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Abstract 

The attachment of molecular species to conductive carbon electrodes is attracting attention as one 

strategy for developing high-performance functional materials for a large variety of 

electrochemical energy storage and conversion applications. It is critical to the optimal design of 

these materials that there is a fundamental understanding of how these functionalized molecular 

species interact with the electrical double layer at the electrode|electrolyte interface.  In this work, 

we investigate the aqueous electrochemical behavior of glassy carbon electrodes that were 

functionalized with 1-aminoanthraquinone-2-sulfonic acid (AAQS) via two conjugation 

techniques: amide coupling and radical-mediated diazonium reduction. The two conjugation 

routes gave rise to electrodes with distinct redox potential vs pH (i.e., Pourbaix) slopes, suggestive 

of distinct proton-coupled electron transfer (PCET) energetics. We relate measured Pourbaix slope 

to the electrostatic potential drop experienced by the quinone. Additionally, using a simple 

multilayer dielectric model of the double layer, we show how differing PCET energetics as a 

function of AAQS conjugation mode  and electrolyte concentration can be explained in large part 

by differing distances between the ketone moiety in each quinone and the electrode, and thus 

differing driving forces for interfacial electric field-driven protonation of each quinone. Our results 

highlight the potential for the use of PCET thermochemistry to map out the electric 

field/electrostatic potential profile at electrode|electrolyte interfaces which is of relevance to many 

emerging electrochemical technologies.  

Keywords: quinone, electrical double layer, covalent conjugation, proton-coupled electron 

transfer (PCET) 

Introduction  

Electrodes functionalized with molecularly well-defined reactive/catalytic species have become 

attractive for promoting a wide variety of electrochemical energy conversion processes or systems, 

such as electrocatalytic CO2 and O2 reduction, as well as metal-sulfur and redox-flow batteries.1-5 

Critical to the performance of these electrodes is the interaction between the electric field, and the 

molecular species at the electrical double layer (EDL). Nevertheless, elucidating the 

potential/electric field experienced at the functionalized interface is challenging.  

 

It has been shown, however, that the voltammetric response of electrodes functionalized with acid-

base groups – either Brønsted species or redox-active molecules capable of proton-coupled 

electron transfer (PCET) – is sensitive to the energetics of proton transfer. These energetics are in 

turn a function not only of the pH of the electrolyte and pKa of the protonated species, but also the 



2 
 

electrostatic potential. Consequently, by positioning such an electro-active group close to the 

surface of the electrode (i.e. within the EDL) and measuring its pH-dependent voltammetry, one 

can make inferences about the electrostatic potential/interfacial electric field profile at the 

electrode|electrolyte interface. This strategy has been applied to interpreting the capacitive 

behavior of gold electrodes coated with self-assembled monolayers (SAMs) of acid-terminal alkyl 

chains.6,7 A number of recent studies have coupled pH-dependent SAM voltammetry with indirect 

measurements of electric field effects via spectroscopy.8-10 

 

An alternative system for studying electrostatic effects at aqueous electrolyte|electrode interfaces 

is that of the quinone-functionalized electrode. Quinones are PCET-active, and their intrinsic pKa 

and redox properties are widely tunable via substitution, making them a rich platform for exploring 

the relationship between EDL structure and proton-transfer energetics. Anthraquinones in 

particular have received considerable attention in this regard: several studies have explored 

variations in their kinetic properties and formal potential vs pH (i.e., Pourbaix) behavior upon non-

covalent attachment to gold,11-13 mercury14,15, carbon16-19 and indium tin oxide5 electrodes. In all 

cases, PCET behavior is preserved upon quinone immobilization, but it is also typically observed 

that the electrode-bound quinone has an apparently stronger proton affinity (higher pKa) than its 

dissolved analogue, as evinced by a more negative average Pourbaix slope. This change in 

Pourbaix behavior has been attributed to a decrease in the local dielectric constant of water, from 

78 in bulk solution to an effective value between 8 and 16 within the EDL, where the dense 

molecular film resides. This decrease in dielectric constant limits the ability of the electrolyte to 

effectively screen the electrode’s surface charge, and therefore a strong electric field is felt at the 

quinone’s redox center, which augments the chemical driving force for protonation of its reduced 

form.14 Similar changes in Pourbaix behavior have been observed upon covalent conjugation of 

quinone to glassy carbon electrode via diazonium reduction.20  

 

Because the Pourbaix slope at a given pH is quantitatively related to the balance between 

protonated and deprotonated forms of the reduced quinone, it follows that changes in Pourbaix 

slope as a result of quinone immobilization also reflect variations in the electrostatic potential 

experienced by the quinone within the EDL. In principle, then, by varying the position of a quinone 

within the EDL and measuring the resultant Pourbaix behavior, one might be able to quantitatively 

elucidate the electrostatic potential profile at a given electrode|electrolyte interface.   

 

In this work, we demonstrate that the method of conjugating a quinone to a carbon electrode can 

significantly alter its PCET behavior in a manner that is explicable based on the quinone’s position 

within the EDL. In particular, we examine the PCET behavior of glassy carbon electrodes 

functionalized with 1-aminoanthraquinone-2-sulfonic acid (AAQS) via either amide coupling 

(Scheme 1a), facilitated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), (GC-EDC-

AAQS), or radical-mediated diazonium reduction (Scheme 1b, GC-AAQS). GC-AAQS was found 

to have a more negative average Pourbaix slope than GC-EDC-AAQS, which exhibited similar 

Pourbaix behavior to its dissolved (molecular) analogue. The Pourbaix slope of GC-AAQS was 

also found to be more negative with decreasing electrolyte concentration. We attribute the more 

negative Pourbaix slope in GC-AAQS to the quinone being closer to the GC surface, and thus 
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exposed to stronger attractive electric field for protons. We determine how the measured Pourbaix 

slope is quantitatively related to the magnitude of the potential drop between the quinone and bulk 

solution. Lastly, using a simple multilayer dielectric (Gouy-Chapman-Stern) model of the EDL, 

we demonstrate how changes in the potential drop – and thus Pourbaix slope – as a result of 

variations in the electrolyte concentration, and distance between the ketone moiety and the GC 

surface, rationalize experimental trends. Our results highlight the potential for the use of PCET 

thermochemistry to map out the electric field/electrostatic potential profile at electrode|electrolyte 

interfaces of relevance to many emerging electrochemical technologies.  

 

Methods 

1-aminoanthraquinone-2-sulfonic acid, potassium permanganate (99%), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (97%), sulfuric acid (98%), acetic acid (99%), sodium 

monobasic phosphate (99%), sodium dibasic phosphate (99%), phosphoric acid (85%) and 

carbonate-bicarbonate buffer were purchased from Sigma Aldrich and used as received. 

Hydrochloric acid (37 wt. %) was purchased from Fisher and also used as received. Glassy carbon 

(GC) and edge plane pyrolytic graphite (EPPG) disks 5 mm in diameter were purchased from Pine 

Research and polished before oxidative treatment in potassium permanganate solution.  

Amide- and Radical-Mediated Coupling of AAQS to Carbon 

Prior to functionalization, each GC or EPPG electrode was polished successively on a series of 

polishing papers with roughness ranging between 5 μm and 0.3 μm for roughly 2 min each, and 

then rinsed thoroughly with deionized water (18.2 MΩcm).  

 

The procedure for the synthesis of GC covalently bound to AAQS via an amide bond (Scheme 1a) 

is adapted from Holm et al.21 The surface of GC was first chemically oxidized via immersion in 

25 mM KMnO4 (Sigma Aldrich) in a 1 M H2SO4 solution for 3 hours.22 This procedure is expected 

to increase the surface concentration of carboxylic acid groups, which will then serve as  sites for 

amide coupling in the next step.21 The electrode was then washed with copious amounts of 0.1 M 

HCl to remove any MnO2 precipitate, sonicated in deionized water for 2 minutes, and then dipped 

into a continuously stirred solution of 20 mM EDC in dichloromethane. After 30 minutes of 

stirring, 10 mM of AAQS was added. The reaction between the carboxylic acid groups and AAQS 

was allowed to proceed for 21 hours at room temperature, after which the electrode (now denoted 

GC-EDC-AAQS) was rinsed and sonicated in acetonitrile to remove weakly bound or otherwise 

physisorbed species.  

 

The protocol for the fabrication of GC or EPPG electrodes covalently bound to AAQS via radical-

mediated coupling (GC-AAQS and EPPG-AAQS) was adapted from several literature 

reports18,20,23,24 in which an aromatic amine is first converted to a diazonium salt by reaction with 

a nitrite, and then reduced to form a radical.23,25 This method has been used for the covalent 

grafting of various substrates to a wide range of molecules ranging from quinones to glycol-

proteins.26-31 Graphitic edge sites have been shown to be more active than the basal plane of carbon 
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for radical-mediated grafting.32,33 Therefore, to promote the formation of the former in GC, each 

disk was first immersed in 25 mM KMnO4 in 1 M H2SO4 for 3 hours and rinsed further to remove 

MnO2 precipitate. Diazotization of AAQS was conducted as follows. 10 mM of AAQS was 

dissolved in a 0.5 M HCl solution and left to stir until completely dissolved. 10 mM of NaNO2 

was then added to the AAQS solution to form the diazonium salt. The electrode was then immersed 

into the solution and a reducing potential of -0.5 V vs. Ag/AgCl was applied for ~ 25 min. CV 

measurements were recorded in buffer solutions subjected to ~5 mins of degassing with nitrogen 

gas. We also subjected EPPG to this procedure, because it has a high concentration of active sites 

for diazonium reduction.28  

 

 

 

Each conjugated GC electrode was sonicated in water to eliminate physisorbed species. All cyclic 

voltammograms were recorded on a CHI 7013e potentiostat. For Pourbaix analysis, buffer 

solutions with varied ionic strengths were prepared (see SI for details on buffer composition).  

 

X-ray Photoelectron Spectroscopy (XPS) Measurements 

XPS measurements were carried out on a Kratos Axis Ultra DLD spectrometer with a 

monochromatic Al Kα excitation source. Samples were placed on an indium tin oxide (ITO) sample 

a) 

b) 

Scheme 1. Reaction schemes showing (a) chemical oxidation of GC electrode to increase superficial 

population of -COOH groups, followed by dehydrative coupling with AAQS to form GC-EDC-AAQS in 

the presence of EDC and (b) diazonium salt formation from AAQS and radical-mediated diazonium 

reduction to form GC-AAQS 
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holder covered with copper tape before transfer to the XPS vacuum chamber. Before data 

collection, the chamber was evacuated to ~2 × 10-8 Torr. XPS data were collected at an incidence 

angle of 54.7° relative to the analyzer axis. Survey scans (0 – 1200 eV), were collected at pass 

energy of 160 eV with a 1 eV step size and 5 spectral sweeps. High-resolution core scans for 

carbon, oxygen, nitrogen and sulfur were then recorded. Peak fittings were done in CasaXPS with 

a Shirley baseline and equal constraints for the full width at half max for each fitting until all peaks 

were fully resolved. All species were charge corrected with reference to main carbon 1s peak at 

248.8 eV. 

Results & Discussion 

Derivatization of Carbon Electrodes 

GC electrodes were covalently functionalized with AAQS via two distinct methods (Scheme 1) 

that have been previously described in the literature: (1) diazotization and coupling via radical-

mediated diazonium reduction,28,31,34-36 and (2) dehydrative coupling to carboxylic acid groups on 

chemically oxidized GC in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC).21,22 The resulting electrodes are denoted GC-AAQS and GC-EDC-AAQS, respectively. 

These different derivatization methods were expected to result in different AAQS structures at the 

electrode-electrolyte interface, and thus different potential drops between the redox-active quinone 

moieties and the GC surface, which would result in distinct PCET (Pourbaix) thermochemistry. 

AAQS is an ideal molecular motif for these studies because its sulfonic acid functional group 

confers aqueous solubility to the molecule; this makes Pourbaix analysis of the dissolved form 

possible and the primary amine group permits the attachment of AAQS to carbon.  

 

In the procedure for fabricating GC-AAQS, the oxidative treatment promotes the formation of sp3-

type and oxidized species on carbon after this treatment. This is supported by X-ray photoelectron 

spectroscopy (XPS) measurements (Figure S1). As shown in Scheme 1b, the addition of NaNO2 

to AAQS resulted in the conversion of the amine to a diazonium salt. A slight color change from 

a deep to milky orange was observed after the addition of NaNO2 (Figure S2), and measurement 

of the solution’s optical absorbance via UV-vis spectroscopy showed the disappearance of the 

broad absorbance peak of AAQS at 480 nm, consistent with the formation of an anthraquinone-

based diazonium salt.37 Electrochemical reduction of the diazonium group was intended to 

neutralize the diazonium group, resulting in the release of N2 and formation of a radical that could 

bind strongly and irreversibly to the carbon surface (see Scheme 1b). However, no reduction peaks 

were observed at potentials higher than the redox potential of the quinone (Figure S3), which is 

where irreversible diazonium reduction tends to occur.20,23 We therefore believe a spontaneous 

chemical reduction is likely to be responsible for the formation of GC-AAQS, which is known to 

result in a weaker covalent bond between GC and AAQS relative to what is expected for binding 

initiated by electrochemical reduction.18,19,27,34 
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Figure 1. CVs for pristine (unmodified) GC (dotted lines), a) GC-EDC-AAQS and b) GC-AAQS in 1 M 

H2SO4. No redox activity observed on unconjugated GC electrode 

 

Cyclic voltammogram (CV) measurements of GC-EDC-AAQS and GC-AAQS in 1 M H2SO4 

(Figure 1) revealed redox peaks (as calculated from the midpoint between the voltages of peak 

anodic and cathodic current) centered on -0.12 V and -0.14 V vs Ag/AgCl respectively. These 

peaks are not present in an unmodified GC electrode; we therefore attribute them to 2H+, 2e- 

PCET involving the quinone. CVs on GC-AAQS and GC-EDC-AAQS taken at different scan 

rates are consistent with the quinone moiety being attached to the GC surface rather than 

dissolved in solution. Specifically, in both cases, peak currents were linearly proportional to the 

scan rate in 1M H2SO4 (Figure S4); this linear relationship is retained in 1 M KOH as well (Figure 

S5). For dissolved AAQS, peak current was proportional to the square root of scan rate under 

acidic and alkaline conditions (Figure S6), as is expected for a mass-transport-limited redox 

reaction. We estimated quinone surface coverage from the anodic Faradaic charge at each scan 

rate for CVs taken in 1 M H2SO4 and 1 M KOH (Figure S7). The area under the redox peak was 

calculated using the “peak and baseline” function in Origin. With this option, one can draw a 

baseline that matches the slope of the capacitive current on either side of a given redox peak. This 

artificial baseline was then subtracted from the raw CV and the resulting area under the peak is 

calculated as the Faradaic charge. At 100 mV/s in 1 M H2SO4, this procedure yielded nominal 

quinone surface coverages (Г) of 1.68 ×10-9 and 6.48 ×10-10 mol/cm2 for ГGC-AAQS and ГGC-EDC-

AAQS, respectively. These values are consistent with each electrode being covered by a statistical 

monolayer of AAQS; estimates for the surface coverage of close-packed phenyl groups on a 

planar carbon surface range between 6.5 ×10-10 and 1.4 ×10-9 mol/cm2.31,38 Nevertheless, our 

measured surface coverage values are likely overestimates of the true coverage, as the GC surface 

is not atomically flat, meaning its actual surface area is greater than its geometric area. It is also 

worth noting that our CV and spectroscopic data cannot entirely rule out the formation of partial 

multilayers on GC-AAQS that are caused by some fraction of quinone radicals attacking 

deposited AAQS, rather than glassy carbon.39  
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We also conjugated AAQS onto an edge plane pyrolytic graphite electrode (EPPG-AAQS) via 

diazonium reduction, using the same procedure as for GC. EPPG was chosen because graphitic 

edge sites are known to be especially active for diazonium reduction.28  

 

 

Characterization of Surface Chemistry of Modified GC Electrodes 

 

X-ray photoelectron spectroscopy (XPS) was used to characterize the surface chemistry of AAQS 

and the modified GC electrodes. Survey scans for AAQS powder, chemically oxidized GC, GC-

AAQS and GC-EDC-AAQS are shown in Figure S8. Each spectrum exhibited peaks from carbon 

and oxygen; nitrogen and sulfur peaks were also present in AAQS, as expected. Manganese was 

found in oxidized GC and GC-EDC-AAQS electrodes, which we attribute to the incomplete 

removal of solid MnO2.  

 

 

 
Figure 2. (a) S 2p and (b) N 1 s spectra of AAQS, GC-AAQs and GC-EDC-AAQS. 
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Figure 2a reports the high-resolution spectrum of the S 2p region where, as expected, no peaks 

were observed for the unmodified GC electrode. The sulfonate group in AAQS is present as a 

single doublet from S 2p3/2 and S 2p1/2 at 167.8 eV and 169.0 eV, respectively.40,41 S 2p peaks at 

the same binding energies appear in GC-AAQS and GC-EDC-AAQS, which means that the 

chemical environment around the sulfonate functional group is preserved upon modification of 

GC. 

 

Curve fits to high-resolution spectra of the N 1s region (Figure 2b) are consistent with the 

structures for GC-EDC-AAQS and GC-AAQS shown in Scheme 1. The binding energy for the 

nitrogen from the amine group on AAQS is 399.6 eV.17,42,43 This peak is absent in GC-AAQS and 

GC-EDC-AAQS, consistent with loss of the amine via its conversion to diazonium and release as 

N2. In GC-EDC-AAQS, a new peak appeared at 400.1 eV, in agreement with nitrogen in an amide 

bond.43-46 In GC, GC-EDC-AAQS and GC-AAQS, we observed a significant component of the N 

1s spectrum at 401.1 eV, which we attribute to graphitic nitrogen.43 In AAQS powder, we also 

observed a peak at a high binding energy (BE) of 401.9 eV, which may originate from some 

fraction of the amine groups in AAQS being protonated (i.e. -NH3
+). This assignment is plausible 

because AAQS is synthesized using sulfuric acid.47 

 

Further corroboration of the above assignments is provided by C 1s and O 1s spectra. Following 

oxidative treatment of GC, a peak evolved at 286.5 eV in the C 1s spectra, which is consistent with 

the formation of carbonyl (C=O)-type species (Figure S1). We also observed a peak at ~285.3 eV 

in AAQS alone (Figure S9), which is the BE expected for a C-N bond.48 The other C-N bond 

appears only in GC-EDC-AAQS as an amide, which has a distinct peak at ~286.9 eV.49 In the O 

1s spectrum for GC-EDC-AAQS, a peak is present at ~535.4 eV which is also attributable to the 

formation of the amide bond (Figure S10). The absence of the C-N bond in GC-AAQS agrees with 

conversion of the amine group in AAQS to its corresponding diazonium salt and subsequent 

elimination as N2. (Figure S9).  

 

Electrochemical Behavior and Pourbaix Analysis of Dissolved vs Carbon-Conjugated AAQS. 

 

CVs for dissolved AAQS, GC-EDC-AAQS, GC-AAQS, and EPPG-AAQS between pH 3 and 13 

are reported in Figure 3a-d. CVs for dissolved AAQS on EPPG can be found in Figure S11. Surface 

coverage of 3.43 ×10-10 mol/cm2 in 0.1 M KOH buffer at 100 mV/s) was obtained for EPPG-

AAQS. Acetate, phosphate and bicarbonate buffers with a fixed total concentration of 0.1 M were 

used. Between pH 2 and 7, the average Pourbaix slopes for dissolved AAQS on GC, GC-EDC-

AAQS and GC-AAQS and EPPG-AAQS were -54.5 mV/pH, -52.2 mV/pH, -49.7 mV/pH and -

56.8 mV/pH respectively (Figure 3e), which are roughly consistent with one proton per electron 

transferred and in agreement with prior Pourbaix measurements of sulfonated anthraquinones.50,51 

Between pH 7 and 10, the Pourbaix slopes of GC-EDC-AAQS and dissolved AAQS increased 

above those of GC-AAQS and EPPG-AAQS. Above pH 10, the divergence was more pronounced 



9 
 

(Figure 3e). The Pourbaix slopes calculated from CVs for dissolved AAQS (Figure 3a) and GC-

EDC-AAQS (Figure 3b) were -8.7 mV/pH and -6.6 mV/pH, respectively, consistent with the 

reduction of AAQS to a largely deprotonated form, i.e. with a second pKa for the protonated 

reduced form around 10. Similar Pourbaix behavior was observed for anthraquinone-2-sulfonic 

acid (Figures S12 – 13), which is the molecular analogue to GC-AAQS. For GC-AAQS (Figure 

3c) and EPPG-AAQS (Figure 3d), we observed Pourbaix slopes between pH 10 and 13 of –

51.7 mV/pH and -36.1 mV/pH, which are consistent with H+:e- ratios closer to 1:1 and 1:2 H+:e-, 

respectively.   

 

 

 
Figure 3. CVs for (a) dissolved AAQS (b) GC-EDC-AAQS (c) GC-AAQS (d) EPPG-AAQS in 0.1 M 

buffers. (e) Pourbaix diagram for dissolved AAQS, and electrode-conjugated AAQS between pH 2 and 13. 

A zoomed-in view of the pH 10 – 13 region is shown in (f). 

 

These Pourbaix slope trends indicate that the method of covalent attachment of AAQS to GC can 

have a profound effect on PCET behavior. We hypothesize that these trends in PCET can be 

explained on the basis of varying fractions of the metal-solution potential drop felt by AAQS; these 

variations might originate from different positions of the redox-active quinone moiety in 

conjugated or dissolved AAQS within the EDL. Specifically, the closer the quinone moiety is to 

the GC surface, the more closely the shift in the potential it experiences tracks potential shifts 

imposed at the GC surface, which in turn influences PCET thermochemistry. Because dehydrative 
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EDC coupling generates an amide bond between GC and AAQS (Scheme 1a) – leaving the 

quinone moiety farther from the GC surface than in GC-AAQS – GC-EDC-AAQS exhibits similar 

electrochemistry to its molecular AAQS analogue.  

 

We exclude the possibility that the trends observed here stem primarily from physisorption of 

AAQS to GC as reported in literature.24,33,52 We soaked a highly absorbent graphite felt electrode 

in an acidic AAQS solution for 21 hours, and found that its Pourbaix behavior (Figure S14) was 

almost identical to that of dissolved AAQS. Changes in the chemical environment of nitrogen, as 

evidenced by binding energy shifts in the N 1s spectra discussed above, are likewise inconsistent 

with physisorption playing a controlling factor in the electrochemical behavior of AAQS-

functionalized electrodes.  

 

Modeling the Effect of AAQS Conjugation to GC on PCET Thermochemistry 

 

We propose that the differing Pourbaix slopes observed for dissolved AAQS, GC-EDC-AAQS 

and GC-AAQS beyond pH 10 can be explained by different electrostatic potentials experienced 

by the reduced quinone within the EDL, and thus different driving forces for PCET.53 In the 

absence of an electric field, PCET will be entirely determined by the difference between the 

intrinsic pKa of the reduced quinone (hence denoted the “zero-field” pKa, or pKa0-field) and the 

electrolyte pH: if pH < pKa0-field of the reduced form, PCET will occur and the reduced quinone 

will be fully protonated, whereas if pH > pKa0-field, the reduced quinone remains deprotonated.54 

In the presence of an electric field, however, PCET may occur even if pH > pKa0-field, as the electric 

field within the EDL may alter the driving force for protonation of the reduced form.55 

Consequently, because the Pourbaix slope at any given pH reflects the degree of protonation of 

the reduced form, it also reflects the electrostatic potential profile at the modified GC|electrolyte 

interface if the slope is non-zero and pH > pKa0-field.  

  

To quantify the relationship between the Pourbaix slope and the potential distribution, we first 

consider that upon electrochemical reduction, the quinone may either remain fully protonated, or 

dissociated into a singly or doubly deprotonated form; we denote these as RH2, RH- and R2-, 

respectively. The full reaction may be written as follows: 

 

 O +  2e− + 2H+  ↔  RH2 ↔ RH− + H+ ↔ R2− + 2H+  (1) 

 

At equilibrium the sum of electrochemical potentials for reactants and products for each of the 

three chemical or electrochemical reactions should be equal. The electrochemical potential for 

each species (µ̅i) can be expressed as the sum of its chemical and electrostatic components:  

 

 µ̅i =   µi
o +  RT ln ai +  zFΦi (2) 

 

where R is the universal gas constant (8.314 J mol-1K-1), T is temperature (assumed to be 298 K), 

ai is activity of chemical species i, z is charge, F is Faraday’s Constant (96485 C mol-1) and Φ is 

electrostatic potential. To avoid using the concept of an absolute potential in the electrochemical 
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reaction above, we follow Smith and White53 in representing it in terms of a complete cell with a 

half-cell reaction involving an ideally nonpolarizable Ag/AgCl reference electrode (AgCl + e- ↔ 

Ag + Cl-). The electrochemical reaction may now be rewritten as: 

 

 O + 2eM
− + 2Ag + 2Cl− + 2H+  ↔  RH2 + 2AgCl + 2eAg

−  

 
(3) 

and electrochemical equilibrium requires that 

 

 µ̅O +  2µ̅e−,M + 2µ̅H+ + 2µ̅Ag + 2µ̅Cl− = µ̅RH2 + 2µ̅AgCl + 2µ̅e−,Ag (4) 

 

where electrons in the working electrode and reference electrodes bear the subscripts “M” and 

“Ag”, respectively. By taking account of the fact that the standard free energy of the above reaction 

ΔGo = −nFEo, E =  ΦM − ΦAg, and assuming the activity of Cl- ions is 1, we obtain the Nernst 

Equation: 

 

 
E = Eo +

RT

2F
ln

aoaH+

aRH2
 

 

(5) 

where E and Eo are now, by definition, referenced to Ag/AgCl. The proton dissociation equilibria 

require that 

 µ̅RH2

PET  =  µ̅H+
PET  +  µ̅RH−

PET  =  µ̅R2− 
PET +  2µ̅H+

PET   (6) 

 

where “PET” denotes the “plane of electron transfer.” For RH2, RH- and R2-, z = 0, -1 and -2 

respectively. We ignore the negative charge on the sulfonate group of AAQS, because the sulfonic 

acid group of benzenesulfonic acid has a pKa of – 2.8,56 and AAQS will thus remain deprotonated 

at all pH values relevant to this study. By substituting the appropriate expressions for 

electrochemical potentials into Equation (6) , and assuming the electrochemical potential of the 

proton at the PET is equal to that in the bulk, the first equality in Equation (6) becomes: 

 

 µRH2

o −   µRH− 
o − µH+

o  +  RTln
 aRH2

 aRH−  aH+ 
= F(ΦS  −  ΦPET) (7) 

 

Replacing activities with concentrations, the acid dissociation constants for the first and second 

deprotonation events (Ka1 and Ka2) in the absence of an electric field are:  

 

 
Ka1  =  

[H+][RH−]

[RH2]
  and  Ka2  =  

[H+][R2−]

[RH−]
   (8) 

Using the relationship between each dissociation constant and reaction Gibbs free energy, we 

relate the free energy of RH2 deprotonation to Ka1: 

 

 −ΔG =  µRH2

o −   µRH−
o   µH+

o  = RT ln (Ka1) (9) 

 

Substituting this expression into Equation (7) yields 
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−2.3RT(pKa(1,0−field)) +  ln

 aRH2

 aRH−  aH+ 
= −

F

RT
 (ΦPET − ΦS) (10) 

 

where pKa(1,0−field) =  − log Ka1. The potential drop between the PET and bulk solution will be 

some fraction, 𝑓, of the total drop from the electrode to solution. Therefore, (ΦPET − ΦS)  =

 𝑓(ΦM − ΦS). ΦM − ΦS is, by definition, equal to E − EPZC , where EPZC is the potential of zero 

charge, and can take any value between 0 and 1. For the more acidic hydroquinone proton in RH2, 

Equation (10) becomes: 

 

 
−2.3RT(pKa(1,0−field)) +  ln

 aRH2

 aRH−  aH+ 
= − 

F

𝑅𝑇
 𝑓1(E − E𝑃𝑍𝐶)   (11) 

 

where 𝑓1is the fraction of the full potential drop felt at the site of the more acidic proton. Similar 

analysis for the less acidic proton in RH2 yields:  

 

 
−2.3RT(pKa(2,0−field)) +  ln

 aRH− 

 aR2−  aH+ 
= −

F

𝑅𝑇
𝑓2(E − E𝑃𝑍𝐶) (12) 

 

By assuming activities of all surface quinone species are equal to surface concentrations, and 

denoting each surface concentration as a fraction of the total quinone concentration, it follows 

from mass conservation that: 

 

 aO + aRH2 + aRH− + aR2− = 1 

 
(13) 

Equations (5), (11), (12) and (13) comprise a system of equations that govern the distribution of 

O, RH2, RH- and R2- and can be solved for any choice of pH, pKa0-field values, E, Eo, E𝑃𝑍𝐶, 𝑓1 and 

𝑓2. 

 

We solved the system of equations analytically to obtain the concentration of the four species 

mentioned above for any possible potential and pH value. The solution of Equations (5), (11), 

(12) and (13) are: 

 

 

 
𝑎O =

𝑝2

𝑝2 + 𝑎H+
2 + 𝐾𝑎1 aH 𝑝𝑓1𝑞𝑓1 + 𝐾𝑎1𝐾𝑎2𝑝𝑓1+𝑓2𝑞𝑓1+𝑓2

 (14) 

 

 
𝑎RH2

=
𝑎H+

2

𝑝2 + 𝑎H+
2 + 𝐾𝑎1 aH 𝑝𝑓1𝑞𝑓1 + 𝐾𝑎1𝐾𝑎2𝑝𝑓1+𝑓2𝑞𝑓1+𝑓2

 (15) 

 

 
𝑎RH− =

𝐾𝑎1 aH 𝑝𝑓1𝑞𝑓1

𝑝2 + 𝑎H+
2 + 𝐾𝑎1 aH 𝑝𝑓1𝑞𝑓1 + 𝐾𝑎1𝐾𝑎2𝑝𝑓1+𝑓2𝑞𝑓1+𝑓2

 (16) 
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𝑎R2− =

𝐾𝑎1𝐾𝑎2𝑝𝑓1+𝑓2𝑞𝑓1+𝑓2

𝑝2 + 𝑎H+
2 + 𝐾𝑎1 aH 𝑝𝑓1𝑞𝑓1 + 𝐾𝑎1𝐾𝑎2𝑝𝑓1+𝑓2𝑞𝑓1+𝑓2

 (17) 

 

  

where  𝑝 = exp [
2𝐹

𝑅𝑇
(𝐸 − 𝐸0)] and 𝑞 = exp [

2𝐹

𝑅𝑇
(𝐸0 − 𝐸𝑃𝑍𝐶)]. The Pourbaix slope for any set of 

electrochemical parameters is the plot of E vs pH for which aO = aRH2 + aRH− + aR2−, i.e. where 

the concentration of reduced and oxidized species is equal. Therefore, to obtain a given Pourbaix 

plot, we looked up the value of E for which 𝑎O = 0.5 within a given pH range. Figure 4a 

compares experimental and simulated Pourbaix slopes for dissolved AAQS. We found good 

agreement for pKa1,0-field and pKa2,0-field values of 7 and 11 respectively. EPZC was fixed at 0.086 V 

vs Ag/AgCl based on literature precedent for glassy carbon.57  𝑓1 and 𝑓2 were set to zero given 

that dissolved AAQS, being negatively charged, is likely close to the edge of or beyond the EDL, 

and will thus experience a negligible fraction of the electrode-solution potential drop. These 

results are consistent with PCET being strongly determined by the intrinsic chemical affinity of 

R2- for protons, rather than the interfacial electric field – this proposition is consistent with the 

Pourbaix slope approaching zero as the pH exceeds pKa0-field. 

 

In contrast, the more negative Pourbaix slopes for pH > pKa0-field in electrode-conjugated AAQS 

(Figure 3f), are explained by larger values of 𝑓1 and 𝑓2, presumably as a result of the closer 

proximity of the redox head groups to the electrode surface. In Figure 4b, we demonstrate that 

the experimental Pourbaix behavior for GC-AAQS and EPPG-AAQS are reasonably well 

reproduced by a simulation in which 𝑓1 and 𝑓2 are 0.15 and 0.7, respectively.  

 

 

Figure 4. a) Experimental and simulated Pourbaix for dissolved AAQS. Pourbaix slopes for pH 0 – 7: -58.6 

mV/pH (simulated); -54.5 mV/pH (experimental). b) Simulated Pourbaix slope was fitted to experimental 

data for 𝑓1 and 𝑓2values at 0.15 and 0.7. Pourbaix slopes past pH 10: -32.2 mV/pH (simulated), -36.1 mV/pH 

(EPPG-AAQS), -51.7 mV/pH (GC-AAQS). 
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We have assumed in this analysis that pKa0-field of the reduced, protonated quinone – i.e., its 

intrinsic proton affinity, in the absence of field effects – is fixed regardless of whether or not it is 

tethered to an electrode. It is possible, however, that pKa0-field of the quinone might change upon 

electrode fixation due to a change in molecular orientation, electron withdrawal or donation by 

covalent bonding to electrode species, loss of functional groups that are vicinal to the diketone 

group, or other effects. Separating the influence of these factors from the influence of the EDL 

on PCET is beyond the scope of this work. Nevertheless, one could approach this question by 

coupling voltammetry to another technique that is directly sensitive to the polarization state of 

the quinone, such as operando x-ray absorption or photoelectron spectroscopy (vide infra).   

 

Effect of Electrolyte Concentration on PCET 

 

At a given pH, decreasing the buffer concentration is expected to increase the thickness of the EDL 

(Figure S15). According to the reasoning presented above, this change will decrease ΦPET − ΦS 

and thus increase 𝑓, which will decrease the average Pourbaix slope for a given pH range. We 

evaluated this possibility by measuring in quadruplicate the Pourbaix behavior of GC-AAQS for 

buffer concentrations of 5, 10, 50, 100 mM and 1 M, and for pH values above 10 (CVs from a 

representative set of measurements are shown in Figure S16). There is considerable variation in 

the absolute value of the Pourbaix slope between replicates. Nevertheless, as expected, the average 

Pourbaix slope (Figure 5a) decreases with decreasing buffer concentration from −39.1 mV/pH at 

1 M to −52.4 mV/pH at 5 mM. Figure 5b presents simulated ΦPET − ΦS  vs buffer concentration 

using the Gouy-Chapman-Stern EDL model. We assumed the distance between the redox center 

and electrode surface, d, was 0.5 nm, and dielectric constants of 7 and 78 within and outside the 

Stern layer, respectively. As buffer concentration decreases, ΦPET − ΦS decreases, which should 

result in an increase in 𝑓 (i.e. an increase in (ΦPET − ΦS)/(Φapp − ΦS), see Figure S17a). In 

addition, we observed that the magnitude of ΦPET − ΦS decreases as d increases (Figure S17b), 

which would result in a lower value of 𝑓. These trends correspond qualitatively to our experimental 

observations if one allows that d is higher for GC-EDC-AAQS and molecular AAQS than GC-

AAQS and EEPG-AAQS.  

 

Our work suggests that it is possible to elucidate the potential profile at functionalized 

electrode|electrolyte interfaces by measuring the Pourbaix behavior of PCET-active redox 

moieties that are conjugated within a small distance from the electrode surface. Insights from such 

measurements may be applied in various aspects of electrochemical science and technology, from 

assessing modern theories of EDL structure to promoting electrocatalysis via appropriately tuned 

interfacial electric fields, to designing redox electrodes for pH-swing-driven CO2 capture58-61 and 

other pH-sensitive chemical separations.62 In our future work, we will more directly probe the 

relationships among the quinone’s structure and orientation with respect to the electrode surface, 

the applied potential, and the interfacial electric field/electrostatic potential experienced at the 

PET. This can be done by combining a variety of high-resolution scattering and spectroscopic 

techniques. Previous work has shown, for instance, that the magnitude of the BE shift for an 

element at an electrode|electrolyte interface is sensitive to the change in the electric field it 

experiences upon polarization of the electrode.63-65 Because sulfur is present in AAQS but not the 

GC (Figure 2a) or electrolyte, measuring its BE shift upon polarization may yield direct insight 
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into ΦPET − ΦS and therefore 𝑓. To investigate the influence of PET-electrode distance on 

Pourbaix behavior and the interfacial potential, one may vary the nominal quinone-electrode 

distance by varying the number of benzene units between the ketone moiety and electrode, from 

zero for a benzoquinone, to one for an anthraquinone and two for tetracenedione (Figure S18). 

Understanding how Pourbaix behavior varies among these various species, and as a function of 

buffer concentration and surface coverage will yield a wealth of insight into EDL structure and 

dynamics. 

 

 

Figure 5. (a) Relationship between buffer concentration and experimental Pourbaix slope. Increasing buffer 

concentration results in a smaller Debye length and less negative Pourbaix slope. (b) Simulated electrostatic 

potential drop between the quinone’s plane of electron transfer (PET) and solution vs buffer concentration. 

The plot was obtained via Equation S7, with ε1 = 7, ε2 = 78, d = 0.5 nm, and ΦM = -0.5 V. 

 

Conclusions 

 

We investigated the Pourbaix behavior of carbon electrodes that were functionalized with 1-

aminoanthraquinone-2-sulfonic acid (AAQS) via two conjugation techniques: amide coupling and 

radical-mediated diazonium reduction. The two conjugation routes gave rise to electrodes with 

distinct redox potential vs pH (i.e., Pourbaix) slopes, suggestive of distinct proton-coupled electron 

transfer (PCET) energetics. We derived from the measured Pourbaix slope the potential drop 
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experienced by the ketone moiety in each quinone. Additionally, using a simple Gouy-Chapman-

Stern model of the EDL, we have shown how varying PCET energetics as a function of AAQS 

conjugation mode and electrolyte concentration can be explained in large part by differing 

distances between the ketone moiety in each quinone and the electrode, and thus differing driving 

forces for interfacial electric field-driven protonation of the reduced quinone. Our results highlight 

the potential for the use of PCET thermochemistry to map out the electric field/electrostatic 

potential profile at electrode|electrolyte interfaces of relevance to many emerging electrochemical 

technologies. They could also inform the design of redox-active, chemically modified electrodes 

that can be integrated into flow cells designed to accomplish pH-sensitive chemical separations 

such as CO2 capture, as well as nitrogen, phosphate or struvite recovery from wastewater.   
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Figure . Cyclic voltammogram of DABQ(line) and in-situ diazonium salt (trace). Scan rate 100mV/s. Broad wave observed at -0.75V vs. 
Ag/AgNO3 shows formation of diazonium salt. Right – UV-vis spectra of DABQ (line) and in-situ DABQ diazonium salt (trace). Peaks at 

320nm & 340nm disappear after addition of tertbutyl nitrite. 
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