aqueous media. Thus,
we collected CVs of CH-CoTPP in aqueous 0.1 M NaOH containing 0.1 M pyridine (Figure S12). In this media, no new
waves were observed. However, further addition of pyridine to a final concentration of 3 M (~13 % v/v) results in the ap-
pearance of a new redox feature (Figure 4d). The new redox feature is centered at —0.91 V vs NHE and the charge integration
accounts for ca. 90 % of the surface Co. This potential is 0.27 V more negative than the Co(II/I) potential of water soluble
CoTSP, consistent with the more donating phenyl substituents and, perhaps, due to the interfacial solvation environment
and/or pyridine coordination. Nonetheless, based on the similarity in potentials and the correspondence in charge integration
value, we assign this feature as a Co(II/I) redox process. Importantly, the concentration of pyridine necessary to recover this
wave in aqueous media is also enough to sparingly solvate the parent CoTPP molecule (Figure S13). Given the literature
precedence and the high concentration necessary to reveal this Co(II/I) wave, it is likely that both the solvation of the CoTPP
unit by pyridine and axial ligation are responsible for the change in the electrochemical response of CH-CoTPP.
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Figure 4. Cyclic voltammograms of CH-CoTPP in various aqueous buffers recorded at 100 mV s™' in (a) 0.1 M HCIlO4, (b)
0.1 M sodium phosphate buffer, (c) 0.1 M NaOH and d) 0.1 M NaOH with 3 M pyridine. All scans were initiated by sweeping
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Figure 5. Cyclic voltammograms of HER catalysis by CH-CoTPP (red) and CH-H,TPP (black) in aqueous media. All scans
were collected at 5 mV s7!in (a) 0.1 M HCIO4, (b) 0.1 M sodium phosphate buffer, (c) 0.1 M NaOH. All scans were recorded
while the electrode was rotated at 2000 rpm. All scans were initiated by sweeping reductively.

Catalysis Operates via Inner-Sphere Pathways in Aqueous Media

In aqueous media, CH-CoTPP shows Nernstian scaling for the onset of HER catalysis. In aqueous media over a pH range of
0.3 to 12.8, CH-CoTPP (Figure 5, red) displays catalysis significantly above the background voltammograms of CH-H,TPP
(Figure 5, black). To investigate the mechanism of catalysis, we collected state-state current-voltage (Tafel) data in buffers
across a wide pH range. Control experiments establish that these data are not convoluted by mass transport artifacts or deacti-
vation on the time-scale of the measurement (Figures S14-S19). These data therefore correspond to activation-controlled rates
for CH-CoTPP catalyzed HER. Though high-resolution XPS scans of CH-CoTPP after catalysis at each pH reveal minor
amounts of demetallation during catalysis, particularly in acidic media, they show no peaks for Co® (Figure S20). Since the
post-catalysis XPS data indicates no detectable formation of Co nanoparticles during catalysis, we attribute the HER activity
to intact CH-CoTPP.

Extraction of per-site TOFs of 1 s! from the Tafel data reveals that CH-CoTPP catalyzes HER with nearly constant overpo-
tential across the pH range (Figure 6, red circles and both shaded regions). Indeed, the potential required to sustain a TOF of 1
s”! shifts 58 mV per pH unit (Figure 6, red dashed line), in line with the Nernstian scaling of 59 mV per pH unit of Erur (Figure
6, solid black line). This shift is inconsistent with a redox-mediated step-wise reaction sequence for HER and suggests that a
non-mediated, concerted sequence may be operative for CH-CoTPP.>? Redox mediated catalysis is pinned to the E). of the
mediator redox couple;®>% if a redox mediation sequence were operative for CH-CoTPP, the span of potentials over which
CH-CoTPP catalyzes HER in water indicates that the hypothetical E1(Co™) must lie more negative than —1.4 V vs NHE.
This upper bound value is 0.8 V more negative than the E1,(Co™") value of —0.64 V vs NHE for the water-soluble CoCITSP
analog and 0.5 V more negative than Ej»(Co™) value of —0.91 V vs NHE for CH-CoTPP in 0.1 M NaOH containing 3 M
pyridine. While CH-CoTPP catalyzes HER with a comparable overpotential across the full pH range, the water soluble
CoCITSP only mediates HER off of E1,2(Co™) in acidic aqueous media (Figure 6, blue shaded region). Instead, Co(II/I) waves
are observed in neutral and basic media where there is insufficient driving force for the Co(11/I) couple of CoCITSP to catalyze
HER (Figure 6, blue squares). This starkly different pH scaling behavior between CH-CoTPP and CoCITSP in aqueous media
further suggests that CH-CoTPP does not operate by mediated sequences. While we acknowledge that CH-CoTPP could me-
diate HER, in principle, via different redox couples at varying pH values, the transition between these distinct mediating cou-
ples is unlikely to give rise to constant overpotential for catalysis. Furthermore, in this limit, we would expect to observe outer-
sphere ET waves for the preceding redox couples that are unable to mediate catalysis in more basic media, yet we do not
observe any clear redox waves for CH-CoTPP in aqueous media without addition of a large concentration of pyridine. Based
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on the forgoing analysis, the observation that CH-CoTPP catalyzes HER with similar overpotential across the pH range argues
against a classical mediated redox sequence in water.

To gain further insight into the mechanism of HER catalysis by CH-CoTPP, we analyzed the Tafel slope and measured theH/D
isotope effect for HER. In aqueous 0.5 M HCIO4 and 0.1 M NaOH, CH-CoTPP displays Tafel slopes of 110 and 103 mV dec ™!,
respectively. These values correspond to transfer coefficients of 0.5 and 0.6, which are consistent with a rate-limiting charge
transfer step (Figures 7, top, and S18).7+7> Control experiments demonstrate no significant deactivation of the catalyst during
these measurements and that these values are not convoluted by mass transport limitations (Figures 7, top, and S20). Im-
portantly, these values are inconsistent with mechanisms invoking pre-equilibrium reduction of the Co center prior to rate-
limiting proton transfer, which would yield a transfer coefficient of 1.0 and a Tafel slope of 59 mV dec™!.7+7¢ Additionally,
comparison of HER data collected in 0.5 M HCIO4 in H,O and D,O reveals an H/D isotope effect of 2.9 + 0.1, indicative of a
proton transfer involved in the rate-limiting step (Figures 7, bottom, and S21). Together, the Tafel and H/D isotope data are
consistent with an HER mechanism by CH-CoTPP involving rate-limiting concerted proton-electron transfer (CPET). Though
CPET reactions of water-soluble small molecules and coordination compounds can be driven by outer-sphere ET from an
electrode, these mechanisms are generally restricted to a relatively narrow pH or potential range over which both possible
stepwise pathways are energetically disfavored.®>7”-%0 Thus, the Tafel and H/D isotope effect data, taken together with the
observation of Nernstian scaling and similar mechanistic profiles across the entire pH range leads us to invoke an inner-sphere,
non-mediated concerted mechanism for HER by CH-CoTPP in water.
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Figure 6. Potential vs pH (Pourbaix) diagram for CH-CoTPP and CoCITSP in aqueous electrolytes. The solid black line is the
thermodynamic potential for HER in water. The red circles mark per-site turnover frequencies of 1 s™' for CH-CoTPP with a
linear best fit marked by a red dashed line with a slope of 58 mV per pH unit. The blue squares mark E1,,(Co'"") for the soluble
CoCITSP with the blue dotted line to guide the eye to extrapolated values for this redox couple. The blue region represents
where the Co(II/T) couple of CoCITSP catalyzes HER while the red and blue regions together mark where CH-CoTPP catalyzes
HER.
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Figure 7. Kinetic data for HER by CH-CoTPP in aqueous acidic media. Top: Potential vs activation-controlled rate (Tafel) plot
averaged over two measurements. The Tafel slope is 110 mV dec™!. The error bars represent the standard deviation of two
measurements. Data were collected from higher to lower overpotential, followed by recollection at the most negative applied
potential to generate the red point. The similarity between the first point collected and the red point indicate that there is
minimal change in activity over the course of data collection. Bottom: Cyclic voltammograms of the same CH-CoTPP electrode
in 0.5 M HCIOy in H>O (red) and DO (black) recorded with a scan rate of 25 mV/s. For both panels, the data were measured
while the electrode was rotated at 2000 rpm.

Mechanistic Model

The foregoing electrochemical data indicates distinct ET behaviors and HER mechanisms for CH-CoTPP in aqueous and
acetonitrile electrolyte. In acetonitrile, we observe a clear outer-sphere Co(II/T) redox process that is in quantitative agreement
with the total cobalt population on the surface. This Co(II/T) couple mediates HER catalysis and the pK,-dependence supports
a step-wise mechanism initiated by outer-sphere reduction of the cobalt center. In water, clear Co-based surface redox waves
are not observed but are recovered upon addition of pyridine. Investigation of the mechanism of HER catalysis by CH-CoTPP
in aqueous media supports a non-mediated mechanism in which proton transfer and electron flow are concerted. Additionally,
we find that a water-soluble homogenous Co-TPP analog operates via step-wise HER pathways in aqueous media, suggesting
that the change in mechanism for CH-CoTPP requires surface interactions rather than simply resulting from the change int he
reaction medium.

The non-mediated, concerted mechanism we observe for CH-CoTPP in aqueous media historically has been attributed solely
to metal surfaces and recently has been implicated for graphite-conjugated catalysts (GCCs), which are molecules conjugated
to carbon through aromatic linkages. The ET behavior of CH-CoTPP thus parallels the differences previously observed for
GCCs and their soluble analogs?®3!315281-83 byt with the key distinction that the same surface-bound site displays mediated
and non-mediated reaction mechanism depending on the electrolyte environment. Given the parallels to GCCs, we rationalize
the solvent dependent behavior of CH-CoTPP by adapting the model put forth for GCCs.?%3"52 Specifically, we incorporate
differential interactions with the electrode as a function of the electrolyte to explain the behavior of CH-CoTPP. Prior to
discussing the specific surface interactions that might be at play, we discuss how the electrochemical behavior of CH-CoTPP
in acetonitrile and aqueous electrolytes can be rationalized by distinct positioning of the Co center within the electrochemical
double layer. A cartoon schematic energy diagram of the double layer is presented in Figure 8. In each panel, the rectangle
represents the band states of the electrode, with filled states in grey and the Fermi energy, Er, marked in black. The position of
Er is sensed and directly modulated by the potentiostat during polarization. The red lines correspond to the electrostatic
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potential drop between Er and the solution. The potential of zero free charge, Epzrc, is the potential at which there is no
electrostatic potential drop between the electrode and solution.?* In the top panel, we denote a situation in which the Co center
does not interact with the electrode and is instead freely solvated, which places it outside of the double layer electrostatic
potential drop (red line).®* Alternatively, in the middle panel, we depict a situation in which the Co center is not freely solvated,
but is adsorbed to the surface sufficiently strongly to reside within the electrochemical double layer (EDL).%
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Figure 8. Cartoon models for the ET behavior of CH-CoTPP in acetonitrile (top) and water (middle) and the possible surface
interactions that may stabilize the CoTPP unit within the EDL in aqueous media (bottom). The left part of each panel depicts
the placement of the bound CoTPP unit with respect to the solvent and ion layers which comprise the EDL (white background)
and the bulk solution (blue background) in acetonitrile (top) and water (middle). The right part of each panel depicts how
polarization and relative placement with respect to the electrochemical double layer (EDL) leads to distinct electron transfer
mechanism. The rectangles represent the density of states for the electrode, with the filled levels in grey and the black line
between filled and unfilled is the Fermi level of the electrode, Er. The approximate edge of the EDL is marked with a vertical
dotted grey line. The reduction potential of the Co center, E1,(Co'"), and the potential for formation of the Co-H intermediate
are shown in dashed grey and black lines, respectively. The electrostatic potential drop at the interface is marked in red and the
potential of zero free charge, Epzrc, where the electrostatic potential drop vanishes is marked with a dashed black line. The
diagram indicates the relative positions of the aforementioned potentials upon polarization of the electrode (left to right). In
acetonitrile, the model invokes that the Co center lies outside the EDL and polarization of the electrode drives outer-sphere
electron transfer from the electrode to the CoTPP unit. In aqueous media, the model invokes that the Co center lies within the
EDL and the Co energy levels are polarized in tandem with those of the electrode. The electrostatic potential drop drives proton
transfer to the Co center with compensatory electron transfer from the external circuit to the electrode band states.

The data for the CH-CoTPP in acetonitrile points to the model shown in the top panel of Figure 8. This model details the
classical behavior expected for dissolved molecules and molecules appended to but not interacting with an electrode.®® In the
top center, the electrode is polarized at Epzrc, where Ef lies at an underpotential of £1,2(Co'") and no ET occurs. Polarization
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of the electrode generates an interfacial electric field and raises the electronic levels of the electrode relative to those of the
solution outside the EDL which are fixed. When Er approaches or shifts more negative than the fixed E12(Co""), electrons
from the electrode tunnel across the EDL to the CoTPP unit and more electrons are provided by the external circuit to fill the
resulting holes in the electrode band states (right panel).? This is exactly the behavior observed for dissolved molecules which
lie outside the EDL.?*% In acetonitrile, CH-CoTPP exhibits a clear outer-sphere Co(1I/T) redox process (Figure 2) that is not
proton-coupled and is consistent with the ET behavior shown in the top panel of Figure 8. Further, the S-shaped catalytic wave
tied to the Co(II/I) redox couple and the pK,-dependent changes to HER activity (Figure 3) indicate that the Co'"! redox couple
mediates catalysis. This imposes a rate-overpotential scaling relationship?®>4-%3 for HER activity by CH-CoTPP that causes
catalysis to turn off under conditions in which Eryg is close to or more negative of Ej»(Co™). Importantly, applying a more
negative potential cannot recover catalytic activity by CH-CoTPP in the presence of strongly basic donors because the free
energy of the reaction of Co(I) with proton is pinned by Ej,(Co'™), regardless of the applied potential. Together, the data
indicate that the energy levels of the Co center are well isolated from those of the electrode in acetonitrile and that ET proceeds
by the tunneling of electrons across the EDL in direct analogy to the ET mechanisms observed for dissolved molecules. Thus,
the model in which the Co center in CH-CoTPP resides outside the EDL is consistent with the experimental data in acetonitrile
and implies that the Co center behaves like a dissolved molecule in this medium.

In aqueous media, the data for CH-CoTPP points to the model shown in the middle panel of Figure 8. Surprisingly, this is the
same model that is invoked for metallic surfaces, not molecular species. Here, any shifts in Er also result in tandem movements
of the energy levels of the CoTPP unit. As a result, there is insufficient driving force for outer-sphere ET from the electrode to
the Co center. Since this redox process is inaccessible, any mediated reaction pathways that proceed via outer-sphere ET steps
are excluded. However, catalysis still occurs via inner-sphere mechanisms because there is a potential drop between the Co
center and the solution. Instead of the tunneling of an electron, polarization drives the movement of an ion across the EDL to
subsequently bind to the Co center. Thus, unlike the redox mediated mechanism described above, varying the strength of the
proton donor across the pH range can be compensated for by polarization of the Co center to a more negative potential, thereby
maintaining HER catalysis across the entire pH range (Figure 6). The charge of the proton brought to the Co center is compen-
sated by concerted electron flow from the external circuit to maintain the electrode potential. This rate-limiting CPET sequence
is consistent with the observed Tafel behavior and H/D isotope effect (Figure 7). Although charge-balancing the adsorption of
one proton is expected to result in only a single ET from the external circuit, we still invoke formation of a metal hydride
intermediate, Co-H. In our model, this two-electron bond arises from rapid internal rearrangement of electron density from the
band states of the electrode®® rather than from a second ET from the external circuit. The catalytic cycle is completed when a
soluble donor protonates this Co-H intermediate and an electron flows from the circuit to balance the charge of the proton that
crossed the EDL, to result in the overall two-electron stoichiometry of the HER. This model (Figure 8, middle) in which the
Co center in CH-CoTPP resides inside the EDL is consistent with the Tafel, H/D isotope effect, and pH dependence data in
water and requires that the CoTPP unit is interacting strongly with the electrode in this medium.

We attribute the starkly divergent ET and catalytic behavior in the above model to distinct positions of the CoTPP unit with
respect to the EDL in each medium. This position defines whether there is a substantial electrostatic potential drop between
the Co actives sites and the electrode (Figure 8, top) or not (Figure 8, middle). In acetonitrile, the data indicate that there are
sufficient layers of solvent and ions between the surface and the CoTPP units to screen the Co centers from the charge on the
electrode (Figure 8, top left). These intervening layers comprise the EDL and the majority of the electrostatic potential drop
occurs across these solvent and ion layers.?® This model implies, that in acetonitrile, the relative free-energy of solvation of the
molecular fragment and affinity of the solvent for the charged surface, outcompete the free energy of adsorption of the molecule
to the surface.” In line with this reasoning, the parent CoTPP complex is sparingly soluble in acetonitrile (Figure S13) and
Co(II/T) waves can be recovered in aqueous media upon addition of 3 M pyridine (Figure 5d), which sparingly solvates CoTPP
(Figure S13).

In contrast, the aqueous data indicate that the catalytically active CoTPP units are not screened from the electrode charge in
aqueous electrolyte and that there is no substantial electrostatic potential drop between the electrode and the Co centers. This
lack of screening implies that there are insufficient layers of solvent and ions located between the electrode and the CoTPP
units over the entire aqueous pH/potential window examined for HER (Figure 8, middle left). The majority of the electrostatic
potential drop that occurs in the EDL thus lies between the Co active sites and bulk solution. In short, the active CoTPP units
are cosolvated with the electrode. In line with this reasoning, we note that the parent CoTPP complex is insoluble in water
(Figure S13). We posit that interactions with the electrode surface, such as n-n interactions and/or axial coordination of the Co
centers to oxidic edge terminations stabilize the CoTPP fragment within the EDL (Figure 8, bottom). It remains uncertain if
these interactions confer a significant degree of quantum mechanical electronic coupling between the Co centers and the elec-
trode band states, such as might be expected to a greater degree for the aromatic connectivity of GCCs.? However, these
interactions, at the very least, result in strong electrostatic coupling of the Co centers to the surface by exclusion of any inter-
vening dielectric layers. Given the generality of these surface interactions for adsorbed porphyrins and phthalocyanines on
graphitic carbons, the observation of non-mediated pathways for porphyrins heterogenized with alkyl tethers motivates a re-
evaluation of the reaction mechanisms of a wide variety of electrochemical transformations by heterogenized macrocycles.

Conclusion
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We report the ligation of CoTPP to a graphitic carbon electrode through an aliphatic tether and examined its ET and catalytic
behavior in acetonitrile and aqueous electrolytes. We show that the ET behavior follows a typical outer-sphere, redox-mediated,
step-wise mechanism for HER in acetonitrile but transitions to a non-mediated concerted reaction pathway in aqueous electro-
lytes. This concerted mechanism by CH-CoTPP in aqueous media is akin to those of metallic electrode surfaces and bypasses
the redox intermediates that pin the reactivity of molecular electrocatalysts. The starkly disparate reaction mechanisms in the
two media are attributed to the different solvating properties of acetonitrile and water for the CoTPP unit. The preference for
solvation over surface adsorption of the porphyrin in acetonitrile causes it to reside outside the EDL, whereas poor solvation
in water favors strong adsorption to the surface, causing the molecule to reside inside the EDL. Thus, in aqueous media,
preferential surface interactions lead to strong electrostatic coupling of the CoTPP units to the electrode which, in turn, drives
inner-sphere, concerted reaction mechanisms.

Importantly, our model invokes nothing special about the covalent aliphatic amide linkage. While this covalent, flexible anchor
was critical for us to expose distinct reaction mechanisms in aqueous and non-aqueous media, there is expected to be negligible
coupling through this aliphatic tether. Thus, the linkage is not expected to contribute to the strong surface interactions that give
rise to non-mediated concerted reaction mechanisms in water. Instead, the flexibility of the linkage permits other surface in-
teractions to occur, if favorable. It is these other surface interactions that give rise to inner-sphere mechanisms in water and
these native surface interactions are likely to exist for a wide variety of metallomacrocycle/carbon composite electrodes. Thus,
these results motivate a reexamination of the electrochemical reaction mechanisms of adsorbed planar macrocycles. Specifi-
cally, these findings suggest that: (a) CMEs should not be presumed, a priori, to operate via step-wise mechanisms initiated
by outer-sphere ET; (b) the surface redox waves observed for CMEs may correspond only to a fraction of the surface loading
and catalytic activity may not arise solely from those “electroactive” surface sites; and (c) molecular fragments with redox
potentials misplaced relative to the thermodynamic potential of the target reaction, may nonetheless be active as CMEs under
electrolyte conditions that foster strong interactions with the electrode surface. Point (c) suggests that Ej/, is not as useful a
descriptor for identifying the molecular constituents of high-performance CMEs, particularly for molecules that are expected
to adsorb strongly to electrode surfaces. Given that the adsorbed porphyrin examined here displays reactivity akin to bulk metal
electrode surfaces, we posit that same descriptors used to optimize heterogeneous catalysts,’**® such as the binding energies
of key intermediates, may also be valuable in identifying new candidate molecules for high performance CMEs. Given that the
concerted reactivity observed here circumvents the redox intermediates endemic to mediated catalysis, our findings open the
door to a significant expansion of the use of strong molecule/surface interactions to enhance electrocatalysis on chemical
modified electrodes.
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