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Abstract 14 

Gas-processing metalloenzymes are of interest to new future biotechnologies and bioinspired 15 

technologies. Of particular importance are hydrogenases and nitrogenases, which both produce 16 

molecular hydrogen (H2) from proton (H+) reduction. Here, we report on the use of rotating 17 

ring disk electrochemistry (RRDE) and mass spectrometry (MS) to follow the production of 18 

H2 and isotopes produced from deuteron (D+) reduction (HD and D2) using a model hydrogen-19 

evolving metalloenzyme [FeFe]-hydrogenase from Clostridium pasteurianum. This facilitates 20 

enzymology studies independent of non-innocent chemical reductants. We anticipate that these 21 

approaches will be of value in resolving the catalytic mechanisms of H2-producing 22 

metalloenzymes and the design of bioinspired catalysts for H2 production and N2 fixation. 23 
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Introduction 28 

Due to ever-increasing environmental awareness, there is considerable interest to develop 29 

efficient electrocatalysts to produce renewable fuels (such as molecular hydrogen, H2) or to 30 

supplement/delocalize global industrial processes (such as the production of ammonia fertilizer 31 

from molecular nitrogen, N2).1 Gas-processing metalloenzymes are attractive for new 32 

electrochemical biotechnologies and provide inspiration for the design of new catalysts due to 33 

desirable catalytic properties such as high selectivity, the use of non-precious and abundant 34 

metals in their catalytic cores.2 Further, their optimal catalytic activities are often found under 35 

mild conditions (ambient temperature and pressure, near-neutral pH). Two particular enzymes 36 

of interest are hydrogenases and nitrogenases. Hydrogenases are iron- and sulfur-dependent 37 

metalloenzymes that are found in all kingdoms of life, which catalyze the reversible reduction 38 

of protons (2H+) to H2 (E0’ = −0.414 V vs. SHE).3 Nitrogenases are also iron- and sulfur-39 

dependent metalloenzymes that are found in select archaea and bacteria, which catalyze the 40 

fixation of N2 to NH3 (E0’ = +0.274 V vs. SHE),4 as well as the reduction of H+ to H2.5 The 41 

production of one equivalent of H2 per N2 reduced is thought to be necessary in order to activate 42 

the catalytic cofactor of nitrogenase for N2 fixation.6 Thus, there is considerable interest to 43 

understand how nitrogenase evolves H2 for activation as well as how nitrogenase can 44 

theoretically divert up to 75% of its electrons toward N2 fixation over H+ reduction in aqueous 45 

media, a reaction that plagues abiotic N2−reducing catalytic systems.6–8 46 

While hydrogenases and nitrogenases exchange reducing equivalents with small 47 

metalloproteins such as ferredoxins or flavodoxins in vivo, electrodes have been employed to 48 

drive the artificial reduction of H+ and N2 by these enzymes in vitro.9–13 Such an approach is 49 

attractive not only for new biotechnologies, but also for mechanistic interrogation of their 50 

complex catalytic mechanisms where electron transfer to these gas-processing metalloenzymes 51 

can be controlled. Here, we demonstrate the use of rotating ring disk electrochemistry (RRDE) 52 



as a technique to follow the production of H2 from [FeFe]-hydrogenase from Clostridium 53 

pasteurianum (CpI) wired to a carbon electrode surface within a redox polymer (Figure 1). 54 

Second, we investigated electroenzymatic hydron reduction by CpI in a 50%/50% H/D 55 

buffered electrolyte. We demonstrate the use of online mass spectrometry (MS) to follow H2, 56 

molecular deuterium (D2) and deuterium hydride (HD) production by an enzyme electrode for 57 

the first time, enabling kinetic isotope effect (KIE) studies. These “online” methods provide 58 

approaches that can be translated to interrogate other metalloenzymes that produce H2, as well 59 

as characterizing catalytic biases for substrate reduction, i.e., N2 vs. H+ reduction by 60 

nitrogenase. 61 

   62 

Figure 1. The [FeFe]-hydrogenase from C. pasteurianum (CpI) is 
immobilized within a cobaltocene-containing redox polymer (Cc-BPEI) at 
the surface of a rotating carbon electrode. The electroenzymatically 
generated H2 gas is detected by electrocatalytic oxidation at a rotating Pt ring 
electrode. 



Results 63 

While standard [FeFe]-hydrogenases are particularly active in the H+ reduction reaction 64 

direction,14  different hydrogenases have previously been reported to undergo H+ reduction 65 

when entrapped within a bis(cyclopentadienyl)cobalt(II)-grafted redox polymer at electrode 66 

surfaces.15 This “cobaltocene” mediator has a reduction potential (E0) of −0.91 V vs. SHE and 67 

is well-suited to facilitate electron transfer to hydrogenase for H+ reduction (E0’ = −0.414 V 68 

vs. SHE).16 We employed branched poly(ethylenimine)-grafted cobaltocene as the redox 69 

polymer (Cc-BPEI)17 alongside CpI,18 which can be recombinantly expressed in Escherichia 70 

coli and activated in vivo and in vitro (Figure S1).18–21 In the first step, we investigated the 71 

activity of CpI and integrity of the “H-cluster” active site cofactor by ATR FTIR spectroscopy. 72 

The CO and CN– ligands of the H-cluster absorb strongly in the frequency regime between 73 

2150 – 1750 cm-1 and do not overlap with the absorbance bands of liquid water and protein. 74 

Absolute spectra of hydrated sample (0.5 mM CpI or 0.5 mM CpI + 2 mg/mL Cc-BPEI) suggest 75 

no degradation of the H-cluster (Figure S2). To probe the reactivity of the hydrogenase within 76 

the polymer, we recorded ATR FTIR difference spectra triggering the reduction of CpI by 77 

changing the atmosphere above the sample from 100% N2 to 90% N2 and 10% H2. Figure 2a 78 

depicts the decrease of the oxidized state Hox (negative bands) over the increase of one-79 

electron reduced states (Hred´ and Hred) and two-electron reduced states (Hhyd and Hsred). 80 

This is the typical behavior of pure [FeFe]-hydrogenase at near-neutral pH (Figure S3), as 81 

reported earlier.22–24 Following the reduction and auto-oxidation of CpI in time-resolved 82 

experiments further confirms the unperturbed activity of enzyme within the Cc-BPEI polymer 83 



(Figure 2b and Figure S3). Recent 84 

work shows that [FeFe]-hydrogenases 85 

can even be reconstituted within redox 86 

polymers.25 87 

Next, the ability to 88 

electrochemically follow H2 produced 89 

by a CpI + Cc-BPEI-functionalized 90 

electrode was investigated by rotating 91 

ring disk electrochemistry (RRDE). 92 

While Pt electrodes efficiently reduce 93 

H+ and oxidize H2 and RRDE can 94 

therefore be employed to follow H2 95 

production at Pt ring electrodes,26,27 this 96 

technique has not yet been utilized to 97 

study mechanisms of H2-producing 98 

metalloenzymes. Figure 3a presents a 99 

cyclic voltammogram for Cc-mediated 100 

H+ reduction by CpI, where a reductive 101 

catalytic “wave” commencing at around <−0.4 V vs. SHE was observed representing 102 

electroenzymatic H+ reduction to H2 at a glassy carbon (GC) disk electrode. A significant H2 103 

oxidative catalytic “wave” was not observed due to (i) the absence of H2 in the glovebox (and 104 

electrochemical cell) environment, and (ii) the reductive bias imparted by the low reduction 105 

potential of the Cc-BPEI redox polymer. Simultaneously, the neighboring Pt ring electrode was 106 

poised at a potential sufficiently positive for electrocatalytic H2 oxidation (i.e., 0 V vs. SHE) 107 

(Figure S4). In order to confirm that the disk reductive currents and the ring oxidative currents 108 

Figure 2. Integrity of the H-cluster and activity of CpI 
probed by ATR FTIR spectroscopy. (a) The figure depicts 
H2 – N2 difference spectra of CpI + 2 mg mL−1 Cc-BPEI. 
Negative bands represent the H-cluster states that prevail 
under N2, positive bands are assigned to states accumulated 
under 10% H2. The observed pattern is virtually identical to 
pure CpI. (b) Following the time-dependent evolution of 
states under N2 and 10% H2 further confirms the 
unperturbed activity of CpI within the Cc-BPEI polymer. 



did indeed correspond to 109 

electroenzymatic H2 turnover, a control 110 

experiment was performed where we 111 

exploited the extreme sensitivity of 112 

[FeFe]-hydrogenases to O2.28 By taking 113 

a CpI-modified electrode and 114 

deactivating the enzyme by rotating the 115 

electrode in an O2-containing 116 

electrolyte solution, the reductive (GC 117 

disk) and oxidative (Pt ring) 118 

electrocatalytic currents were almost 119 

entirely abolished (Figure S5). 120 

RRDEs have associated 121 

collection efficiencies (CEs) 122 

corresponding to the quantity of species 123 

produced at the disk that is 124 

subsequently detected at the ring; this 125 

value is specified to be 24.9% for the 126 

RRDE used in this study (further 127 

information in the Supporting 128 

Information). The CE of this setup was 129 

first confirmed using the ferrocyanide/ferricyanide couple and found to be around 27% 130 

between rotation rates of 500 – 2500 rpm. For the detection of H2 produced by CpI we observed 131 

the CE to reach up to 23% (Figure 3b, Figure S6 and Figure S7). Interestingly, the CE was 132 

typically found to decrease with increasing rotation rates (Figure 3b), which was attributed to 133 

Figure 3. (a) Cyclic voltammogram for electroenzymatic 
H2 production (black line) and its subsequent detection by 
the Pt ring of a RRDE (red line). The scan rate of the CpI-
functionalized GC working electrode was 10 mV s−1. The 
potential of the Pt ring electrode was fixed at 0 V vs. SHE 
during the experiment, although the current is plotted vs. 
the potential applied at the GC electrode. The RRDE was 
rotated at 1000 rpm in an argon-filled glovebox. Electrolyte 
= 0.5 M phosphate buffer, pH 6.5. (b) A comparison of 
collection efficiencies obtained for H2 detection (black line) 
vs. ferricyanide reduction (red line) as a function of rotation 
rate. Data collected from 2x amperometric i-t experiments. 
For H2 collection efficiency, the CpI-functionalized disk 
electrode was poised at −0.8 V and the Pt ring electrode was 
poised at 0 V vs. SHE. Electrolyte = 0.5 M phosphate 
buffer, pH 6.5. Ferricyanide generation was performed at a 
disk electrode poised at +0.8 V and ferricyanide reduction 
was performed at a Pt ring electrode poised at +0.1 V vs. 
SHE. Electrolyte = 0.1 M KCl containing 2 mM 
ferrocyanide. 



the relatively low solubility of H2 in 134 

aqueous solution and increasingly poor 135 

H2 adsorption at high rotation rates. 136 

Further, subsequent electrochemical 137 

cleaning of the Pt ring surface 138 

(Supporting Information) after 139 

performing hydrogenase experiments in 140 

phosphate buffer revealed a sharp 141 

oxidative peak that disappeared after 142 

the first scan (Figure S8). We 143 

hypothesize that this peak could result 144 

from the oxidative stripping of an 145 

unknown species that inhibits H2 146 

adsorption. Further, high phosphate 147 

concentrations were found to 148 

significantly impact O2 reduction on Pt 149 

electrodes (Figure S9), while the CE of 150 

the ferrocyanide/ferricyanide couple by 151 

RRDE was not significantly impacted.  152 

We next evaluated the KIE for 153 

hydron reduction by CpI within the Cc-BPEI redox polymer. Initially, the RRDE approach was 154 

employed where a significant decrease in the magnitude of the reductive current (diminished 155 

H2 production) was observed in different fractions of D2O-based electrolyte (Figure 4a). In the 156 

case where electron transfer to CpI is rate-determining, a change in the electrocatalytic current 157 

Figure 4. (a) RRDE cyclic voltammograms for 
electroenzymatic hydron reduction (black line) with 
varying ratios of H/D, and subsequent product detection 
(red line). The scan rate of the CpI-functionalized glassy 
carbon working electrode was 10 mV s−1. The potential of 
the Pt ring electrode was fixed at 0 V vs. SHE during the 
experiment. The RRDE was rotated at 1000 rpm in an 
argon-filled glovebox. Electrolyte = 0.5 M phosphate 
buffer, pH/pD = 6.5. (b) Amperometric i-t curve 
demonstrating the sharp decrease in hydron reductive 
current upon the introduction of 50% D (final) to the 
electrolyte. Buffer hydron composition and electrode 
rotation rates are given above the traces. The glassy carbon 
working electrode was poised at −0.6 V vs. SHE. 
Electrolyte = 0.5 M phosphate buffer, pH/pD = 6.5. 



(which is proportional to the rate 158 

constant) would not be expected and 159 

KIE = 𝑖"#$/𝑖"#$ = 1. However, the 160 

significant decrease in the rate (𝑘 ∝ 𝑖) 161 

of hydron reduction indicates that 162 

KIE ≠ 1 and we hypothesized that the 163 

rate-determining step for hydron 164 

reduction could be associated with (i) 165 

one or more hydrons, (ii) product 166 

release (i.e., H2/D2/HD)29 and/or (iii) 167 

hydron mass transport (either in the 168 

bulk, within the redox polymer film or 169 

within CpI). Amperometric i-t was 170 

subsequently employed to confirm 171 

whether bulk mass transport was rate-172 

limiting (Figure 4b). We found that 173 

the titration of an equivalent D2O-174 

based phosphate buffer electrolyte (to 175 

a final H:D ratio of 1:1) immediately 176 

resulted in a decrease in the magnitude of the reductive current by approximately 37%. 177 

Increasing the rotation rate of the electrode from 1000 – 3000 rpm did not significantly recover 178 

the reductive catalytic current, indicating that bulk mass-transport was not rate-limiting. 179 

Further, the subsequent addition of H2O-based phosphate buffer electrode (with a final H:D 180 

ratio of 3:1) resulted in an increase in the magnitude of the reductive current, demonstrating 181 

that this effect is reversible.  182 

Figure 5. (a) Electrolytic evolution of H2 (black line), HD (red 
line) and D2 (blue line) following the application of −0.6 V vs. 
SHE at a CpI-functionalized carbon paper electrode for 3600 
s in 1:1 H:D buffer. Each product was followed simultaneously 
(in the same run) by mass spectrometry (m/z = 2, 3 and 4). 
Uncalibrated gas quantities are given as baseline corrected 
changes in ppm. Following electrolysis and in between 
standard injections, the electrochemical cell was flushed with 
argon gas (black dashed line) to displace H2/HD/D2 from the 
reaction headspace. Electrolyte = 0.5 M phosphate buffer, 
pH/pD = 6.5. The injection of individual or mixed gas 
standards demonstrates the differentiation of these products in 
the same experiment. (b) Calibrated quantities of H2 (black), 
HD (red), D2 (blue) and the sum (magenta) produced during 
3600 s of bulk electrolysis (from (a)). The x-axis was 
corrected to the start of bulk electrolysis. 



Upon performing 183 

electroenzymatic hydron reduction with 184 

CpI in a mixed H/D buffer the expected 185 

gaseous products would be H2, D2 and 186 

HD. While we have shown that RRDE is 187 

effective in observing the H2 produced 188 

by enzyme electrodes, differentiating 189 

between H2, D2 and HD at a Pt ring 190 

electrode was not expected to be facile. 191 

To this end, we utilized an online 192 

residual gas analyzer to differentiate 193 

between H2, D2 and HD. A carbon paper 194 

electrode functionalized with CpI and 195 

the Cc-BPEI redox polymer was 196 

introduced to an electrolyte comprised 197 

of 50% deuterated phosphate buffer electrolyte. Bulk electrolysis was performed at −0.6 V vs. 198 

SHE while simultaneously and continuously following the formation of products (H2, D2 and 199 

HD) in the headspace of the vial with m/z values of 2, 3 and 4 (Figure 5, Figures S10 and 200 

S11). As demonstrated in Figure 5a, it was possible to repeatedly flush the electrochemical 201 

cell and make subsequent injections of gas standards for calibration, where H2, D2 and HD can 202 

either be followed together or individually. After calibration of the cell (Figure 5b), the 203 

observed product distribution was found to be approximately 0.44:0.42:0.14 for H2:HD:D2 at 204 

steady-state (Figure 6a). Here, we assume that hydrons are sequentially delivered to the H-205 

cluster active site of CpI,30 arriving at possible pathways for product formation of: 206 

Pathway 1:  [FeFe] 	
-	𝐇/
0⎯2	[FeFe]"

-	𝐇/
0⎯2 [FeFe] +		 	𝐇𝟐 207 

Figure 6. (a) Observed product distribution during 
electrolysis for 3600 s using a CpI-functionalized carbon 
paper electrode in 1:1 H:D phosphate buffer, pH 6.5. (b) 
Calculated kinetic isotope effect (KIE) of the CpI-
functionalized electrode, based on the observed fraction of 
each product in (A). 



Pathway 2:  [FeFe] 	
-	𝐇/
0⎯2	[FeFe]"

-	𝐃/
0⎯2 [FeFe] + 		𝐇𝐃 208 

Pathway 3:  [FeFe] 	
-	𝐃/
0⎯2	 [FeFe]6

-	𝐇/
0⎯2 [FeFe] + 		𝐇𝐃 209 

Pathway 4:  [FeFe] 	
-	𝐃/
0⎯2	 [FeFe]6

-	𝐃/
0⎯2 [FeFe] +			𝐃𝟐 210 

 211 

The probabilities (𝑝) of producing H2, HD (pathways 2 and 3 combined) or D2 can be 212 

then expressed as a function of a KIE and the mole fractions (𝑓9), as outlined in the Supporting 213 

Information.31 As shown in Figure 6b, the KIEs for the overall CpI electrode as calculated for 214 

the observed product distribution are ~2 (for H2), ~2.3 (for HD) and ~1.7 (for D2). Figure S11 215 

reports the amperometric i-t trace and observed product distribution for a control CpI carbon 216 

paper electrode that was prepared under oxic conditions in order to render the enzyme inactive; 217 

significantly diminished catalytic currents (x20 fold) and products (x17 fold) were observed, 218 

consistent with active CpI being necessary for the observed production of H2, HD and D2. 219 

 220 

Conclusions 221 

We report on the use of RRDE and MS as two different approaches to interrogate H2 production 222 

by gas-processing metalloenzymes at electrode surfaces. The [FeFe]-hydrogenase CpI was 223 

used as a “model” metalloenzyme and a cobaltocene-based redox polymer was used to 224 

immobilize the enzyme and mediate electrons for H+ reduction. The Pt ring electrode of an 225 

RRDE was shown to be effective at monitoring real-time H2 production. Further, online MS 226 

was employed to follow the production of H2 and isotopes (HD, D2) that are produced by 227 

hydron reduction at the gas-processing metalloenzyme electrode in a mixed H/D buffer 228 

electrolyte. The combination of these techniques will be important to interrogating 229 

metalloenzyme mechanisms, notably independent of non-innocent chemical reductants such as 230 

dithionite or europium compounds. Future work will seek to identify the origin of the observed 231 



KIE for CpI under these conditions. Moreover, this technique will also be employed to 232 

investigate other H2-producing metalloenzymes for which H+ reduction is of mechanistic 233 

importance, such as nitrogenase. 234 
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