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Experimental Methods 
 
Chemicals and materials. All syntheses were performed in solvents of ACS grade or better. 
Chloroform and methanol were obtained from BDH; dichloromethane, hexanes, 
dimethylformamide and toluene were obtained from Macron Fine Chemicals; 200 proof ethanol 
was obtained from Koptec and pyridine was obtained from Acros Organics and all were used as 
received unless otherwise noted. Dry dichloromethane and toluene were degassed and dried using 
a Glass Contour Solvent Purification System built by SG Water USA, LLC (New Hampshire, 
USA) and were stored under an atmosphere of N2 over 4 Å molecular sieves. Dry pyridine and dry 
dichloroethane were both obtained from DriSolv EMD Millipore. All aqueous synthetic 
manipulations used deionized water while all aqueous electrochemical preparations and 
measurements used reagent grade water (Millipore Type 1, 18.2 MΩ-cm resistivity). Sulfuric acid 
(OmniTrace, 95.5-96.5%,) and hydrochloric acid (OmniTrace, 34-37%) were obtained from EMD 
Millipore and were used as received. Nitric acid (68-70 %) was obtained from BDH and was used 
as received. Electrolytes were prepared from the following: perchloric acid (Suprapur, Sigma 
Aldrich, 70 %), sodium hydroxide (Sigma Aldrich, 99.99 %), sodium formate (Sigma BioUltra, 
>99 %), sodium phosphate monobasic (Sigma, 99.999 %), sodium chloride (Alfa Aesar, 99.99 %), 
sodium tetraborate (Alfa Aesar, 99.95 %), sodium perchlorate monohydrate (Sigma Adrich, 
99.99%), tetrabutylammonium hexafluorophosphate (Sigma Aldrich, >99.0 %), 
tetrabutylammonium chloride (Sigma Aldrich, >99.0 %), dry acetonitrile (Sigma Aldrich, 99.8 %) 
and tetrabutylammonium acetate (>99.0 %) Cobalt meso-tetra(p-sulfonatophenyl)porphyrin 
chloride was obtained from Frontier Scientific and used as received. Glassy carbon disk electrodes 
were obtained from Pine Research Instrumentation, Inc. HgHgO and HgHgSO4 reference 
electrodes were obtained from CH Instruments. Non-aqueous Ag/AgCl reference electrodes with 
Vycor frits were assembled from kits purchased from BASi. Platinum wire (99.9%) and Platinum 
mesh (99.9%) were obtained from Alfa Aesar. Sources and purities of other chemical reagents 
used in syntheses are included in the protocols below. 
 
General electrochemical methods.  All electrochemical experiments were performed at ambient 
conditions (21 ± 1 °C) using a Biologic VSP 16-channel potentiostat.  Rotation experiments were 
performed using a Metrohm Autolab RDE-2. A Hg/HgO reference electrode (stored in 1 M NaOH, 
99.999% semiconductor grade, Sigma Aldrich) was used for all aqueous experiments in pH > 10.  
All other aqueous experiments used a Hg/HgSO4 reference electrode (stored in saturated K2SO4, 
99.997% metals basis, Alfa Aesar).  Both reference electrodes were periodically checked against 
pristine electrodes to ensure against potential drift.  Electrode potentials for experiments conducted 
in aqueous media were plotted vs the reversible hydrogen electrode (RHE, ERHE = EHg/HgO + 0.140 
+ pH*0.059 V or ERHE = EHg/HgSO4 + 0.640 + pH*0.059 V). All non-aqueous measurements used 
a Ag/AgCl reference electrode that was filled with and stored in acetonitrile containing 0.1 M 
TBAPF6. At the end of each non-aqueous measurement a small portion of decamethylferrocene 
(all obtained from Sigma-Aldrich) was added to the solution. All non-aqueous potentials were 
referenced to the Fc*+/Fc* redox couple. A Pt mesh counter electrode was used for all experiments. 
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All electrochemical measurements were recorded in a custom 5-neck cell equipped with a sparge 
tube and counter compartment separated by a glass frit. All glassware used for electrochemical 
measurements was soaked in aqua regia for at least 30 minutes and thoroughly washed with 
reagent-grade water prior to use. For non-aqueous measurements, the glassware was subsequently 
dried in an oven and then either brought immediately into an N2-filled glovebox or cooled while a 
stream of MeCN-saturated nitrogen was passed through the cell. 
 

 

Preparation of CH-MTPP. 
  
Electrode cleaning and pre-treatment 
 
Glassy carbon button (5 mm diameter, Pine Research Instruments) electrodes were soaked in 
freshly made aqua regia for 10 seconds to remove any trace metal impurities from previous 
functionalization treatments. Electrodes were polished using a Buehler MetaServ 250 
Grinder/Polisher equipped with a Buehler Vector LC 250 rotating head. The electrodes were 
placed in custom fabricated PTFE holders and polished against a rotating (300 rpm) ChemoMet 
(JH Technologies) surface with an alumina slurry for two minutes with 2 lbs. of applied pressure, 
followed by rinsing with reagent-grade water. This process was repeated in sequence using 1.0 μm, 
0.3 μm, and 0.05 μm alumina slurries, each on a different ChemoMet plate. Finally, the electrodes 
were sonicated twice in reagent grade water. In order to increase the surface area and expose more 
quinone moieties, glassy carbon button electrodes were anodized via potentiostatic electrolysis at 
3.5 V vs RHE for 10 seconds in 0.1 M NaOH. Electrodes were subsequently washed with copious 
amounts of reagent grade water and EtOH and dried in vacuo prior to electrochemical evaluation 
or further functionalization. Electrodes that were anodized in this way are referred to as GCox.  
 
Preparation of CH-MTPP electrodes 
 
This procedure modifies a literature protocol.1-4 Inside a nitrogen filled glovebox, a septa-capped 
vial was charged with GCox electrodes and 12 mL of dry toluene.  The vial was removed from the 
glovebox and, via syringe, 3 mL of SOCl2 (TCI, >98.0 %) was added and the vial heated to 120 
°C for 1 h.  Upon cooling to room temperature, the solution was removed via syringe (Caution: if 
not cooled fully, the vial will be pressurized) and the vial was brought back into the glovebox. The 
electrodes were washed by sequential submersion in two vials of dry toluene, and were then 
transferred to a clean vial. To the electrodes was added 8 mL of dry toluene and 4 mL of a 1:1 
mixture of dry CH2Cl2 and dry pyridine which contained ~2.5 mg of either cobalt or free-base 
trans-4-amino-N-(4-(10,15,20-triphenylporphyrin-5-yl)phenyl)cyclohexane-1-carboxamide. The 
vial was sealed, removed from the glovebox and heated to 120 °C for 3 hours.  Upon cooling, the 
electrodes were washed with copious amounts of toluene, then DMF and then MeOH. The 
electrodes were dried in vacuo and stored in a vial under ambient conditions prior to 
electrochemical studies or surface characterization. 
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Preparation of CH-MTPP on high surface area carbon 
 
Prior to use, Monarch 1300 (Cabot Corp.) was washed according to the literature.5 Briefly, under 
an inert atmosphere, Monarch 1300 powder was washed in a Soxhlet extractor with EtOH and o-
dichlorobenzene for 24-72 h each, then dried in vacuo. To a 40 mL scintillation vial charged with 
a stir bar was added 200 mg of washed Monarch 1300. The vial was placed under an atmosphere 
of argon and 15 mL of dry toluene was added. 3 mL of SOCl2 was added via syringe and the vial 
was heated to 120 °C. The mixture was stirred for one hour, then brought into a N2-filled glovebox. 
The carbon powder was collected on a filter paper using a Hirsch funnel and washed with 4 by 5 
mL of dry toluene. The carbon powder was dried by pulling gentle vacuum through the filtration 
apparatus and then was transferred to a clean vial charged with a stir bar. To the vial was added 12 
mL of dry toluene and 3 mL of dry pyridine containing 10 mg of CoPorNH2. The vial was sealed, 
removed from the glovebox, and heated to 120 °C for 3 hours. Upon cooling, the carbon was 
collected on filter paper in a Hirsch funnel. The powder was washed with toluene, DMF, and 
MeOH. The powder was transferred to a thimble and washed in a Soxhlet extractor with EtOH for 
14 h then CH2Cl2 for 14 h. Elemental analysis: C, 89.95; H, 0.82; N, 1.02; Co, 0.12.  Elemental 
analysis of unfunctionalized Monarch 1300 yields a native nitrogen percentage of 0.25%.  
Controlling for the native nitrogen content yields a N:Co ratio of 27:1, consistent with excess 
incorporation of nitrogen content by reaction of pyridine with reactive carbon chloride species 
generated by the SOCl2 treatment. 
 
 
X-ray photoelectron spectroscopy. 
 
X-ray photoelectron spectra of CH-MTPP were recorded using a Physical Electronics PHI 
Versaprobe II with a monochromatic aluminum Kα X-ray source (1486.6 eV) and a hemispherical 
energy analyzer.  Spectra were collected by fixing the glassy carbon buttons to the support platen 
with conductive carbon tape. Data were collected at a base pressure of 5 × 10-9 torr using a 200 
μm, 50 W focused beam at a take-off angle of 45°. Survey spectra were collected using a pass 
energy of 187.85 eV and a step size of 0.8 eV.  High energy resolution scans that were used for 
peak fitting were collected with a pass energy of 23.50 eV and a step size of 0.1 eV. All 
quantification was performed using MultiPak software. Each spectrum was smoothed with a 7-
point Savitzky-Golay method prior to quantification. 
 
Peak fitting was performed in CasaXPS. All scans were smoothed with a 5-point Savitzky-Golay 
method and referenced to the graphitic C 1s peak (284.3 eV) of glassy carbon. The N 1s peak 
manifolds of all compounds were fit with a Shirley-type background and fit with 
Gaussian/Lorentzian line-shapes of 30% Gaussian shape. The Co 2p peak manifolds were fit with 
a linear background and an asymmetric peak shape comprising a Gelius profile convoluted with a 
Gaussian/Lorentzian obtained in CasaXPS by inputting A(0.35,0.8,0)GL(30) in the entry for Line 
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Shape in the peak fitting window. This procedure was used to produce the data in Figures 2a, 2b, 
S1, S2, and S19. 

 

X-ray absorption spectroscopy.  
 
X-ray absorption measurements of high surface area CH-CoTPP were conducted at the Co K-edge 
(7.708 keV) at Beamline 8-ID Inner Shell Spectroscopy (8-ID) at the National Synchrotron Light 
Source-II at Brookhaven National Laboratory. Measurements were collected in fluorescence mode 
using a Si (111) cryogenically cooled double crystal monochromator, a Fe filter and a Passivated 
Implanted Planar Silicon (PIPS) diode detector. An ionization chamber detector was used for the 
incident beam. 
 
Samples were prepared by grinding into a powder that was subsequently pressed into a pellet. The 
pellet was mounted on a piece of Kapton tape. The molecular standards were diluted by grinding 
with boron nitride. CH-CoTPP was not diluted. All spectra of molecular standards were obtained 
at room temperature under air. EXAFS and XANES data were processed using the Horae suite of 
analysis. EXAFS were processed using data within the range k = 2 to k = 12 using a Hanning 
window. The data were k3-weighted. The R-space data is not phase corrected. The EXAFS data 
are presented in Figure 2c and the XANES are presented in Figure 2d. 
 
 

Determination of catalyst surface concentration 
 
General methods for inductively coupled plasma – mass spectrometry (ICP-MS) 
 
Spectra were collected using an Agilent 7900 ICP-MS. A calibration curve was generated from 
aqueous 2% nitric acid solutions containing known concentrations of Co.  Erbium (Ricca Chemical 
Company, 1000 ppm in 3% HNO3) was used as an internal standard in the calibration curve and 
samples. The calibration solution series were prepared by serial dilution of a Co standard solution 
(Fluka, TraceCERT 1000 ppm in 2% HNO3) with 2% nitric acid (EMD Millipore, 
OmniTraceUltra). All volumetric flasks were soaked in aqua regia and rinsed with copious 
amounts of reagent grade water prior to use. Solutions, if not used immediately, were stored in air-
tight plastic containers and shielded from light. 
 
Determination of the ratio of integrated charge to the surface Co concentration for GCC-CoTPP 
 
Prior to digestion for ICP-MS, cyclic voltammograms of CH-CoTPP modified glassy carbon 
electrodes were collected in 0.1 M TBAPF6 in MeCN under N2. Voltammograms were initiated at 
the open circuit potential (OCP) and swept reductively, cycling three times. The third sweep was 
used for integration. The redox feature centered at −0.76 V vs Fc*+/Fc* was assigned to the surface 
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Co(II/I) redox couple and was integrated to determine the charge passed. Following cyclic 
voltammetry, each electrode was left in the PTFE holder used for electrochemistry and carefully 
placed in a 15 mL plastic centrifuge tube containing ca. 1 mL HNO3 (OmniTraceUltra EMD 
Millipore) such that the acid only made contact with the holder and the face of the button electrode 
which had been exposed to electrolyte. This method ensured that only the surface of the button 
analyzed electrochemically was digested. The electrodes were soaked overnight (~14 h) followed 
by dilution to a final volume of 25.00 mL by addition of reagent grade water. The concentration 
of Co in the resulting solutions was measured by ICP-MS. The integrated charge in the Co(II/I) 
wave was converted to moles of electrons by dividing by Faraday’s constant. The measured cobalt 
surface concentration was divided by the integrated charge quantities for each electrode to obtain 
the Co/e− ratio of 1.05 ± 0.07 reported in the main text.  
 
Determination of Co surface concentration in CH-CoTPP  
 
The above Co/e− ratio, to the nearest integer value, was used along with the integrated charge in 
the non-aqueous Co(II/I) waves to determine the Co surface concentration of all subsequently 
prepared CH-CoTPP electrodes using the following equation: 
 

Γ =
𝑄 ( / )

𝑅 / 𝐹
 

 
where ΓCo is the surface coverage of cobalt in mol, QCo(II/I) is the integrated charge of the Co(II/I) 
wave, RCo/e−  is the experimentally determined ratio of cobalt to electrons rounded to the nearest 
integer, F is Faraday’s constant. 
 

 
Assessment of H2 Reduction Activity.  
 
Calculation of overpotential in acetonitrile electrolyte. 
 
The overpotential for a given reaction is the difference between the applied potential at which a 
given electrochemical process occurs and the thermodynamic potential for that process.6 However, 
the overpotential is distinct from the driving force for a reaction which depends on the reaction 
mechanism and is calculated from standard quantities.7 For a proton-coupled reaction, the driving 
force depends explicitly on the pKa of the proton donor. Since calculation of the driving force 
requires knowledge of the full mechanistic sequence7 and because reaction rates have been 
observed to follow a linear scaling relationship with effective overpotential for a given family of 
catalysts,8 we discuss the trends for effective overpotential and the donor pKa in the main text. 
Here, the effective overpotential is set by the difference between the reduction potential of the 
catalyst and the thermodynamic potential for the reaction.8 What follows is a calculation of the 
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thermodynamic potential for H2 evolution (ERHE) in MeCN and the use of that value to estimate 
the effective overpotential (and not the driving force) for HER by CH-CoTPP. 
 
The reversible hydrogen electrode potential, E°RHE, in MeCN under 1 atm of H2 has been 
previously measured9 and found to be −0.028 ± 0.008 V vs Fc+/0, which is equivalent to 0.477 ± 
0.008 V vs Fc*+/Fc*. In addition, ERHE has been shown to shift Nernstianly with proton donor 
pKa.9 In acetonitrile, ERHE can be calculated from:10 

 

𝐸 = 𝐸° +  
𝑅𝑇

𝑛𝐹
ln (

[𝐻 ]

𝑃
) 

 
where E°RHE is the literature value on a Fc*+/Fc*scale, R is the gas constant, T is 25 °C, F is 
Faraday’s constant, n is 1 and PH2 is 1 atm. Homoconjugation can significantly shift the 
concentration of proton donor but use of buffered solutions where the concentration of proton 
donor and conjugate base are equal removes this complication and the equation simplifies to the 
following:10 

 
𝐸 = 0.477 +  0.059 × 𝑝𝐾  

 
Thus, ERHE and the effective overpotential for a given donor was estimated using the above 
equation, the known pKa of the employed proton donor and the measured E1/2(CoII/I) value for the 
catalyst in MeCN. Notably, the conversion of ln([H+]/PH2) to the pKa requires PH2 = 1 atm and the 
evaluation of catalysis in this work was not performed under H2. This distinction means that the 
calculated value of ERHE is offset from the true value under the reaction conditions by a constant 
value. However, since this offset is constant, this error does not impact the interpretation across 
the examined buffers discussed in the text. It should also be noted that evaluation of HER at 
overpotentials greater than 0.12 V is typically not impacted by the absence of H2.10 CH-CoTPP 
only catalyzes HER at overpotentials > 0.35 V. 

 
Evaluation of catalysis and lack thereof in non-aqueous media 
 
Catalysis in non-aqueous media was evaluated by measurement of cyclic voltammograms. 
Electrolyte was prepared immediately before use in a N2-filled glovebox. If experiments were not 
performed inside the glovebox, the electrochemical cell was purged with MeCN-saturated N2

 

immediately following addition of electrolyte. During all measurements, MeCN-saturated gas was 
passed through the headspace of the cell to avoid evaporation of the electrolyte. Electrodes were 
cycled in MeCN electrolyte containing 0.1 M TBAPF6 to establish the presence of the Co(II/I) 
surface feature. After these initial CVs, the relevant proton donor and conjugate base were 
dissolved using the electrolyte and added via syringe to the electrochemical cell to yield a final 
concentration of 25 mM for both acid and conjugated base. Catalysis was then evaluated by 
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recording cyclic voltammograms. In some cases, electrodes were initially cycled in 0.1 M NaOH 
prior to any evaluation in non-aqueous media with no change to the observed catalytic activity but 
with cleaner baselines to the CV background charging current. 
 
After all voltammograms were recorded for a given solution, the CH-CoTPP electrode was 
replaced with a freshly polished Au electrode, a small portion of Fc* was added and a CV was 
recorded.  
 
Evaluation of catalysis in aqueous media 
 
Prior to recording electrochemical data in aqueous media, CVs on each electrode were recorded in 
MeCN electrolyte containing 0.1 M TBAPF6 under N2 to measure the Co(II/I) redox couple. 
Integration of the charge passed in this wave was used to determine the surface cobalt 
concentration and turnover frequencies for each electrode. After these CVs, electrodes were rinsed 
with MeCN and dried in vacuo.  
 
Electrochemistry in aqueous media was then measured. Steady state data were collected via 
chronoamperometry across a series of potentials spanning the activation-controlled region. All 
measurements were recorded while the electrode was rotated at 2000 rpm unless otherwise noted. 
Chronoamperograms were collected in 25 mV increments from low to high potential (higher to 
lower overpotential) followed by the recollection of the lowest potential (highest overpotential). 
Each chronoamperogram was allowed to reach steady state (10 seconds) and the average current 
density over the last 5 seconds of data collection was used to determine the TOF at each potential. 
TOFs were calculated according to the following formula: 
 

𝑇𝑂𝐹 =  
𝑖

2000𝐹𝛤
 

 
Where i is the current in mA, ΓCo is the surface coverage of Co in mol, F is Faraday’s constant. 
The factor of 2000 accounts for H2 evolution being a two-electron process and for the conversion 
factor for dimensional analysis to change units from mA to A such that the TOFs have the unit of 
s−1. The procedure above was used to generate Figures S14-S19 and S21. Using the best fit lines 
from those figures, the potentials at which a TOF of 1 s−1 was determined and these values were 
used to generate Figure 8 in the main text. 
 
H/D kinetic isotope effect. 
 
HClO4 electrolytes (0.5 M) were prepared by adding 1.8 mL concentrated HClO4 (EMD Millipore, 
Suprapur) to 38.0 mL H2O or D2O (Cambridge Isotope Laboratories, Inc, 99.9%). To clearly 
demonstrate the H/D kinetic isotope effect (KIE) for H2 evolution at CH-CoTPP, we collected 
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cyclic voltammograms at 25 mV s−1 but quantified the KIE using Tafel data from steady state 
measurements. 
 
Since the D2O electrolyte was prepared with concentrated HClO4, it was only 97% D, so taking 
the ratio of the rate of HER in the H2O and D2O electrolytes does not fully measure the H/D KIE. 
We can solve for the KIE with 100% D2O as follows. Assuming independent H and D rate 
expressions, for any mixed H2O/D2O electrolyte, the rate expression is: 
 

𝑗 = 𝑗 + 𝑗  
 
in which jH represents the rate of the reaction from H3O+, jD represents the rate of the reaction from 
D3O+, and jtot represents the overall rate of the reaction. We can rewrite this expression as a 
function of the mole fraction of H+ in the electrolyte, which we here call “x:” 
 

𝑗 = 𝑗 (𝑥) + 𝑗 (1 − 𝑥) 
 
In H2O electrolyte, x = 1, so jtot = jH and we measure jH

 directly. We can then use this value to 
solve for jD in our experiments in which x = 0.03: 
 

𝑗 = 𝑗 (𝑥) + 𝑗 (1 − 𝑥) 
 

⇒ 𝑗 =
𝑗 − 𝑗 (𝑥)

(1 − 𝑥)
 

When x = 0.03: 

𝑗 =
𝑗 − 𝑗 (0.03)

(0.97)
 

 
At −0.64 V vs NHE, we found KIEs of 3.0 and 2.8 for two separate electrodes which averages to 
the value of 2.9 ± 0.1 reported in the main text. 
 
 
Synthesis and characterization of molecular precursors and model complexes.  
 
General synthetic methods 
 
Chromatography was performed using silica gel (60 Å, VWR high purity). All 1H and 13C NMR 
spectra were recorded on a Bruker 500 MHz, Bruker 600 MHz or a JEOL 500 MHz spectrometer. 
All chemical shifts are reported in ppm and are referenced to tetramethylsilane using the residual 
1H of deuterated solvents (typically, CH2Cl2 = 5.32) as internal standards. UV-Vis spectra were 
collected on a Cary 50 Scan spectrophotometer. Elemental analyses and ICP-MS on functionalized 
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Monarch were carried out by Robertson Microlit Laboratories, Inc., Ledgewood, NJ. Mass 
spectrometry was measured on a Bruker Autoflex Speed instrument equipped with a reflectron 
accessory.  Samples were loaded neat or mixed with H2TPP as an internal standard. The following 
compounds were prepared according to the literature: meso-tetraphenylporphyrin,4,11 cobalt meso-
tetraphenylporphyrin,4,12 cobalt chloride meso-tetraphenylporphyrin,4,13 and tetrabutylammonium 
chloroacetate.14 The TBA salts were all stored in a nitrogen filled glovebox. 

 
Scheme S1. Synthetic scheme for preparation of surface functionalization precursors. 
 
Tert-butyl (trans-4-((4-(10,15,20-triphenylporphyrin-5-yl)phenyl)carbamoyl)cyclohexyl) 
carbamate (1) 
This reaction is adapted from the literature.15 
Generation of the acyl chloride: To a round bottom flask charged with a stir bar was added 210 
mg of trans-4-((tert-butoxycarbonyl)amino)cyclohexane-1-carboxylic acid (0.86 mmol, TCI) and 
25 mL of hexanes. The mixture was stirred to aid dissolution. To this solution was added 0.34 mL 
of oxalyl chloride (4.02 mmol, Sigma Aldrich, 98 %) followed by 50 µl of DMF. Upon addition, 
a white solid immediately precipitated. The mixture was stirred for 1 h open to air. The mixture 
was then filtered through a fritted glass funnel and the solvent removed in vacuo to yield a white 
powder that was used immediately.  
 
Reaction with porphyrin amine: To a vial was added 70 mg of 5-(p-aminophenyl)-10,15,20-
triphenylporphine (0.11 mmol, Frontier Scientific) and 6 mg of 4-dimethylaminopyridine (0.04 
mmol). The vial was evacuated then placed under argon. Via syringe, 15 mL of dry dichloroethane 
(DriSolv, ≥99.9 %) and 0.16 mL of Et3N (1.15 mmol, Alfa Aesar, 99 %) were added. The solution 
was transferred via syringe to an argon-filled flask containing the acyl chloride and a stir bar. An 
additional 10 mL of dry dichloroethane was used to ensure full transfer of all material from the 
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vial to the flask. The mixture was stirred for 3 h then diluted to 50 mL with CH2Cl2 and washed 
with 0.1 M HCl (3 by 100 mL), then 0.1 M NaOH (3 by 100 mL) and then 100 mL DI water. The 
organic layer was collected, dried over Na2SO4, decanted and the solvent removed in vacuo. The 
residue was purified by silica column chromatography (1 in. by 8 in.) by running a gradient from 
CH2Cl2 to 1% MeOH in CH2Cl2. The major pink band was collected and the solvent removed in 
vacuo. The residue was dissolved in minimal CH2Cl2 (~3 mL), layered with MeOH (~15 mL) and 
left at −35 °C for 2-3 d. A fine purple solid was collected by filtration. Yield: 45 mg, 47%. We 
observed that this molecule protonates from trace water or acid in the NMR solvent which impacts 
the NMR spectra. If the solution was brown or green, we shook the NMR sample with a few grains 
of solid K2CO3 and Na2SO4 until pink to restore the spectrum. 1H NMR (600 MHz, CD2Cl2, δ): 
8.95-8.88 (m, 8H), 8.28-8.24 (m, 6H), 8.21 (d, 2H), 7.98 (d, 2H), 7.86-7.79 (m, 9H), 7.60 (s, 1H), 
4.55 (br. s, 1H), 3.54 (br. s, 1H), 2.37 (tt, 1H), 2.20 (m, 4H), 1.84 (m, 2H), 1.57 (s, 9H), 1.29 (m, 

2H), −2.79 (br. s, 2H). MALDI: 855.405 m/z found, 855.394 m/z expected for [C56H50N6O3+H]+. 
UV-Vis (CH2Cl2, λmax in nm): Soret at 419, Q-bands at 515, 551, 591, 646. Anal. Calcd. For 
C56H50N6O3·½H2O: C, 77.84; H, 5.95; N, 9.73. Found: C, 77.65; H, 5.67; N, 9.67. 
 
1H-NMR spectrum of 1: 
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trans-4-amino-N-(4-(10,15,20-triphenylporphyrin-5-yl)phenyl)cyclohexane-1-carboxamide 
(H2PorNH2) 
To a vial charged with a stir bar was added 23.7 mg of 1 (0.03 mmol) followed by 10 mL CH2Cl2 
and 0.2 mL TFA. The vial was stirred at room temperature. The reaction rate varied significantly 
(from 3 to 7 h). Progress was monitored by TLC (silica, 1:1 MeOH-CH2Cl2, product has extremely 
low Rf). Aliquots (~10 µl) were collected, diluted with ca. 0.1 mL CH2Cl2, and quenched with sat. 
aq. NaHCO3 prior to spotting. Additional portions of 0.1 mL TFA can be added to drive the 
reaction to completion. When TLC indicated full conversion, the reaction mixture was diluted to 
50 mL with CH2Cl2 and shaken with 50 mL sat. aq. NaHCO3 until the organic layer was pink. The 
aqueous layer and the purple material which formed at the interface were extracted with 25 mL 
portions of CH2Cl2 until the organic phase was minimally colored. All organic extracts were 
combined, dried over Na2SO4, decanted and dried in vacuo. Yield 21.7 mg, quantitative. We 
observed that this molecule protonates from trace water or acid in the NMR solvent which impacts 
the NMR spectra. If the solution was brown or green, we shook the NMR sample with a few grains 
of solid K2CO3 and Na2SO4 until pink to restore the spectrum. 1H NMR (600 MHz, CD2Cl2, δ): 
8.91-8.84 (m, 8H), 8.22 (d, 6H), 8.16 (d, 2H), 7.93 (d, 2H), 7.82-7.74 (m, 9H), 7.61 (s, 1H), 2.75 
(tt, 1H), 2.32 (tt, 1H), 2.12 (d, 2H), 2.02 (d, 2H), 1.75 (m, 2H), 1.21 (m, 2H), −2.83 (br. s, 2H). 
Amine protons not typically observed, may overlap with DCM peak. UV-Vis (CH2Cl2, λmax in 
nm): Soret at 419, Q-bands at 516, 551, 593, 646. MALDI: 754.3280 m/z found, 754.3420 m/z 
expected for [C51H42N6O]+. Anal. Calcd. for: C51H42N6O: C, 81.14; H, 5.61; N, 11.13. Anal. Calcd. 
for C51H42N6O·3H2O: C, 75.72; H, 5.98; N, 10.39. Found: C, 75.65; H, 5.43; N, 10.00. 
 
1H spectrum of H2PorNH2: 
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Cobalt (1r,4r)-4-amino-N-(4-(10,15,20-triphenylporphyrin-5-yl)phenyl)cyclohexane-1-
carboxamide (CoPorNH2) 
To a vial charged with a stir bar was added 17.5 mg of H2PorNH2 followed by 6 mL CH2Cl2. In a 
separate vial, 20 mg of cobalt (II) acetate tetrahydrate (mmol, Alfa Aesar puratronic 99.999%) was 
dissolved in MeOH. Both vials were sparged with argon for 15 min. The cobalt solution was 
transferred via syringe to the vial containing the porphyrin solution. The vial was heated to 30 °C 
for 24 h. The mixture was diluted to 15 mL with CH2Cl2 and washed with 2 by 10 mL DI water. 
A stable emulsion formed and was not collected with either wash. The organic layer was collected, 
dried over Na2SO4, decanted and dried in vacuo. Yield 12.7 mg, 67%. MALDI: 811.2197 m/z 
found, 811.2596 m/z expected for [CoC51H40N6O]+. UV-Vis (CH2Cl2, λmax in nm): Aggregation 
occurs and concentration dependence is observed in the spectra. There are two Soret peaks which 
interconvert as a function of concentration: 413 (more intense when concentrated) and 434 (more 
intense when dilute), the Q bands are at 536 (broad when concentrated), 548 (distinct when dilute) 
and 590, N band at 322. 
 
The MALDI spectrum of CoPorNH2 shows the measured isotopic manifold with the peak values 
labeled. The modelled spectrum is overlaid and those peaks are not labeled: 
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Table S1. Surface atomic concentrations derived from survey scans 
Sample % C (1s) % N (1s) % Co (2p) % Cl (2p) 

CH-CoTPP 80.0 ± 1.3  5.2 ± 0.5 0.4 ± 0.09 0.6 ± 0.2 
 
 
Table S2. Peak binding energies in eV 

CH-CoTPP 
Sample 

N 
1spyrrolic 

N 
1samide 

N 
1spyridinium 

Co 2p3/2 Co 2p1/2 

Pristine 398.5 399.7 401.4 779.9 795.1 
Post electrolysis pH 0.7 399.0 400.2 -- 779.9 795.2 
Post electrolysis pH 3.4 398.6 399.8 401.4 779.8 795.0 
Post electrolysis pH 6.4 398.8 400.2 -- 780.0 795.4 
Post electrolysis pH 8.9 398.7 400.0 401.8 779.9 795.2 
Post electrolysis pH 12.8 398.9 400.2 -- 779.8 795.1 
CoTPP (measured)a 398.8 -- -- 780.3 795.6 
CoTPP (literature)16 398.1 -- -- 779.8 --a 

a-some of these values were previously reported by us in reference 17. 

b-Not reported 
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Figure S1. Representative XPS survey spectrum of CH-CoTPP. Chlorine signal arises from the 
reaction of SOCl2 with the carbon surface during the functionalization treatment. 
 
 
 
 

 
Figure S2. Post-electrolysis high resolution N 1s XPS spectra of CH-CoTPP after both non-
aqueous and aqueous electrochemistry. The fit peaks corresponding to CH-CoTPP are in red while 
the fit peak in black is assigned as pyridinium that arises from the pyridine in the functionalization 
treatment. 
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Figure S3. Scan rate dependence of the Co(II/I) redox couple of CH-CoTPP recorded in 
acetonitrile containing 0.1 M TBAPF6. All scans were initiated by sweeping reductively. The right 
panel shows the background-subtracted peak current as a function of scan rate.  

 
 
 

 

 
Figure S4.  Chloride dependence of the Co(II/I) redox feature. Left: Peak position as a function of 
[Cl−] with line to guide the eye. Right: Cyclic voltammograms of CH-CoTPP in acetonitrile 
electrolyte containing 0.1 M TBAPF6 and varying concentrations of TBACl. The smaller size of 
the Co(III/II) couple is attributed to sluggish kinetics. The scans were recorded with a scan rate of 
100 mV s−1 and initiated by sweeping reductively. 
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Figure S5. Cyclic voltammograms of CH-CoTPP in acetonitrile containing 0.1 M TBAPF6 with 
addition of 25 mM each of proton donor and conjugate base. Left: Scans recorded at 100 mV s−1 
in the presence CH2ClCO2H and [TBA+][CH2ClCO2

−] Right: Scans recorded at 100 mV s−1 in the 
presence of AcOH and [TBA+][AcO−]. 
 

 
 
 

 
Figure S6. Cyclic voltammogram of glassy carbon electrode recorded in aqueous 0.1 M NaPi at 
pH 6.4 without (black) and with 1 mM CoClTSP (red). The scans were recorded at 100 mV s−1 
and were initiated by sweeping reductively. 
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Figure S7. Cyclic voltammogram of glassy carbon electrode recorded in aqueous 0.1 M NaOH 
without (black) and with 1 mM CoClTSP (red). The scans were recorded at 100 mV s−1 and were 
initiated by sweeping reductively. 
 
 
 
 

 
Figure S8. Cyclic voltammogram of glassy carbon electrode recorded in aqueous 0.1 M HClO4 
without (black) and with 0.3 mM CoClTSP (red). The scans were recorded at 100 mV s−1 and were 
initiated by sweeping reductively. 
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Figure S9. Cyclic voltammogram of glassy carbon electrode recorded in aqueous 0.1 M HClO4. 
 
 
 
 

 
Figure S10. Cyclic voltammogram of CH-H2TPP recorded in aqueous 0.1 M NaOH. The asterisks 
mark the feature at −0.75 V that is also observed for CH-CoTPP.  
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Figure S11. CVs of CH-CoTPP collected in MeCN containing 0.1 M TBAPF6 after HER catalysis 
in aqueous media at each of the indicated pH values. The presence of the Co(II/I) couples indicate 
that the CH-CoTPP does not decompose in aqueous media. The scan rate is 100 mV s−1 for each 
CV and all scans were initiated by sweeping reductively. 
 

 
 
 

 
Figure S12. CV of CH-CoTPP in aqueous 0.1 M NaOH containing 0.1 M pyridine. The scan rate 
is 100 mV s−1 and the scan was initiated by sweeping reductively. 
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Figure S13. Mixtures of CoTPP with various solvents. All mixtures were sonicated for 30 seconds 
then allowed to settle. The color difference between acetonitrile and the 3 M pyridine in water 
likely arises from axial ligation of the CoTPP. 
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Figure S14.  Potentiostatic Tafel data for CH-CoTPP collected in aqueous 0.5 M HClO4. The 
black data points were collected in order of increasing potential (decreasing overpotential), and 
the red data point was collected at the end of the run. The similarity between the first point collected 
and the red point suggest that there is no significant irreversible change in activity over the course 
of data collection. Data were measured while the electrode was rotated at 2000 rpm. The slope of 
the linear fit line is 111 mV dec−1 and the error bars correspond to the standard deviation of 
measurements on two separate electrodes. 
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Figure S15.  Potentiostatic Tafel data for CH-CoTPP collected in aqueous 0.1 M sodium formate. 
The black data points were collected in order of increasing potential (decreasing overpotential), 
and the red data point was collected at the end of the run. The similarity between the first point 
collected and the red point suggest that there is no significant irreversible change in activity over 
the course of data collection. Data were measured while the electrode was rotated at 2000 rpm. 
The slope of the linear fit line is 89 mV dec−1 and the error bars correspond to the standard 
deviation of measurements on two separate electrodes. 
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Figure S16.  Potentiostatic Tafel data for CH-CoTPP collected in aqueous 0.1 M sodium 
phosphate. The black data points were collected in order of increasing potential (decreasing 
overpotential), and the red data point was collected at the end of the run. The similarity between 
the first point collected and the red point suggest that there is no significant irreversible change in 
activity over the course of data collection. Data were measured while the electrode was rotated at 
2000 rpm. The slope of the linear fit line is 84 mV dec−1 and the error bars correspond to the 
standard deviation of measurements on two separate electrodes. 
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Figure S17.  Potentiostatic Tafel data for CH-CoTPP collected in aqueous 0.1 M sodium borate. 
The black data points were collected in order of increasing potential (decreasing overpotential), 
and the red data point was collected at the end of the run. The similarity between the first point 
collected and the red point suggest that there is no significant irreversible change in activity over 
the course of data collection. Data were measured while the electrode was rotated at 2000 rpm. 
The slope of the linear fit line is 156 mV dec−1 and the error bars correspond to the standard 
deviation of measurements on two separate electrodes. 
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Figure S18.  Potentiostatic Tafel data for CH-CoTPP collected in aqueous 0.1 M NaOH. The black 
data points were collected in order of increasing potential (decreasing overpotential), and the red 
data point was collected at the end of the run. The similarity between the first point collected and 
the red point suggest that there is no significant irreversible change in activity over the course of 
data collection. Data were measured while the electrode was rotated at 2000 rpm. The slope of the 
linear fit line is 103 mV dec−1 and the error bars correspond to the standard deviation of 
measurements on two separate electrodes. 
 
 
 
 

Figure S19. Potentiostatic Tafel data measured in aqueous acidic and basic media with and without 
electrode rotation. That the points overlay suggest that the data are not transport limited. 
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Figure S20. Post-electrolysis high resolution XPS scans of the Co 2p of CH-CoTPP after HER 
catalysis in aqueous buffers at the indicated pH values. The vertical red dashed lines indicate the 
literature value for the 2p3/2 and 2p1/2 peaks for Co(0).18 

 
 
 
 

 
Figure S21. Potentiostatic Tafel data for two CH-CoTPP electrodes collected in 0.5 M HClO4 in 
either H2O (filled squares) or D2O (open squares). Each panel contains data for a single electrode. 
The data points were collected in order of increasing potential (decreasing overpotential). 
 
 
 
 



S29 
 

References 
 

1. Lennox, J. C.; Murray, R. W. Chemically modified electrodes. 10. Electron Spectroscopy 
for Chemical Analysis and Alternating Current Voltammetry of Glassy Carbon-Bound 
Tetra(aminophenyl)porphyrins. J. Am. Chem. Soc. 1978, 100, 3710-3714. 

2. Rocklin, R. D.; Murray, R. W. Chemically modified carbon electrodes: Part XVII. 
Metallation of Immobilized Tetra(aminophenyl)porphyrin with Manganese, Iron, Cobalt, 
Nickel, Copper and Zinc, and Electrochemistry of Diprotonated Tetraphenylporphyrin. J. 
Electroanal. Chem. 1979, 100, 271-282. 

3. Jester, C. P.; Rocklin, R. D.; Murray, R. W. Electron Transfer and Axial Coordination 
Reactions of Cobalt Tetra(Aminophenyl)Porphyrins Covalently Bonded to Carbon 
Electrodes. J. Electrochem. Soc. 1980, 127, 1979-1985. 

4. Kaminsky, C. J.; Wright, J.; Surendranath, Y. Graphite-Conjugation Enhances Porphyrin 
Electrocatalysis. ACS Catal. 2019, 9, 3667–3671. 

5. Fukushima, T.; Drisdell, W.; Yano, J.; Surendranath, Y. Graphite-Conjugated Pyrazines as 
Molecularly Tunable Heterogeneous Catalysts. J. Am. Chem. Soc. 2015, 137, 10926–
10929. 

6. Gileadi, E. Physical Electrochemistry: Fundamentals, Techniques and Applications; 
Wiley-VCH: Weinheim, Germany, 2011. pp. 55-57. 

7. Costentin, C.; Savéant, J.-M. Homogeneous Molecular Catalysis of Electrochemical 
Reactions: Manipulating Intrinsic and Operational Factors for Catalyst Improvement. J. 
Am. Chem. Soc. 2018, 140, 16669-16675. 

8. Pegis, M. L.; McKeown, B. A.; Kumar, N.; Lang, K.; Wasylenko, D. J.; Zhang, X. P.; 
Raugei, S.; Mayer, J. M. Homogenous Electrocatalytic Oxygen Reduction Rates 
Correlate with Reaction Overpotential in Acidic Organic Solutions. ACS Cent. Sci. 2016, 
2, 850-856. 

9. Roberts, J. A. S.; Bullock, R. M. Direct Determination of Equilibrium Potentials for 
Hydrogen Oxidation/Production by Open Circuit Potential Measurements in Acetonitrile. 
Inorg. Chem. 2013, 52, 3823–3835. 

10. Appel, A. M.; Helm, M. L. Determining the Overpotential for a Molecular Electrocatalyst. 
ACS Catal. 2014, 4, 630-633. 

11. Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, J.; Korsakoff, L. A 
Simplified Synthesis for meso-Tetraphenylporphine. J. Org. Chem., 1967, 32, 476. 

12. Adler, A. D.; Longo, F. R.; Kampas, F.; Kim, J. On the Preparation of Metalloporphyrins. 
J. Inorg. Nucl. Chem. 1970, 32, 2443-2445. 

13. Sakurai, T.; Yamamoto, K.; Naito, H.; Nakamoto, N. The Crystal and Molecular Structure 
of Chloro-α,β,γ,δ-tetraphenylporphinatocobalt(III). Bull. Chem. Soc. Jpn. 1976, 49, 3042-
3046. 

14. Young, E. R.; Rosenthal, J.; Nocera, D. G. Spectral Observation of Conversion between 
Ionized vs. Non-Ionized Proton-Coupled Electron Transfer Interfaces. Chem. Commun. 
2008, 2322-2324. 

15. Ward, D. E.; Rhee, C. K. A Simple Method for the Microscale Preparation of Mosher's 
Acid Chloride. Tetrahedron Lett. 1991, 32, 7165-7166. 

16. Karweik, D. H.; Winograd, N. Nitrogen Charge Distributions in Free-Base Porphyrins, 
Metalloporphyrins, and their Reduced Analogs Observed by X-Ray Photoelectron 
Spectroscopy. Inorg. Chem. 1976, 15, 2336-2342. 



S30 
 

17. Kaminsky, C. J.; Wright, J.; Surendranath, Y. Graphite-Conjugation Enhances Porphyrin 
Electrocatalysis. ACS Catal. 2019, 9, 3667-3671. 

18. McIntyre, N. S.; Cook, M. G. X-ray photoelectron studies on some oxides and hydroxides 
of cobalt, nickel, and copper. Anal. Chem. 1975, 47, 2208-2213. 

 


