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Abstract: The electrochemical reduction of carbon dioxide (CO2RR) is a viable route for the 

transformation of intermittent renewable energy into high energy density chemical vectors (e.g. CO) 

or into fuels. Unlike metal nanoparticle electrocatalysts, the use of organometallic molecular 

complexes affords more efficient metal utilization, limits poisoning phenomena and allows the 

tuning of selectivity by varying the electronic and coordination properties of the metal center. 

Herein we describe the organometallic complex (fac-Mn(apbpy)(CO)3Br) (apbpy = 4-(4-

aminophenyl)-2,2’-bipyridine) covalently anchored on a gas diffusion layer used as cathode in an 

aqueous gas-liquid interface complete electrolysis flow cell microreactor. The decorated gas 

diffusion layer electrode was able to convert CO2 into CO and HCOOH with faradaic efficiencies 

(FE) of 76% and 10% with a CO-productivity close to 70 Nl min-1 gMn
-1 reaching CO2RR turnover 

numbers up to 1.6·105 largely outperforming a state-of-the-art gold nanoparticle electrocatalyst 

(Au/C 10 wt%) operating in the same cell conditions. 
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1 Introduction: 

The CO2 concentration in the atmosphere caused by anthropogenic activities, strongly connected to 

the conversion of fossil fuels into energy, is an exponential increasing concern because it causes 

environmental issues, such as flooding and dramatic weather events. The energy demand of our 

society is constantly increasing, and the CO2 environmental and energy problems are strictly 

related. Thus, a green, fast and economic chemical way to convert CO2 back into fuels is highly 

desirable. To be feasible the process should be also economically sustainable, for example coupling 

the CO2 capture with rare earth recycling or CO2 conversion to CO with direct utilization for 

pharmaceutical high-value products[1,2]. Carbon dioxide electro-reduction (CO2RR), represents an 

excellent candidate for recycling CO2 back into high density energy vectors (fuels), and chemicals 

by exploiting excess electrical energy produced by discontinuous and intermittent renewable energy 

sources. Generally, the CO2 electrolysis process can produce a plethora of products such as CO, 

CH4, C2H4, formate, methanol and ethanol depending on the nature of the electrocatalyst and on 

reaction conditions, such as electrode potential, electrolyte, pressure and temperature [3-14]. Syngas 

(CO/H2 mixtures) produced by simultaneous CO2RR and water reduction can be considered a good 

candidate, being a potential building block for larger molecules (using gas-to-liquid processes such 

as Fischer-Tropsch) [12,13]. When targeting CO2 reduction products (CO, CH4, C2H4 alcohols, etc.) 

in aqueous media, CO2RR is limited by parasitic water reduction, lowering the quantity of charge 

that effectively is used to convert CO2, hence, reducing the energy efficiency of the whole process 

[11,14]. 

Electrocatalytic structures based on metal nanoparticles are known to convert CO2 to CO: gold, 

silver, palladium and, to a certain extent, copper are able to produce CO under a variety of 

conditions, including in aqueous media [11,13-20]. The use of metal based catalysts usually 

requires high metal loadings and careful nanoparticle morphology control in order to guarantee 

selectivity and faradaic efficiencies and avoid performance degradation due to nanoparticle 
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coalescence phenomena. The use of organometallic molecular complexes as electrocatalysts for 

CO2 electroreduction is a viable strategy to overcome such limitations affording more efficient 

metal utilization (as it is intrinsically single site) and allowing the possibility to control the 

selectivity and the activity of the electrocatalyst by adjusting the coordination of the metal center to 

tune both electronic properties and steric hindrance [21-28]. Furthermore, the immobilization of 

organometallic complexes on a conductive support has been proven to be an extremely powerful 

tool to further improve the advantages of the use of organometallic complexes [29-47]. In particular 

when covalently bound, resulting in faster electron transfer kinetics, higher TOFs and TONs, and 

significant improved stability when compared to the same catalyst dissolved in solution [45-47]. In 

our previous work we described the use of a fac-Mn(apbpy)(CO)3Br complex grafted 

electrochemically onto a carbon cloth support via electrochemical diazonium salt reduction (figure 

S1). The electrode, immersed in a CO2-saturated aqueous KHCO3 solution, was able to convert 

selectively CO2 into CO at 60% faradaic efficiency (FE) at -0.716 V vs RHE together with a 

productivity rate higher than 14.5 NlCO min-1 gMn
-1 with turnover numbers of up to 33200 during 10 

hours of operation [47]. In order to effectively establish an optimized three-phase boundary between 

water (necessary as proton source), electrocatalyst and CO2 gas we chose a buffer layer 

configuration (figure 1) to ensure proper hydration of the electrocatalytic layer [49-53]. 

Furthermore, hydration also controls the local pH at the electrocatalyst interface, that also 

influences the selectivity between different CO2RR products [54-64].  

Herein, we describe the performance of a complete CO2RR electrolyzer employing a single-site 

manganese-based molecular electrocatalyst for efficient and selective conversion of CO2 to CO (and 

HCOOH) in aqueous media with high faradaic selectivity, metal efficiency and turnover numbers. 

This system is the first example of a covalently grafted molecular complex employed in a complete 

electrolyzer. 
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Figure 1: Gas diffusion layer-supported fac-Mn(apbpy)(CO)3Br electrocatalyst at the interface 

between gas and buffer layer phase in the flow electrochemical cell 

 

2 Methods: 

2.1 Synthesis of the electrocatalysts 

2.1.1 Synthesis of the fac-Mn(apbpy)(CO)3Br complex 

The complex fac-Mn(apbpy)(CO)3Br was synthesized reacting 4-(4-aminophenyl)-2,2’-bipyridine 

(apbpy) with the corresponding precursor Mn(CO)5Br, following a similar synthetic approach as 

previously reported [46,47]. 

2.1.2 Molecular cathode preparation on carbon cloth 

The molecular complex fac-Mn(apbpy)(CO)3Br was supported on carbon cloth gas diffusion layer 

by electrochemical diazonium salt reduction (scheme S1). First the pristine carbon cloth GDL 

(GPP050M from Cetech Co. ltd) was cut in pieces of 37 x 30 mm and cleaned ultrasonically in 50 

wt% 2-propanol solution in Milliq water for 30’ and in pure Milliq water for additional 30’, then 

dried in an oven at 60°C for one hour. The real electrochemical surface area (ECSA) was estimated 



5 
 

by performing cyclic voltammetry on a 1.0 mM solution of ferrocene (Fc) at different scan rates 

(the diffusion coefficient of Fc is 2.24·10–5 cm2 s-1). The peak current was then plotted against the 

square of the scan rate and the slope is used to determine the real surface area according to the 

Randles-Sevčik law. The estimated roughness factor (fr = AECSA / AGEOM) was 5.87, as it has 

been previously reported by us [47]. The fac-Mn(apbpy)(CO)3Br diazonium salt was synthesized 

directly into the preparative electrochemical cell under inert atmosphere from a solution of the 

corresponding complex (5·10–3 M) and 30 μl of trichloroacetic acid (Sigma) in 10 ml of acetonitrile 

(Sigma). The solution was initially cooled in an ice water bath, then 10 μl of isoamyl nitrite and 

TBAPF6 (0.1M) were added. The carbon cloth functionalization was executed by performing cyclic 

voltammetry scans between +0.65 and -0.7 V (vs Ag|AgCl|KClsat) at 0.05 V s-1 in cathodic direction 

as previously described [47].  

 

2.1.3 Molecular cathode loading estimation: 

For quantification of the amount of electrocatalyst covalently bonded on ECSA, the electrochemical 

method of charge integration of CV scan could be adopted [46,65]. However, the electrochemical 

reduction of the fac-Mn(apbpy)(CO)3Br/CC is chemically irreversible (as it is in homogenous 

conditions) and overlaps with the reduction of water. An indirect method for evaluating the surface 

coverage Γ (mol cm-2) is via charge integration of CV data of CC bonded nitroaniline. This 

approach has the advantage of using an electrochemically reversible system in MeCN solutions, and 

it has Γ values about 10 times higher than those of bpy-type metal complexes, as previously 

reported [46,65]. The surface coverage of nitroaniline on CC has been experimentally evaluated to 

be 1.4 10–8 mol cmECSA
-2 [47]. This value is comparable with that previously found for glassy 

carbon electrode (about 10–9 mol cm-2), considering the much higher roughness of CC. Hence, the 

estimated electrocatalyst surface loading from CV charge integration was 1.4·10–9 mol cmECSA
-2 

(4.51·10–7 gMn cmgeom
-2). 
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2.1.4 Anode preparation on carbon cloth 

10mg of IrO2 and 20mg of Vulcan XC-72 were dispersed ultrasonically for 60 minutes in mixture 

of 1.5 mg 2-propanol and 0.5g of water, together with 85mg of a 5 wt% nafion oligomer solution in 

lower aliphatic alcohols. The uniform ink obtained was brush-painted by subsequent 7-9 

depositions-drying cycles on a 37x30mm carbon cloth (GPP050M from Cetech Co. ltd) previously 

cleaned ultrasonically and tape-masked to expose an area of 4.3 cm2 (figure S3). The IrO2 loading 

(approx. 1.8 mg cm-2) was estimated by weight difference. 

2.1.5 Au-C cathode preparation on carbon cloth 

45.2 mg of Au/C 10% electrocatalyst were dispersed ultrasonically for 60 minutes in mixture of 2.0 

mg 2-propanol and 1.0 g of water, together with 96 mg of a 5 wt% nafion oligomer solution in 

lower aliphatic alcohols. The uniform ink obtained was brush-painted by subsequent 5-6 

depositions-drying cycles on a 37x30mm carbon cloth (GPP050M from Cetech Co. ltd) previously 

cleaned ultrasonically and tape-masked to expose an area of 4.3 cm2 (see scheme S2) until the 

maximum possible loading on the surface was achieved. The Au/C loading (approx. 0.81 mgcat 

cmgeom
-2, 0.081 mgAu cmgeom

-2) was estimated by weight difference. 

2.2 Electrochemical reactor experiments 

Experiments were conducted in a 3d-printed ABS gas diffusion flow reactor (figure S2, S4) 

equipped with two flow buffer layers (cathode and anode) with a circulating 0.2M KHCO3 (Sigma 

Pure PA) solution on both compartments. Both the liquid and the gases were fed by using a Gilson 

peristaltic pump equipped with Tygon™  tubes. The cell, vertically oriented, housed in a CO2-filled 

drybox, has four compartments: starting from cathode side, i) a gas compartment where pure CO2 

(99.995% purity) was fed; the gas diffusion electrode modified with fac-Mn(apbpy)(CO)3Br 

complex was housed at the interface between the gas compartment and the cathode buffer layer; the 
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gas tightness was ensured by two silicon rubber rectangular gaskets with the additional purpose of 

masking the active area (23 x 18 mm, 4.3 cm2 exposed surface, (figure S3); ii) and iii) cathodic and 

anodic buffer layers that were separated by a Nafion 117 membrane; and iv) the anode gas 

compartment, continuously purged with nitrogen. The anode buffer layer and the anode gas 

compartment were separated by the carbon cloth GDL modified with IrO2 water oxidation reaction 

electrocatalyst. The cathode buffer layer houses also the reference electrode (Ag|AgCl|KClsat) which 

is closely placed to the cathode electrocatalyst in order to minimize the uncompensated resistance. 

The buffer layers were filled with circulating 0.2M Bioultra™ KHCO3, (pre-saturated with CO2 for 

30 minutes to remove dissolved oxygen) and high purity (99.995%) CO2 was fed instead to the 

cathode gas compartment. The anode gas compartment was continuously evacuated with nitrogen to 

minimize detrimental oxygen contaminations. The cathode exhaust was fed to the cathode buffer 

layer tank for gas-liquid separation and pressure equilibration to avoid gas bubbling through the gas 

diffusion layer. The buffer layer solutions were continuously recycled; the cathode exhaust was sent 

to and hydraulic guard and vented. Gas was sampled directly in the cathodic cell compartment with 

a 200ul Hamilton™ gastight syringe through a GC-grade silicon rubber port. The flow rate was 0.2 

and 0.4 mL min-1 for buffer layers and CO2 cathode fed respectively. The gas flow rate was traded 

off to ensure an excess of CO2 at the cathode without excessively diluting the gas sample. The 

cathode potential was controlled by setting it to values referenced to the internal reference 

electrode, while the total cell potential was measured by an external voltmeter. The current 

collectors were made of stainless steel in a control-sense double connector configuration (figure S2) 

to minimize the contact IRdrop. The solution was not allowed to come in contact with the steel to 

avoid Fe ions contamination inside the cell. The potential was constantly held (between -1.0V to -

1.6V vs Ag|AgCl|KClsat) during every experiment and the gas was sampled at regular time intervals 

after reaching a steady state and analyzed via gas chromatography; the current was integrated to 

obtain the charge elapsed. Each electrocatalyst assembly was first tested at different potential to 
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determine the optimal (in terms of FE and productivity) operating point, then constant cathode 

potential electrolysis experiments up to 16 hours of duration were performed. 

2.3 Product analysis 

The gas sampled from the cathodic compartment (100ul) was injected into a Shimadzu gas 

chromatograph using high purity He (99.995%) as carrier and equipped with a Carboxen WCOT 

Column, designed to separate hydrogen, O2, N2, CO, CO2 and C1-C3 gases; the temperature 

program was a 140°C 9-minute isotherm, followed by a 30 °C/min ramp to 225°C and an additional 

holding time of 25 minute. Gas calibration was performed prior to the experiments. The liquid 

products were analyzed with a Shimadzu high performance liquid chromatograph (HPLC) equipped 

with a 100ul loop, a column specific for light carboxylic acids and alcohols and a refractive index 

detector; prior to the injection of the sample the 0.2M KHCO3 buffer was suppressed by passing the 

sample in a cationic exchange resin to replace K+ with H+, decomposing the HCO3
- as CO2. The 

standard calibration curve was made in the same conditions (HCOO- in 0.2M KHCO3) to minimize 

the matrix effect. The detection limit was below 50uM for HCOO- in those conditions. 

 

2.4 Pre- and post-experiments microscopy analysis 

The pristine and spent electrode morphological and compositional characterization on the electrode 

surface was carried out using a Tescan GAIA 3 FIB/SEM microscope equipped with an Edax EDS 

Octane detector. Both Images and EDS compositional characterization were acquired using an 

impinging beam energy of 15 keV. Element distribution maps were acquired with a collection time 

of 600s. The spots analyzed are shown in figure S13. 
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3 Results: 

In order to benchmark the performance of the supported organometallic electrocatalyst, a state-of-

the-art carbon-supported Au nanoparticle CO-selective electrocatalyst (Au/C, gold 10 wt% on 

Vulcan XC-72)15 was also tested in the complete gas-fed cell. The fac-Mn(apbpy)(CO)3Br-modified 

carbon cloth electrodes (fac-Mn(apbpy)(CO)3Br/CC) and carbon supported gold nanoparticles (Au-

C/CC) were first tested at different cathodic potentials. Each potentiostatic experiment was 

performed for an appropriate operation time (from 2 hours at -0.37 V to 30’ at -0.82 V vs RHE) 

depending on the cell current. The faradaic efficiency and partial current profiles at different 

potentials of both fac-Mn(apbpy)(CO)3Br/CC and Au-C/CC are reported in Figures S5 and S6 

respectively. The best operating cathode potential was chosen that maximizes the CO-partial current 

density, to trade-off between faradaic efficiency and CO-productivity. The optimal cathode 

potentials for fac-Mn(apbpy)(CO)3Br/CC and Au-C/CC were -0.67 and -0.57 V (RHE), 

respectively. Once the best operating point was determined, an extended electrolysis experiment 

was performed at each potential. Both electrocatalysts began with a CO-faradaic efficiency (FECO) 

close to 100% (95% Mn, 90% Au-C/CC) (Figure 2).  
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Figure 2: Faradaic efficiency time profile for gaseous products of (top) carbon cloth-supported fac-

Mn(apbpy)(CO)3Br (1.4·10–9 mol cmECSA
-2, 4.51·10–7 gMn cmgeom

-2) and (bottom) Au/C NPs (0.081 

mgAu cmgeom
-2) operating in buffer layer configuration, CO2 flow rate 0.2 mL min-1, buffer flow rate 

0.4 mL min-1. 

 

The instantaneous cell current and whole cell potential profiles are reported in the SI (figures S7-

S10). During the electrolysis, the faradaic efficiency for both electrocatalysts dropped by 25% and 

10% for fac-Mn(apbpy)(CO)3Br/CC and Au-C/CC respectively (figure 2). The total average current 

(between each sampling event) for fac-Mn(apbpy)(CO)3Br/CC remained almost the same from the 

beginning to the end, while the CO-partial current shows a decrease accompanied by a steady 

increase in the H2-partial current (figure S11), possibly indicating partial electrocatalyst degradation 

to species promoting HER. The total average current of benchmark Au-C/CC instead showed a 
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drastic decrease of the total current in the first hour, almost totally driven by the CO-partial current, 

then a steady decrease at a much slower rate during the rest of the experiment. The H2-partial 

current increased only slightly during the experiment, remaining almost constant. Such a 

performance drop can be ascribed to nanoparticle surface modification during electro-catalysis 

since no aggregation for this particular Au/C-based material was reported in a comparable time 

window [15].  

Table 1 Relevant electrochemical parameters for electrolysis experiments with fac-
Mn(apbpy)(CO)3Br/CC and Au/CC NPs. 

 fac-
Mn(apbpy)(CO)3Br/

CC 
(E = -0.67V) 

Au/C NPs 
(E = -0.57V) 

FEH2 13.7% 15.7% 

FECO 76.2% 82.4% 

FEHCOOH 10.1% 1.9% 

FEtotalCO2 86.3% 89.0% 

ProdCO (Nl min-1 
gMet

-1) 
69.2 0.318 

HCOOH (g min-1 
gMet-1) 

16.9 0.0152 

TONCO 145286 1999a 

TONHCOOH 19252 47.4a 

TONtotalCO2 164539 2045.97a 

avg TOFCO 2.54 0.0457 

avg TOFHCOOH 0.336 0.00108 

avg TOFtotalCO2 2.87 0.0467 

     
a TON and TOF for nanoparticles are considered with respect to the total metal mass present 

 

Table 1 summarizes the relevant electrocatalytic parameters of the constant potential experiments 

for fac-Mn(apbpy)(CO)3Br/CC and Au-C/CC. The metal mass-weight productivity for Au-C/CC 

electrocatalyst was instead almost three orders of magnitude less, about 0.32 normal-liters of CO 

min-1 per gram of Au (figure S12). The CO2RR turnover number of fac-Mn(apbpy)(CO)3Br/CC 
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electrocatalyst over 16h of operation was more than 1.6·105 (1.2·105 in 12h) compared to Au-C/CC 

electrocatalyst (calculated on the total gold mass present) that is almost two orders of magnitude 

less (2·103) (Figure 3).  

Figure 3: TON time profiles for gaseous products of (top) carbon cloth-supported fac-

Mn(apbpy)(CO)3Br (1.4·10–9 mol cmECSA
-2, 4.51·10–7 gMn cmgeom

-2) and (bottom) Au/C NPs 

(0.081 mgAu cmgeom
-2) operating in buffer layer configuration, CO2 flow rate 0.2 mL min-1, 

buffer flow rate 0.4 mL min-1. 

 

In order to investigate the stability of the fac-Mn(apbpy)(CO)3Br/CC electrocatalyst, the pristine 

and used electrode was scrutinized with SEM microscopy with an EDS dispersive detector to map 

the distribution of the elements on the electrode surface. The pristine and used electrode 

micrographs are shown in figure 4. The microanalysis of the pristine electrode (figure 4 and figure 

S15) shows a uniform distribution of Mn on the electrode surface, with no aggregates present. The 
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used electrode (figure 4) does not show significant Mn loss phenomena as the Mn surface 

distribution and density are almost unchanged (table S1 and S2).  

Figure 4: SEM EDAX element mapping of both pristine and used fac-Mn(apbpy)(CO)3Br-

modified carbon cloth electrode. 

 

4. Discussion: 

The fac-Mn(apbpy)(CO)3Br electrocatalyst covalently grafted onto a carbon cloth diffusion layer 

was employed for the first time in a complete gas-fed electrochemical cell. Unlike half-cell systems, 

this type of configuration of system is potentially scalable by increasing the electrode surface area 

and stacking multiple cells provided that the performance is not degraded by the conditions. The 

electrocatalyst operating at the liquid-gas interface showed a TON value almost four times that 

reported for a half cell (CO2-saturated electrolyte) study [47] suggesting that the enhanced mass 

transport due to CO2 gas-feeding plays an important role in the overall electrocatalytic performance 

as was already reported for metal nanoparticles [7,28]. Furthermore, the CO average productivity 

observed for fac-Mn(apbpy)(CO)3Br/CC was 70 normal-liters of CO min-1 per gram of Mn, more 

than four times than the half-cell study (14.5 NlCO min-1 gMn
-1). It is noteworthy that the metal 

loading for fac-Mn(apbpy)(CO)3Br/CC (corresponding to a monolayer of anchored complex) is 

more than two orders of magnitude less than Au/C, with similar CO-partial current performance, 
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resulting in very high metal efficiency. In fact, the CO-mass specific currents, (8930 A gMn
-1) for 

the anchored Mn-complex electrocatalyst are much higher than for the Au-C electrocatalyst (41.6 A 

gAu
-1); this further stresses the high metal efficiency of the grafted organometallic complex. A 

difference in HCOOH-selectivity was observed though when the results are compared to the half-

cell study for the fac-Mn(apbpy)(CO)3Br/CC. In particular, no formate was detected after 10h of 

operation at the same cathodic potential in previous the half-cell study [47]. Instead, a FEHCOOH of 

10% was observed in the gas-fed system, with a productivity of 16.9 g min-1 gMn-1 (1.01 kg h-1 gMn
-

1) (table 1). Such a selectivity difference was also observed by Reisner et al. at different 

electrocatalyst loadings for [MnBr(2,2′-bipyridine)(CO)3] in aqueous conditions [43]. In particular, 

at high electrocatalyst loading, the CO-producing pathway was preferred. These observations have 

been explained considering that at high loading the Mn centers can interact (and dimerize), leading 

to the production of CO, while at low loading the formation of Mn hydride become feasible, which 

enhances the formate production [43]. However, in the case of the gas-fed full cell experiments 

compared to the half-cell experiments, the difference cannot be ascribed to a different loading of the 

electrocatalyst as the preparation of the electrocatalyst is identical. Also a decrease in the 

electrocatalyst loading during the experiment can be ruled out, as no significant leaching of the 

electrocatalyst was observed (Figure 4). Hence the difference in selectivity can be hypothesized to 

be related to a lower interfacial pH due to the presence of pure CO2 in the GDL, buffering the pH 

by consuming OH- formed both by CO2RR and HER to produce HCO3
-. It is reported that more 

acidic conditions in homogeneous Mn-bpy solutions increase the production of the hydride and 

hence formate.22 The higher proton activity (compared to half-cell, buffered only with HCO3
-) can 

slightly shift the kinetics to the formation of a hydride that reacts with CO2 to form HCOOH [43]. 

This can explain the increased side production of HCOOH in the gas-fed case. Despite this lower 

CO-selectivity, the two products (CO and HCOOH, as formate) are in different phases (gas and 

buffer layer respectively), hence their separation is not challenging in a scaled-up electrolysis 

system. 
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Regarding the stability, some areas show a higher oxygen density with no apparent correlation with 

the manganese distribution. This can be related to residual potassium carbonate crystals covering 

the electrocatalyst surface as a result of contact with the electrolyte: table S2 shows a dramatic 

increase in the element fraction of both oxygen and potassium compared to the pristine electrode 

(table S1). Conversely, the formation of manganese hydroxides or carbonates deriving from the 

decomposition of fac-Mn(apbpy)(CO)3Br can be ruled out. In addition, the results of the recorded 

ATR spectra of the CC after 16 hours electrolysis (Figure S20) it still revealing CO signals 

(although showing some broadening and decrease in intensity) suggesting the retention of the 

coordinative structure around manganese after the electrolysis. The decrease of the CO peaks may 

explain the decreased CO faradaic efficiency in terms of slight decrease of the active sites, 

considering the very low catalyst surface loading. Furthermore, it should be noted that the limited 

drop of FE and JCO occurred after 1.6·105 CO2 turnovers in 16hours: so during this time frame the 

electrocatalyst can be considered stable as metal loading of Mn is two orders of magnitude less than 

that of gold for Au-C/CC with similar performance and stability. Increasing the electrochemical 

surface area (by replacing the support material) of the electrode can allow larger metal loadings on a 

geometric area basis, allowing much longer and higher performance, opening the possibility of 

scaling up the process to an industrial scale. 

 

5. Conclusions 

Concluding, carbon cloth gas diffusion layer-supported fac-Mn(apbpy)(CO)3Br organometallic 

CO2RR electrocatalyst, operating in a complete gas-fed CO2 buffer layer electrolyzer, showed a 

performance almost four times greater in terms of TON, 50% higher in terms of FE, and more than 

an order of magnitude in terms of volumetric productivity compared to the same material in a half-

cell study. The electrode outperforms a benchmark state-of-the-art gold metal nanoparticle on 

carbon electrocatalyst, despite a metal loading more than two orders of magnitude less. To the best 
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of our knowledge this is the first example of a covalently bound organometallic complex employed 

in a complete gas-fed CO2RR electrolyzer, opening the possibility of scaling up the process to 

larger scales employing a cost-effective metal-efficient Mn-based electrocatalyst. 
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