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Abstract. It is a truth universally acknowledged that faster catalysts enable the more efficient 

transformation of molecules to useful products and enhance the utilization of natural resources.  

However, the limit of static catalyst performance defined by the Sabatier principle has motivated 

a dynamic approach to catalyst design, whereby catalysts oscillate between varying energetic 

states.  In this work, the concept of dynamic catalytic resonance was experimentally demonstrated 

via the electro-catalytic oxidation of formic acid over Pt.  Oscillation of the electrodynamic 

potential between 0 and 0.8 V NHE via a square waveform at varying frequency (10-3 < f < 103 

Hz) increased the turnover frequency to ~20 s-1 at 100 Hz, over an order of magnitude (20x) faster 

than optimal potentiostatic conditions. We attribute the accelerated dynamic catalysis to non-

faradaic formic acid dehydration to surface-bound carbon monoxide at low potentials, followed 

by surface oxidation and desorption to carbon dioxide at high potentials.   

 

Keywords:  Formic Acid, Oxidation, Dynamic Catalysis, Catalytic Resonance, Potentiodynamic 

 

Introduction. Satisfying the demand for fuels and chemicals via efficient and sustainable 

utilization of natural resources is one of the defining challenges of the 21st century. The ability to 

feed the world’s population, reduce carbon footprint, and provide a sustainable energy source are 

all grand challenges that need to be rapidly addressed. Heterogeneous catalysts have and will 

continue to be a critical part of any future solutions to such grand challenges, where there is a 

pressing need to design catalysts for even more effective and cheaper chemical transformation than 

what is currently available. Design of the catalytic active site is intuitively at the center of catalysis 

research, where a material-driven approach is taken to creating the next generation of catalysts. 

More specifically, the design of an active site has revolved around the idea of how strongly 

adsorbates (reactant, intermediate and/or product) are bound to the catalyst surface (i.e. adsorption 

energy). While this materials-based approach has guided catalyst development in heterogeneous 

catalysis for over a century, it faces an upper limit which may have already been reached for crucial 

chemical transformations.  

The Sabatier principle best captures the limited nature of catalyst performance; there exists 

an intermediate adsorbate binding energy which balances the energetic needs of the various surface 

steps to maximize the catalytic turnover frequency.1 This balance is usually dictated by linear free 

energy relations which predict that overly strong surface binding limits the rate of desorption, 

while a weakly bound adsorbate results in a slower rate of surface reaction. Striking a balance 
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based on the adsorbate binding energy therefore becomes critical to designing an effective catalyst. 

Nørskov and co-workers demonstrated this concept for ammonia production over metal catalysts,2 

and Sabatier-type behavior has also been reported for multiple industrially relevant chemistries.3-

11 However, the classical example based on which Sabatier’s principle was first demonstrated is 

the decomposition of formic acid over metal surfaces. Combining experimentally measured 

turnover frequencies of Wachs and co-workers12 with the reported d-band energies of Nørskov and 

co-workers as an adsorption energy descriptor,13 the volcano shaped relationship with turnover 

frequency is observed, with Pt as the most active catalyst as shown in Figure 1.   
 

While the predictions and limitations of the Sabatier principle are valid under steady state 

conditions, where the fractional coverage of adsorbates no longer vary with time (dθi/dt = 0), the 

same does not hold true under transient conditions. We recently computationally demonstrated that 

the limit of a volcano curve can be overcome for a hypothetical unimolecular reaction (A ↔ B) by 

oscillating between two energetic states on either side of the volcano curve.14-17 Achieved by 

shifting adsorbate binding energy, the catalytic system oscillates between two energetic states 

where either surface reaction or product desorption are rate determining. At sufficiently high 

oscillation frequency, the resulting time-averaged turnover frequency (TOF) is higher than the 

Sabatier maximum. 

The mechanism of dynamic rate enhancement derives from the performance of individual 

reaction steps. The intrinsic kinetics of the independent surface reaction can be significantly higher 

than the overall catalytic turnover under static operation, especially when limited by the rate of 

desorption at high binding energies. Spending a short period of time at a high binding energy, 

before coverages achieve steady state, accesses the higher intrinsic rate of surface reaction before 

desorption limits the overall rate. The same dynamic rate enhancement exists for desorption; the 

intrinsic rate of desorption is highest at high surface coverage of the surface product (rdesorption = 

kdesorption*θproduct). The shift to lower binding energy also results in a lowering of the energetic 

barrier to desorption. As a result, the oscillation between two such energetic states affords an 

average TOF exceeding the steady state limit of the Sabatier volcano. Controlling the oscillation 

frequency is key to maximizing dynamic catalytic rate enhancement, where the average TOF is 

maximized at a range of resonant frequencies that are comparable to the kinetics of the involved 

individual elementary steps. At these unique resonant frequencies, the average TOF can potentially 

exceed the peak of the volcano by orders of magnitude.  

Having computationally evaluated the ability for dynamic catalysts to exceed the 

limitations of material design and the Sabatier volcano curve, we sought to experimentally 

demonstrate dynamic catalysis. It was first necessary to identify an external stimulus that can 

readily shift the energetic state of a catalyst in a reversible manner. The stimulus needs to induce 

energetic shifts at timescales of one hertz or faster to achieve catalytic resonance with surface 

reaction steps that turn over on the time scale of seconds.12, 18-20 We also identified the catalyzed 

chemical conversion of formic acid decomposition as limited by the Sabatier principle, to which 

external stimulus could be applied. Recognizing that electric potentials lead to large shifts in the 

energetics of a catalytic cycle, we specifically investigated the dynamic catalysis of formic acid 

electro-oxidation over Pt, 

 

HCOOH(aq) ↔ CO2(g) + 2H+(aq) + 2e-    (1) 

 

2H+(aq) + 2e- ↔ H2(g)      (2) 
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The electrochemical oxidation of formic acid over Pt has been extensively studied, serving as a 

well-defined model electrochemical reaction.17, 21-27 Many experimental and computational 

techniques have added to our collective understanding of the mechanism and accompanying 

kinetics of formic acid electro-oxidation.28 Like the vapor phase thermocatalytic decomposition of 

formic acid (Figure 1), a Sabatier volcano for formic acid electro-oxidation over monometallic 

catalysts has been found to exist with Pt near the peak.29 The electro-oxidation of formic acid is 

also central to many electricity-driven sustainable technologies. Formic acid serves as a convenient 

and dense form in which to store energy, providing a source of on-demand hydrogen through room 

temperature electro-oxidation.30-31 

Formic acid electro-oxidation over Pt can proceed through three distinct chemical 

pathways (Figure 2A). The first is commonly referred to as the ‘direct’ pathway, which was 

originally thought to provide a direct route between formic acid and the oxidation products.25, 32-33 

More recent investigations have suggested the chemistry passes through a hydroxyl carbonyl 

intermediate (blue in Figure 2A) that readily decomposes,21 wherein each step involves a proton 

and electron transfer. Alternatively, formic acid can be oxidized via a surface formate mediated 

route (black in Figure 2A). Like the direct pathway, each elementary step is faradaic in nature and 

involves a single proton and electron transfer. Alternatively, an ‘indirect’ pathway (red in Figure 

2A) has also been reported involving adsorbed carbon monoxide as a reaction intermediate. This 

indirect mechanism is a combination of the non-faradaic dehydration of formic acid to surface 

adsorbed carbon monoxide, followed by the electro-oxidative desorption of carbon monoxide as 

carbon dioxide.  

 The relative contribution of the three pathways of Figure 2 to the overall rate of formic 

electro-oxidation on Pt has been debated. While CO* can readily form at lower potentials,17, 23-24, 

34 it has also been proposed that the indirect pathway does not contribute significantly to the overall 

rate.25, 27 This is likely due to the strong binding energy of carbon monoxide on Pt (~ 1.9 eV on 

Pt(111))35, causing the strongly bound reaction intermediate to act as a poison at less oxidizing 

potentials.  However, isotopic labelling combined with infrared spectroscopy has demonstrated 

that under certain reaction conditions, it is plausible that the CO-mediated pathway contributes 

significantly to the overall rate of formic acid electro-oxidation.36 We therefore propose that rather 

than developing a catalyst that avoids CO* as an intermediate, a counter-intuitive approach would 

be to accelerate the indirect pathway.   

 

An effective indirect formic acid oxidation catalyst needs to facilitate both the formation 

and oxidative desorption (electro-oxidation) of adsorbed carbon monoxide (CO*). Under steady 

state conditions, the acceleration of formic acid electro-oxidation via the indirect pathway proves 

challenging due to the kinetic disconnect in applied potentials. At lower potentials, the rate of CO* 

formation over Pt can proceed at turnovers of ~10 s-1,17, 24, 34 but the rate of CO* oxidative 

desorption is negligible below ~ 0.6 V.37 At sufficiently oxidizing potentials where oxidative 

desorption can proceed, the rate of CO* formation is thought to be limited by a combination of 

coverage effects and an increased energetic barrier of formic acid dehydration.26 If only the indirect 

pathway were to occur, then this results in the classical volcano curve of two rate limitations; 

formic acid electro-oxidation via the indirect pathway is limited by the rate of CO* formation and 

oxidative desorption at higher and lower oxidizing potentials, respectively.  

To accelerate formic acid electro-oxidation, we applied the approach of dynamic catalysis, 

where the catalyst was oscillated between two potentials. Prior studies have shown that dynamic 

operation catalysts can lead to significant increases in the rate of small molecule electro-
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oxidation38-39. This approach independently facilitated the kinetically relevant steps of non-

faradaic formic acid dehydration to CO* and CO* electro-oxidation. The Pt-formic acid system 

was dynamically modulated between two distinct potentials, potentiodynamic conditions, where 

the rate of CO* formation and oxidation dictated the overall rate of formic acid electro-oxidation. 

It was further demonstrated that the rate of formic acid oxidation achievable through 

potentiodynamic catalysis significantly (~20x) exceeded the maximum rate under conventional 

potentionstatic conditions.    
 

 

Results & Discussion  

Relating Chemical and Potential Measurements. Conventional kinetic investigations of formic 

acid electro-oxidation solely employ exchange current measurements as a measure of the rate of 

reaction under potentiostatic conditions. While the exchange current provides information on the 

rate of formic acid electro-oxidation over Pt, currents measured under potentiodynamic conditions 

may include contributions from processes unrelated to the actual reaction (double layer charging, 

ohmic drop etc.). It was therefore necessary to be able to measure the rate of formic acid electro-

oxidation independently through a quantitative chemical analysis method using gas 

chromatography. To this end, a commercially available electrochemical cell was modified to be 

gas tight, employing a three-electrode setup (Figure 3) of Pt working and counter electrodes with 

a silver/silver-chloride reference electrode (Pt|WE, Pt|CE and Ag/AgCl RE). This allowed constant 

purging of the electrochemical cell with an inert gas (N2), the effluent of which was fed directly to 

an online gas chromatograph for semi-continuous quantitative analysis. The formic acid electro-

oxidation occurred at the working electrode (Eq. 1), while the generated protons and electrons re-

combined at the isolated counter electrode to form hydrogen (Eq. 2). The reference electrode 

allowed for the accurate control of the potential applied to the working electrode, the normal 

hydrogen electrode (NHE) scale was used throughout this work. Details of the reactor 

modifications are provided in the supporting information.  

 

Potentiostatic Electro-oxidation Kinetics. The rate of formic acid electro-oxidation was first 

investigated under potentiostatic conditions, generating a rate-based polarization curve (rate vs 

applied potential, Figure 4A). The concentration of formic acid and sulfuric acid as the electrolyte 

were both held constant at 0.25 M, along with temperature of 295 K; all subsequent experiments 

in this work were performed at identical conditions. At lower oxidizing potentials, the turnover 

frequency (TOF) of formic acid electro-oxidation increased with applied potential. The increase 

in TOF with applied potential reached a maximum at ~ 0.6 V NHE, beyond which a decrease in 

rate was observed with more oxidizing potentials. Overall, a volcanic relationship exists between 

the formic acid electro-oxidation TOF and applied potential over Pt. This is consistent with 

previous reports based on electrical current, where a volcanic shape was observed with a peak 

current at ~ 0.6 V NHE.17 To verify whether measured currents are entirely due to formic acid 

electro-oxidation in the measured potential regime, we compared the rate of CO2 formation to the 

exchange current to calculate the mol of electrons per mole of CO2 produced (n), 

 

n = 
I

F*r
 [=] 

mol e-

mol CO2
     (3) 

 

where I and F are the current (A) and Faraday’s constant (96,485 C/mol e-), respectively. r is the 

extensive rate of CO2 formation as measured by gas chromatography (mol CO2 s
-1). In line with 
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the theoretically expected value, we measured an average of 2.1 ± 0.1 mol e- mol CO2
-1 across the 

various potentials (Figure 4B). We therefore take the rate of CO2 formation here to be a 

quantitative measure of the rate of formic acid electro-oxidation.  

While formic acid electro-oxidation has been extensively studied over Pt surfaces, there 

remains uncertainty as to the exact reason(s) for the volcano shaped behavior.40 Wieckowski and 

co-workers observed the same volcano shape, with a peak at 0.57 V, attributing the drop in rate at 

lower potentials to a decreasing electrochemical driving force and/or hydrogen adsorption. Beyond 

the peak, they speculated that Pt oxide formation could limit the rate, but noted that the decrease 

occurs well before surface oxidation takes place.17 Mavrikakis et al. calculated an energetic phase 

diagram for formic acid electro-oxidation at 0 and 0.6 V; Pt was found to lie at the intersection of 

water activation and CO* back-conversion to COOH* as rate determining steps.28 Similar applied 

potential volcano shaped curves have been reported for methanol electro-oxidation over Pt where 

formic acid is an intermediate, interpreted as a change in the rate determining step with increasing 

applied potential.41 Ultimately, the volcano type behavior likely indicates a change in the nature of 

the rate determining step. We therefore expect based on the concept of catalytic resonance, that 

potentiodynamic operation oscillating between two applied potentials on either side of the volcano 

could lead to a TOF exceeding the maximum under potentiostatic conditions.  
 

 

Potentiodynamic electro-oxidation. To test whether potentiodynamic conditions can accelerate 

the rate of formic acid electro-oxidation beyond the potentiostatic maximum, a kinetic bracketing 

technique was implemented to experimentally measure formic acid reaction rates. This involved 

establishing the rate and current at a fixed applied potential, followed by an instantaneous change 

to potentiodynamic operation, and finally returning to the same potentiostatic condition. We have 

previously demonstrated the utility of such bracketing strategies,19, 42 allowing us to account for 

deactivation and other parasitic phenomena that readily corrupt kinetic measurements. 

Furthermore, to decouple non-faradaic formic acid dehydration and faradaic contributions to the 

overall catalytic cycle, we applied a potential square wave oscillating between open circuit (open 

circuit potential, 0 V, see SI) and 0.8 V at a frequency of 0.1 Hz and 50% duty cycle (Figure 5A). 

Frequency and duty cycle are defined here under potentiodynamic conditions as, 
 

f  = 
1

τOC+ τV
 [=] Hz     (4) 

 

Duty Cycle (%) = 
τV

τOC+ τV
*100    (5) 

 

where τOC and τV are the times spent at open circuit and the applied potential V, respectively. The 

duty cycle was held at a constant value of 50% throughout this work (τOC = τV). 

Here we apply open circuit conditions as an oscillation end-point to ensure the absence of 

any faradaic processes. At open circuit (no applied potential), only the dehydration of formic acid 

will occur.  During this time (τOC, 5 seconds), the surface coverage of carbon monoxide (θCO) 

accumulated unhindered and proceeded at a rate equivalent to the intrinsic rate of formic acid 

dehydration (~ 1-10 s-1).17, 34, 36 Upon switching to an applied potential of 0.8 V, the adsorbed CO* 

covering the surface was rapidly oxidized at a high instantaneous rate. This was evidenced by the 

spike in current observed upon switching from open circuit to 0.8 V applied potential (Figure 5B). 

However, the rate of CO* formation was negligible at such an oxidizing potential; surface 
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hydroxyls responsible for the oxidation of CO* may also block active sites.43 Alternatively, given 

that the rate of CO* electro-oxidation significantly increases compared to formic acid dehydration 

to CO* with applied potential, CO* could be consumed via electro-oxidation faster than it forms.26 

Therefore, given that the rate of CO* electro-oxidation is directly proportional to its coverage, the 

large instantaneous rate could not be sustained and rapidly decays towards the steady-state rate of 

formic acid electro-oxidation (Figure 5B). Given the rapidly changing current profile, we 

calculated the average current evolved during one cycle (τOC + τV) as, 

 

Iavg= 
QV

τOC+ τV
 [=] A     (6) 

 

where Qv is the total charge in coulombs evolved during the applied potential time period (τV), 

measured by integrating the area beneath the current profile (Figure 5B). This completed one cycle 

of potentiodynamic operation. The next cycle began by returning to open circuit and replenishing 

the coverage of adsorbed CO, followed by another potential step to 0.8 V where the same large 

instantaneous rate was achieved.  

The proposed cycle is distinct from previous attempts at potentiodynamic electro-

oxidation, where the current at less oxidizing potentials was increased by periodically oscillating 

to a largely oxidizing potential to clean the surface of accumulating strongly-bound 

intermediates.38, 44-45 Adzic et. al studied the enhancement of formic acid electro-oxidation through 

similar pulsed potential operation but relied on current measurements,39 which as we highlight in 

the previous section, can be problematic for rate estimation under potentiodynamic conditions. 

Here, we intentionally facilitated the formation of CO* as a strongly-bound intermediate by 

holding at open circuit, and the goal of dynamic catalysis was to match the time scale of CO* 

formation and electro-oxidation (resonance).   

Sustaining this potential square wave led to an oscillating instantaneous TOF of formic 

acid electro-oxidation, the average of which exceeded the potentiostatic TOF at 0.8 V by an order 

of magnitude (Figure 5C). This behavior was observed upon switching from potentiostatic (0.8 

V) to potentiodynamic (OC/0.8V, oscillation ON) conditions, where an instantaneous spike in the 

average current was observed. The TOF of CO2 formation (as measured by gas chromatography) 

also increased by the same order of magnitude at a similarly rapid rate; a minor transient was 

observed on account of the measured residence time of the electrochemical reactor system (τreactor 

~ 4 min, see supporting information). After approximately one hour on stream, the elevated rate of 

potentiodynamic formic acid electro-oxidation persisted relatively unchanged. Returning to 

potentiostatic conditions (0.8 V, Oscillation OFF), the current and TOF both rapidly dropped back 

to the same levels prior to applying potentiodynamic conditions. This confirmed the absence of 

any significant irreversible changes to the Pt working electrode (activation/deactivation) as a result 

of the applied potential square wave.   

 

Mechanism for potentiodynamic enhancement. To better understand the driving mechanism behind 

the sizeable enhancement in catalytic turnover as a result of potentiodynamic control, it was 

necessary to examine the energetics of the various steps involved. The kinetics of the non-faradaic 

formic acid dehydration on Pt is not expected to be a strong function of applied potential; electric 

fields generated at the surface of the working electrode can lead to only minor changes in the 
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binding energy of adsorbed CO*.46-48 Behm et al. however have reported an increase in the 

apparent activation energy of formic acid dehydration to CO* on Pt with increasing applied 

potential.26 Computational efforts have attempted to estimate the non-faradaic barrier for CO* 

formation (Ea,NF); large values in excess of 1.0 eV are typically reported21, 49 that suggest the 

reaction would not proceed at ambient temperatures. This discrepancy is likely due to the fact that 

CO* formation on Pt occurs rapidly on defect sites,50 while computational barriers are calculated 

over a defect-free Pt(111) facet. We therefore take the non-faradaic dehydration of formic acid as 

an activated process, consistent with experimental kinetic measurements of formic acid 

dehydration over Pt.26 Conversely, the rate of carbon monoxide electro-oxidation is relatively 

sensitive to applied potential. Illustrated in Figure 6A is the energetic profile for the two segments 

of the indirect pathway (dehydration and electro-oxidation) at different potentials (0, 0.5, and 1.0 

V),21 where both the activation and reaction energy decrease with increasingly oxidizing potentials.  

For the faradaic electro-oxidation of adsorbed carbon monoxide, the potential dependent 

reaction energy is defined as, 

 

∆E (V) = ∆E0 - nFV     (7) 

 

where ∆E0 is the standard free energy change of reaction, F is Faraday’s constant, V the applied 

voltage and n the number of electrons involved in the process.  The potential-dependent activation 

energy is then determined as per a Brønsted-Evans-Polanyi relationship51, 

 

Ea (V) = α*∆E + β     (8) 

 

where α is the slope of the linear relationship and is indicative of the transition state position, and 

β is the activation energy under athermal conditions (∆E = 0). Based on the reported potential 

dependent energetics by Janik et al.,21 the BEP parameters α and β were estimated as 0.44 and 0.90 

eV, respectively.   

We therefore propose the dynamic cycle within the catalytic cycle (Figure 6B). Operating 

at open circuit allows the non-faradaic dehydration of formic acid to CO* to proceed unimpeded. 

However, holding at open circuit beyond a certain point in time becomes counterproductive, where 

the rate of CO* formation becomes negligible given that oxidatively desorbing the reaction 

intermediate is not possible on account of the large barrier at these conditions (~ 1.5 eV). Flipping 

the working electrode catalyst to 0.8 V reduces the energetic barrier by almost 1.0 eV, facilitating 

the oxidative desorption of CO* to the desired product CO2. This is corroborated by reported 

experimental measurements on Pt, where the apparent activation energy of CO electro-oxidation 

decreased by ~ 0.4 eV upon increasing the applied potential from 0.5 to 0.75 V.26 Here we note 

that this reported value is an apparent activation energy and may include coverage dependent 

effects, but nevertheless is representative of the rate at which CO oxidation can effectively proceed. 

Given that the rate of the two distinct reaction steps rapidly decays, the time spent at each energetic 

state (open circuit and applied potential) is key to maximizing the rate of potentiodynamic electro-

oxidation. 

 

Selecting for the indirect pathway via potential oscillations is also understood through a 

series of linear potential sweeps. A linear sweep over Pt in the direction of oxidizing potentials 

(positive going) revealed two peaks in the region of 0 - 1.2 V NHE. The first peak centered at ~ 
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0.5 V is associated with the decomposition of formic acid through purely faradaic pathways (Peak 

1, direct and formate).22 A second peak was observed at a more oxidizing potential of ~ 0.9 V, 

generated by the stripping of the adsorbed CO* from the Pt surface (Peak 2, electro-oxidation of 

CO*).22 Increasing the time spent at open circuit between successive potential linear sweeps led to 

a decrease in the charge evolved due to the purely faradaic pathways, while the indirect pathway 

peak began to dominate the total charge (extent of reaction) at larger open circuit times (Figure 

7). It is therefore plausible that by oscillating between open circuit and an oxidizing potential, the 

rate of formic acid electro-oxidation via the indirect pathway can be selectively accelerated. While 

higher rates of CO* oxidation could be achieved by oscillating to more cathodic potentials (e.g. 

0.9 V), significant Pt oxidation is likely to be incurred and convolute the interpretation of potent 

dynamic rates.52   

 

Catalytic Resonance. Ultimately however, it is necessary to carefully control the time spent at 

either state of the potential square wave (i.e, frequency) for precise dynamic rate control. The 

maximum TOF as a function of oscillation frequency under dynamic conditions is achieved at 

catalytic resonance; the frequency of oscillations matches the kinetics of the controlling surface 

reactions. The precise location of catalytic resonance can be identified by measuring the average 

TOF across a wide range of oscillation frequencies.14 We therefore measured the average TOF of 

formic acid electro-oxidation over six orders of magnitude (10-3 ≤ f ≤ 103 Hz) using a square wave 

potential, oscillating between 0 and 0.8 V applied potential (Figure 8). We observe a resonance-

response behavior where at lower frequencies the average turnover frequency experimentally 

measured by CO2 production increased before achieving a maximum, and then decreasing at 

higher frequencies. A maximum turnover frequency of 19.7 s-1 is achieved at a resonance 

oscillation frequency of ~ 10 - 100 Hz.  This resonance frequency for forced oscillations of applied 

potential is significantly larger than the spontaneous potential oscillation frequency typically 

observed with galvanostatic formic acid electrooxidation over Pt ( ~ 0.1 Hz)53. We also note that 

this range of resonance frequencies is consistent with the proposed CO* based mechanism for 

dynamic rate enhancement. Using a pulsed voltammetry method first developed by Clavilier,54 

Feliu and co-authors demonstrated that depending on the applied potential and specific Pt facet 

exposed, the rate constant for CO* formation  generally varied between ~ 1 and 10 s-1.24, 34, 55 

However, kinetic rate constants outside of this range could be found; a kinetic rate constant for 

CO* formation of 40 s-1 is observed on a Pt (311) surface at an applied potential near its point of 

zero charge (~0.3 V vs RHE).34 Using a similar pulsed voltammetry measurement concept, 

Wieckowski et. al reported a rate constant of ~ 15 s-1 at an applied potential of 0.24 V vs RHE.17     

 

This fast dynamic condition of Figure 8 exhibits a 45-fold improvement over the steady 

state conditions at 0.8 V and a 20-fold increase over optimal static formic acid electro-oxidation.  

As depicted in Figure 9, the static conditions of the polarization curve (Figure 4A) are provided 

for a reference catalytic rate (blue points).  In the logarithmic dependent axis is the experimentally-

measured turnover frequency to CO2.  To compare dynamic and static electro-oxidation, the 

dynamic experiments for an amplitude between zero and 0.8 V applied potential at varying 

frequencies are depicted (red points/lines) by connecting their oscillation endpoints.  Again, the 

resonant frequency of 100 Hz exhibits more than an order of magnitude rate increase over static 

conditions.  Also to note is that the two oscillation endpoints are on either side of the polarization 

curve maximum; the resulting dynamic rate enhancement is distinctly faster than either static 

endpoint as well as any static condition in general. Future research will evaluate a broader range 
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of conditions (duty cycle, oscillation wave form, reactant concentration etc.) and materials 

(catalyst identity, structure sensitivity etc.) to understand the ultimate limitations on dynamically 

enhancing catalytic electro-oxidation of formic acid and catalytic reactions in general. 
 

Conclusion.  The electro-oxidation of formic acid was experimentally evaluated on a Pt working 

electrode to determine the impact of dynamic oscillation of the applied potential.  Experiments 

conducted in a multi-phase N2-water flow reactor permitted the continuous measurement of current 

supplied to the working electrode and discrete measurements of effluent carbon dioxide product 

by gas chromatography; comparison of the reaction current and rate of CO2 indicated that 2.1+0.1 

electrons were provided per molecule of CO2 product, in agreement with reaction stoichiometry. 

The reactor residence time distribution determined using flowing N2 gas indicated a reactor time 

constant of ~ 4 minutes. Steady state experiments at fixed electrostatic potential (potentiostatic) 

measured by the rate of formation of effluent CO2 at room temperature yielded a maximum 

turnover frequency of ~1.0 s-1 at 0.6 V.  In contrast, dynamic experiments were conducted by 

applying a dynamic potential at varying frequency (10-3 < f < 103 Hz) in the form of a square wave 

with fixed amplitude and 50% duty cycle.  An applied potentiodynamic oscillating between zero 

and 0.8 V NHE produced a resonant frequency of 100 Hz at a turnover frequency to CO2 of ~20 s-

1.   Examination of the current response to dynamic oscillation of the electrode potential indicated 

a dramatic increase (i.e., spike) in the surface reaction rate upon switching from low to high 

potential.  This behavior along with linear sweep potential curves of the Pt surface indicated a two-

step mechanism: (1) non-faradaic decomposition of formic acid to adsorbed carbon monoxide and 

H+ at low potential, followed by (2) faradaic oxidation of CO* to gaseous CO2 product at high 

potential.  Future research will evaluate a broader range of conditions and materials to 

understanding the ultimate limitations on dynamically enhancing catalytic electro-oxidation of 

formic acid and catalytic reactions in general. 

 

Experimental Section 
 

Materials. Sulfuric acid (99.999%) and Formic acid (>95%) used in preparing aqueous solutions 

were obtained from Sigma-Aldrich. Water (resistivity >18.2 MΩ) was used from an in-house 

purifier. The working electrode was a Pt wire (99.99%, 0.8mm diameter, 100mm length) obtained 

from Goodfellow Corporation, while the counter electrode was a Pt coil (99.95%, MW-1033, 

0.5mm diameter, 230mm length) purchased from BASi. Buffer solutions (pH’s 4,7,10) used for 

calibrating the pH electrode were purchased from Fisher Chemical. The gases used in this study 

were Hydrogen (99.999%, Airgas), Helium (99.999%, Airgas), Nitrogen (99.999%, Ivey), Carbon 

Dioxide (99.5%, Airgas) and Air (Ultra Zero Grade, Parker). 

 

Catalytic Testing. A single chamber (65 ml effective volume) three electrode electrochemical 

glass cell (Gamry, Dr. Bob’s Cell) was used. The cell consisted of a Pt wire working electrode, Pt 

coil counter electrode, and a double junction silver/silver chloride electrode (Pine Research, 

RREF0024, 0.199 V vs NHE). 30% of the Pt wire working electrode was immersed in solution. 

The counter electrode was kept within a fritted isolation tube with 20 μm diameter pores (Pine 

Research, RRPG097). The Ag/AgCl reference electrode was stored in a saturated KNO3 solution 

when not in use in order to maintain the condition of the electrode. A single channel potentiostat 

(Gamry,1010E) was used to apply potentials across the electrochemical cell via the three 

electrodes. The solution resistance under reaction conditions was determined to be 2.1 Ω (see 

supporting information sec. S8), which results in less than 1% error in the applied potential and 
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therefore no iR compensation was applied. 

The cell contained 45 ml of the desired aqueous concentration of electrolyte and reactant. 

The solution was mixed at 800 RPM using a triangular stir bar (SP Scienceware, F37134-0000) 

while the cell itself was located on top a stir plate (Corning, PC-220). The electrochemical cell 

was continuously purged by a 35 sccm Nitrogen stream, fed via a 1/16” PEEK tube (Valco, 

0.127mm ID) immersed into solution. All gas flows were adjusted via a mass flow controller 

(Brooks 5850S), gas flow rates were confirmed using a bubble flowmeter (HP). The pH of the 

solution was confirmed to remain constant (0.8 pH) using a pH electrode (VWR, 89231-574) 

equipped with a pH meter (Thermo Scientific, Orion Star A211). The effluent stream was analyzed 

using an online gas chromatograph (Agilent, 7890B) equipped with a PLOT Q column (Agilent, 

19091P-QO4) and combined flame ionization detector (FID)/methanizer (Jetanizer, Activated 

Research Company). Experiments were typically carried out incorporating a series of reference 

conditions used to keep track of and correct for any catalytic deactivation taking place. Turnover 

frequencies are reported for the products formed during electro-oxidation experiments, calculated 

as,  

 

TOF = 
FCO2

NPt
 [=] 

 mol CO2

mol Pt s
     (9) 

 

NPt= 
N0*SAPt

NA
      (10) 

 

where FCO2 is the molar flow rate of carbon dioxide evolved as quantified via gas chromatography 

and NPt the mol of exposed Pt sites in the reactor, which is calculated based on the surface area of 

the wire immersed in solution (SAPt). The surface area of Pt is normalized by the site density of Pt 

(N0, 1019 sites m-2) and Avogadro’s number (NA).    

 

Catalyst pre-treatment. Prior to placing the working electrode in solution, it was subjected to an 

ex-situ reduction. Typically, the electrode was loaded into a downflow U-shape quartz tube and 

heated in a tube furnace (GSL-1100X, MTI corporation) under a 100 sccm flow of hydrogen 

regulated by a mass flow controller (5850S, Brooks Instrument). A plug of deactivated glass wool 

(24324, Restek) was placed at the bottom of the quartz U-tube, acting as a physical support for the 

Pt wire. To ensure accurate reduction temperatures, a 1/16” type-K thermocouple (Omega) encased 

within a quartz sheath was placed in direct contact with the catalyst bed.  The Pt wire was reduced 

at 673 K for 4 hr with a ramp rate of 3 K min-1 and cooled down to room temperature under the 

same flow of hydrogen, followed by a purge in He.  

 

Notes. The authors declare no competing interests.  
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measurements, reactor design details, and initial rate estimates are included in the supporting 

information. This information is available free of charge on the ACS Publications website. 
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Figure 1. Experimentally measured turnover frequency of vapor phase formic acid decomposition to CO and 

CO2
12 as a function of the metal d-band center.13 Turnover frequencies were measured at steady state in a packed 

bed reactor at 523 K and 2000 ppm formic acid in He with < 2% conversion.  

 

 
Figure 2.  Pathways in Formic Acid Electro-oxidation on Pt.  (A) Formic acid adsorbs on Pt through the carbonyl 

oxygen before decomposing through three mechanisms.  Faradaic proton formation produces either a surface hydroxyl 

carbonyl (blue) or surface formate (black), before another faradaic proton formation yields CO2 gas.  Alternatively, 

non-faradaic decomposition of adsorbed formic acid (red) produces water and adsorbed carbon monoxide, after which 

faradaic reaction with water yields two protons and gaseous CO2. (B) Energetics of formic acid electro-oxidation 

through the various pathways over Pt(111) in an aqueous environment at 0 V NHE.21   
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Figure 3. Electrochemical cell with continuous gas flow and online gas chromatography analysis. MFC – Mass 

flow controller, CE – Counter Electrode, WE – Working electrode, RE – Reference electrode, and GC- Gas 

Chromatograph.  

 

 
Figure 4.  Polarization Curve: Steady-State Formic Acid Electro-oxidation on Pt.  (A) The turnover 

frequency of formic acid electro-oxidation was determined at steady state on Pt by measuring the 

continuous rate of carbon dioxide formation with online gas chromatography as a function of applied 

potential. (B) Measured current as a function of the rate of reaction multiplied by Faraday’s constant at 

various applied potentials, error in slope estimated at 95% confidence interval. 
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Figure 5.  Dynamic Modulation of Applied Potential for Formic Acid Decomposition on Pt.  (A) The applied 

potential square waveform between open circuit (OC) and 0.8 V NHE at 0.1 Hz and 50% duty cycle.  (B) The transition 

between open circuit and 0.8 V NHE produces a transient spike in the current, indicating a rapid reaction that quickly 

approaches a new steady state.  (C) Initial steady applied potential of 0.8 V NHE transitions to dynamic square wave 

oscillation of the applied potential between open circuit (OC) and 0.8 V NHE at 0.1 Hz and 50% duty cycle.  The 

resulting time-averaged catalytic turnover frequency exhibits a 10-fold increase as measured independently by both 

exchange current and CO2 product formation rate measured by gas chromatography. 

 

 
 

Figure 6.  Reaction Energies and Pathways of Dynamic Formic Acid Electrocatalytic Decomposition on Pt.  (A)  

The decomposition of formic acid on Pt proceeds thermodynamically downhill through an initial non-faradic 

decomposition to water and adsorbed CO (ΔE = -2 eV).  The subsequent faradaic oxidation of CO* to CO2(g) proceeds 
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via exergonic or endergonic pathways with tunable activation energy dependent on the applied surface potential.  (B)  

The catalytic cycle proceeds at enhanced rates via dynamic oscillation of the applied potential between open circuit, 

which is favorable to non-faradaic formic acid decomposition, and 0.8 V, which is favorable for electrocatalytic 

oxidation of adsorbed CO*. 

 

 
Figure 7.  Linear sweep potential curves (50 mV s-1 scan rate) with varying initial hold times at open circuit 

(τOC) and in the absence of formic acid (dashed).  

 

 
Figure 8.  Time-Averaged Turnover Frequency Response of Dynamic Formic Acid Electro-oxidation on Pt.  

Square wave applied potentials (50% duty cycle) yield variable average catalytic turnover frequencies determined by 

the rate of production of carbon dioxide measured using online gas chromatography. Square wave potentiodynamic 

condition evaluated:  zero volts to 0.8 V NHE (red).  The peak resonance-enhanced electrocatalytic reaction rate occurs 

at 100 Hz, with a maximum average TOF 20 s-1, respectively.  TOFSS (0.44 s-1) is the steady-state reaction rate at fixed 

applied potential of 0.8 V. 
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Figure 9.  Comparison of Dynamic and Static Electrocatalytic Oxidation of Formic Acid on Pt.  Static formation 

rate of CO2 from formic acid (blue) at fixed applied potentials (0.2 < V < 1.0 NHE) is significantly lower than the 

dynamic turnover frequencies (red) varying at 0.1, 1, and 100 Hz with square waveforms at 50% duty cycle with an 

amplitude of zero to 0.8 V NHE applied potential.   
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