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ABSTRACT: Electrochemical reduction of carbon dioxide (CO2) is a promising route for the up-conversion of this industrial 
by-product. However, to perform this reaction with a small-molecule catalyst, the catalyst must be proximal to an electrode 
surface. Efforts to immobilize these catalysts on electrodes have been stymied by the need to optimize immobilization chem-
istries on a case-by-case basis. As with many reactions, Nature has evolved catalysts with high specificity, selectivity, and 
activity. By taking inspiration from biological porphyrins and combining it with the specificity of DNA hybridization, we have 
developed an improved electrocatalyst platform for CO2 reduction. The addition of single-stranded DNA to the porphyrin-
based catalysts improved their stability, and DNA-catalyst conjugates were immobilized on screen-printed carbon electrodes 
using DNA hybridization with nearly 100% efficiency. Increased turnover frequency (TOF) and catalyst stability were 
observed with the DNA-immobilized catalysts as compared to the unmodified small molecules. This work demonstrates the 
importance of taking inspiration from Nature and demonstrates the potential of DNA hybridization as a general strategy for 
molecular catalyst immobilization.   

An expected 500 gigatons of carbon dioxide (CO2) will be 
produced in the next five decades as a major by-product of 
many industrial processes.1 Despite its abundance and 
potential as a one-carbon feedstock, CO2 has yet to be 
extensively applied to generate value-added chemicals.2,3 
The first step in this process is the reduction of CO2 to 
generate carbon monoxide (CO), a key component of syngas 
(synthetic gas), which is used as a fuel source and as an 
intermediate for chemical production. Thus, significant 
effort has been devoted to the development of technologies 
to convert CO2 to CO.4–6 Electrochemical CO2 reduction 
(ECR) is one of the most common methods of CO2 
conversion, with many examples of both homogeneous and 
heterogeneous systems.1,7,8 Small molecule catalysts for 
ECR are advantageous because of their tunability and well-
defined active sites.9–11 These catalysts can be employed 
homogeneously, but their immobilization on electrodes is 
advantageous,12,13 as it eliminates mass transport 
limitations due to catalyst diffusion and can improve the 
catalyst-electrode interactions.8 In heterogeneous systems, 
both the local environment surrounding the catalyst and the 
ability of the substrate to reach it significantly impact the 
conversion efficiency and reaction products.14,15,16 

Though synthetic catalysts are important, Nature has 
evolved enzymes that outperform these small molecules in 
many cases because of their inherent substrate specificity 
and reaction intermediate stabilization.17,18 Thus, there has 
been significant effort to develop bio-inspired and bio-de-
rived systems to improve synthetic catalysts.19,20 One key 
structure found in many enzyme active sites is porphyrin, a 
core ligand structure that often chelates cobalt or iron in 
Nature.21 This structure is found in enzymes ranging from 
oxygenases to peroxidases and is the catalytic core of engi-
neered cytochromes capable of complex transformations.21 

Thus, we used this biological molecule as a starting point to 
improve CO2 reduction. Using core porphyrin structures, 
molecular catalysts have been shown to be effective for 
CO2RR, although their efficiency remains relatively low 
compared to other catalysts.  

One strategy to improve catalysis is to immobilize small-
molecule catalysts on electrode surfaces, generally either 
through direct grafting of a ligand to the electrode14,22–26 or 
through non-covalent interaction between pyrene moieties 
and low-dimensional carbon surfaces.27–29 However, these 
systems can be limited by substrate transport, and current 
densities are often lower than their homogeneous 
equivalents.30 Just as we took inspiration from Nature for 
the catalysts selected, we sought to improve catalysis with 
these molecules using the inherent properties of DNA; 
because of its stability, chemical tunability, and inherent 
self-recognition, we used DNA as a “molecular Velcro” to 
immobilize molecular catalysts. 

DNA is often thought of solely in the context of the genetic 
code, but its three-dimensional structure imbues it with 
unique materials properties beyond the central dogma of 
biology.31–38 DNA is a naturally-occurring polymer com-
prised of two complementary oligonucleotide strands. 
These strands self-recognize as sequence-specific “Velcro.” 
Further, once the DNA duplex is formed, the pi orbitals of 
the aromatic bases overlap to stabilize the structure of DNA 
b. This overlap further allows the DNA to conduct electrons 
as a molecular wire.39–41 These properties have brought new 
opportunities in materials science,34,42 sensing, and diag-
nostics.43–45 Among them, DNA “Velcro” has been used to 
pattern cells39,46–50 and antibodies.32,51 Despite these ad-
vantages, DNA has yet been applied to energy-relevant ca-
talysis.  



 

 

Figure 1. Catalyst immobilization using DNA “Velcro.” a) Single-stranded DNA (ssDNA) conjugated to a small-molecule catalyst is 
hybridized to complementary DNA attached to a carbon electrode. b) The small-molecule catalysts evaluated include CoTCPP, 
FeTCPP, and hemin.

Here, we demonstrate the first application of DNA “Velcro” 
to immobilize molecular ECR catalysts on electrode sur-
faces (Figure 1). This immobilization strategy yields im-
proved catalytic efficiency.	The DNA-catalyst conjugates are 
readily synthesized and are found to have improved stabil-
ity simply through single-stranded DNA addition. Subse-
quent immobilization on carbon electrodes through hybrid-
ization to pre-deposited complementary strands showed 
improved catalysis. We anticipate this method being a 
general strategy to improve aqueous catalysis. 

Results	and	Discussion	

ECR	in	solution	with	porphyrin‐based	catalysts	

We selected three porphyrin-based catalysts (Co(II) and 
Fe(III) tetrakis(4-carboxyphenyl)porphyrin (H2TCPP)-- 
CoTCPP, and FeTCPP, and hemin, Figure 1b) due to their 
known catalytic properties, readily-understood mechanism 
of proton-coupled electron transfer (PCET), and ability to 
vary the metal incorporated into porphyrin derivatives.52 
Commercial hemin with the iron incorporated was used, 
and CoTCPP and FeTCPP were metalated with the corre-
sponding metal ions from commercial H2TCPP. Metalation 
was confirmed by mass spectrometry (Figure S4). 

We initially investigated the CO2 reduction reaction 
(CO2RR) catalytic activity of these three porphyrin-derived 
catalysts in solution using screen-printed carbon electrodes 
(SPEs) in aqueous media. We selected carbonate electro-
lytes because of their prevalence as electrolytes for 
CO2RR.53–55 Additionally, the free porphyrin-based catalysts 
are soluble in these solvents at the concentrations used for 
the studies describes here. As seen in Figure 2, catalytic cur-
rent is observed by cyclic voltammetry (CV) using 0.5 mM 
CoTCPP in aqueous buffer saturated with CO2 at neutral pH. 
In the absence of CO2, the observed current was three-fold 
lower than in its presence (Figure 2a). Similarly, the current 
generated by FeTCPP under the same conditions exhibited 
a two-fold increase when the buffer was saturated with CO2. 
Under an N2 atmosphere, three redox processes are ob-
served. Peak A is attributed to the FeIII/II couple, while peaks 
B and C are attributed to the irreversible FeII/I reduction and 

hydrogen evolution, respectively (Figure 2b). The increase 
in current observed in the FeI/0 potential region (-1.4- -1.3V 
vs AgCl/Ag) when CO2 is present in the solution is indicative 
of CO2RR.  

In contrast to the TCPP-based catalysts, no significant dif-
ference in current was observed for 0.5 mM hemin in a 95% 
buffer/5% ACN solution either in the presence or absence 
of CO2 (Figure 2c). This observation is explained by the in-
evitable competition between CO2 reduction and hydrogen 
evolution in aqueous buffers. Indeed, the results from the 
chromatography analysis of the gaseous products gener-
ated in the headspace of the electrochemical cell indicated 
the CO production rates are relatively low with this catalyst 
(Figure S11). The turnover frequency (TOF) toward CO for 
these porphyrin-based catalysts were estimated to be 853 
s-1 (CoTCPP), 16 s-1 (FeTCPP), and 164 s-1 (hemin) using 
standard foot-of-the-wave analysis and the measured fara-
daic efficiency at 1.4 V vs. AgCl/Ag (Figure 5, S14-16, de-
tailed methods are described in SI).56,57 Thus, these bio-in-
spired small-molecule catalysts are capable of ECR, but 
their efficiency is too low for broad utility. Further, the con-
centrations required for catalysis (often mM) are inefficient, 
making them unsuitable for larger-scale systems. 

Importantly, though CO2RR was observed for the TCPP-
based catalysts, the highly variable currents observed by 
chronoamperometry for both CoTCPP and FeTCPP at -1.4 V 
vs AgCl/Ag (the potential at which CO2RR occurs) indicate 
that catalyst decomposition and, potentially, precipitation 
onto the electrode occurs in this electrochemical potential 
regime (Figure 3). In contrast, the current observed by 
chronoamperometry for hemin remains stable at -1.4 V vs 
AgCl/Ag. This observed stability difference is to be expected 
based on the role of the porphyrin catalytic center in native 
biological systems. This finding compared to the relative in-
stability of the synthetic porphyrin derivatives (TCPP-
based catalysts) confirms the importance of looking to na-
tive biological systems for inspiration and guidance in cata-
lyst design. Taken together, these data indicate that the ho-
mogeneous molecular catalysts in solution are unstable at 
the requisite potential for CO2RR, making them unsuitable 
for ECR at scale. 



 

	

Figure 2. Homogeneous electrochemical CO2 reduction in aque-
ous buffers. a-c) Cyclic voltammetry (CV) of CoTCPP, FeTCPP or 
Hemin (0.5 mM total concentration), under nitrogen (black) 
and CO2 (colored), carried out at a scan rate of 100 mVs-1, on 
screen-printed electrodes. The electrolyte is KCl (0.1 M) and 
K2CO3 (0.5 M) at pH 7.4, adjusted by adding aliquots of HCl.  

Synthesis	and	optimization	of	DNA‐catalyst	conjugates	

Based on the observed limitations with the small-molecule 
catalysts, improving their stability and increasing their effi-
ciency were identified as key needs. Although we took in-
spiration from enzyme active sites for the selection of cata-
lysts, enzymes are often highly susceptible to inactivation 
from temperature fluctuations, pH changes, and the relative 
ionic strength of the solution in which they are maintained. 
Further, proteins can be challenging to generate at scale 
without significant process optimization and costly purifi-
cation. Thus, to improve the stability and system control, we 
turned to another important biomolecule: DNA. As DNA is 
highly stable under diverse aqueous conditions (a wide 
range of temperatures, pH’s, and ionic strengths), tunable, 

and synthetically tractable, it was an optimal choice as an 
addition to molecular catalysts that suffer from aqueous sol-
ubility issues and limited stability. 

To investigate the impact of DNA on ECR with the porphy-
rin-based catalysts, we synthesized catalyst-oligonucleo-
tide conjugates, which we term single-stranded DNA 
(ssDNA) conjugates. Traditional bioconjugation strategies 
were undertaken involving amide bond formation between 
the catalyst ligand containing carboxylic acids and amine-
terminated ssDNA (Figure S1). Porphyrin-DNA conjugates 
were initially reported nearly three decades ago by Meunier 
et	al.58 and Heĺeǹe et	al.59 but have mainly been used in fun-
damental scientific studies (e.g., for DNA sensing60 and in-
ter-strand crosslinking61). The relatively narrow range of 
applications to-date is attributed to challenging synthesis, 
intermolecular interactions that can lead to aggregation, 
and solubility issues. Indeed, we initially chose the preva-
lent amide coupling conditions62 (1-ethyl-3-(3-(dimethyla-
mino)propyl)carbodiimide (EDC), 1-hydroxybenzotriazole 
(HOBt) and DIPEA) and found no noticeable conversion 
with any of the three molecular catalysts. We therefore eval-
uated a variety of prevalent reagents for amide bond for-
mation and found that the majority of the established rea-
gents resulted in very low yields for this reaction. The high-
est yields were consistently found with a combination of 
hexafluorophosphate azabenzotriazole tetramethyl 
uronium and N,N’-diisopropylethylamine (HATU/DIPEA) 
reagents, which provide decent conversion for all three 
ssDNA-catalyst conjugates. The matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometry and reverse phase high performance liquid chro-
matography (RP-HPLC) confirmed the successful synthesis 
and purification of the hemin- and Co/FeTCPP-DNA conju-
gates (Figure S5-S6). Despite the prevalence of this reaction 
for bioconjugations and the similarity of the core ligand 
structures for the three catalysts evaluated, we observed 
significant differences in the efficacy of standard reagents 
based on the catalyst being conjugated. This observation is 
worth noting for the expansion of this technology to addi-
tional catalysts, as some optimization may be required for 
the coupling. 

DNA‐modified	catalyst	electrochemistry	in	solution	

The challenges in optimizing coupling conditions high-
lighted one of the key drawbacks of porphyrin derivatives: 
their limited solubility in aqueous buffers. However, follow-
ing DNA modification, we observed an interesting phenom-
enon: a significant increase in the aqueous solubility of the 
catalysts. Thus, though our ultimate goal was to immobilize 
these catalysts on electrodes using DNA “Velcro,” we first 
sought to investigate the impact of DNA addition to the cat-
alysts in solution.  We evaluated the stability of the conju-
gates, as well as their ability to perform CO2RR, in solution. 
When compared to the largely insoluble small-molecule cat-
alysts, the DNA conjugates were found to be highly soluble 
in aqueous buffers without the addition of co-solvents. This 
is a significant finding, as fully aqueous-soluble catalysts al-
low for additional flexibility in the pH and buffering condi-
tions that can be used with the system. Both of these varia-
bles significantly impact CO2RR efficiency independent of  



 

 

Figure 3. Stability comparison between free catalyst, ssDNA-
modified catalyst, and dsDNA immobilized catalyst. a) Sche-
matic of catalysts. b-d) Chronoamperometry of catalysts in the 
three conditions at -1.4 V vs. AgCl/Ag. Experiments were per-
formed on carbon SPEs, and the electrolyte used was KCl (0.1 
M) and K2CO3 (0.5 M) at pH 7.4, adjusted by adding aliquots of 
HCl. 

the catalyst, making the ability to tune these parameters 
without solubility concerns a significant advantage of this 
method.63 Given our results, we anticipate that a range of 
energy-relevant conversions could be improved through 
catalyst modification with DNA. 

What was somewhat surprising and an important result 
was the immediate and significant improvement in the sta-
bility of the TCPP-derived catalysts simply through the ad-
dition of DNA. The hemin catalyst demonstrated similar sta-
bility to the unmodified version, which is unsurprising, as 
the catalyst was stable in the absence of the ssDNA; it is 
worth noting, though, that the presence of the DNA did not 
destabilize this catalyst. Under the same electrochemical 
conditions as were used to evaluate the unmodified porphy-
rin catalysts, the DNA-modified catalysts maintained their 
activity and remained stable at potentials that caused deg-
radation for the small-molecule catalysts alone (Figure 3, 
S8). Thus, simply adding the soluble oligonucleotide signif-
icantly improved the stability of the catalysts in solution 
(Figure 3). Although solvent effects are established in ECR 
catalysis, this finding supports the importance of the local 
environment beyond simply the pH and ionic strength sur-
rounding the metal center on the stability of the small mol-
ecules. 

Upon monitoring catalysis with these conjugate, we ob-
served that the turnover for the ssDNA conjugates was 
lower than that of the free catalyst in solution. The TOFs of 
CoTCPP-DNA, FeTCPP-DNA, and hemin-DNA for homoge-
nous, ssDNA-electrocatalysis were calculated to be 24.7 s-1, 
6.2 s-1 and 20.9 s-1 respectively, which is lower than those 
found for the free catalysts (Figure 5, S14-16). We attribute 
this to the increased size of the DNA-catalyst conjugate com-
pared to the small molecule alone, decreasing the relative 
rate of diffusion. Despite decreased TOF, the incorporation 
of ssDNA to catalysts in solution did solve one of the two key 
challenges with these porphyrin-derived catalysts: stability. 
The next step was therefore to tackle the overall efficiency 
of catalysis, which we anticipated would be improved 
through the application of DNA “Velcro” to immobilize the 
catalysts on electrodes. 

Surface	modification	with	DNA	

Prior to surface immobilization of the ssDNA-catalyst con-
jugates, electrodes stably modified with complementary 
DNA were needed. Conventionally, biomolecule modifica-
tion on electrodes is performed on gold electrodes due to 
their ease of modification with any biomolecule containing 
a free thiol. Despite this ease, gold surfaces of sufficient 
quality for modification are costly, the accessible potential 
window is smaller than that of other materials such as car-
bon, and the gold-thiol bond formed is relatively unstable 
and susceptible to reductive stripping. Thus, for the poten-
tials required for CO2RR, gold was an unsuitable material. 
We therefore developed and recently reported new chemis-
try to modify carbon electrodes with biomolecules using an 
oxidative coupling bioconjugation reaction.64  

We applied this workflow to modify disposable SPEs with 
ssDNA (complementary to DNA-catalyst conjugates) by ox-
idative coupling between o-aminophenol-modified DNA  



 

 

Scheme 1. A p-nitroaniline is used as a chemical handle for DNA attachment. To modify an electrode with anilines, an in	situ diazo-
nium is generated (a). Upon electrochemical reduction, a carbon-carbon bond is generated between the nitrobenzyl moiety and an 
electrode surface (b). Electrochemical reduction is again used to reduce the nitrobenzyl group to an aniline on the surface (c). Ami-
nophenol-DNA is then directly tethered to the modified electrode.

and aniline-modified surfaces. This reaction proceeds in the 
presence of a mild oxidant: potassium ferricyanide (Scheme 
1).65 To perform this reaction, commercial synthetic DNA 
containing a terminal amine was first modified with an o-
nitrophenol appended with a carboxylic acid. The o-nitro-
phenol was then reduced to an o-aminophenol, which was 
synthesized as previously described.64 Following size exclu-
sion purification, a single peak observed by MALDI-TOF 
measurement indicated near-quantitative conversion to o-
aminophenol-ssDNA (Figure S7).  

 

Figure 4.  a) Oxidative coupling reaction of aniline with o-ami-
nophenol ssDNA conjugates and then hybridized with comple-
mentary ssDNA-catalyst. The ruthenium ions interact electro-
statically with the DNA backbone to act as a phosphate counter. 
b) CV of catalyst-ssDNA-functionalized (blue), ssDNA modified 
(red) or uncoated (black) SPE in a stock solution (10 mM Tris 
buffer, pH 7.4, containing 2 μM RuHex), carried out at a scan 
rate of 500 mV⋅s-1.  

Preparation of aniline-modified electrodes as the coupling 
partner was achieved by electrochemically-induced graft-
ing of o-nitroaniline through the generation of a diazonium 
salt and subsequent reduction of the resultant nitrobenzyl 
at the surface to an aniline moiety. The successful electrode 
modification was confirmed by characteristic reductive 
peaks observed in the CV (-0.05V vs AgCl/Ag, and -0.9 V vs 
AgCl/Ag respectively; Figure S2). Subsequent coupling of 
ssDNA to aniline-modified SPEs using ferricyanide was con-
firmed by hexaammineruthenium (RuHex) DNA quantifica-
tion. RuHex interacts electrostatically with the DNA back-
bone to act as a phosphate counter (Figure 4, S3).  From 
these results, the surface concentration of oligonucleotides 
was calculated to be (7.2 ± 3.0) × 10-12 mol/cm2 (Figure S3, 
detailed methods are described in SI).66 This is well within 
the standard DNA coverages observed using conventional 
gold-thiol chemistries, which generally range from 1-100 
pmol/cm2.40,41,67 Thus, the maximum surface density of cat-
alyst loading on the electrode following hybridization is 7.2 
pmol/cm2. Confirmation of consistent carbon electrode 
modification with DNA, especially because low-cost screen-
printed electrodes were used in this study, is essential to the 
success of immobilization of reductive electrocatalysts on 
electrodes. 

Hybridization	to	surface	and	differences	in	catalysis	 	

Having successfully modified SPEs with ssDNA, we next ex-
amined CO2RR efficiency upon catalyst immobilization on 
electrodes through DNA hybridization, or DNA “Velcro.” 
Both DNA-modified electrodes and complementary DNA-
catalyst conjugates were heated to 65 °C, and the ssDNA-
catalyst conjugate was added to the complementary DNA-
modified electrode. The electrode was then slowly cooled to 
room temperature over one hour, and the unbound cata-
lyst-DNA conjugates were removed by repeated washing. 
We then use cyclic voltammetry to monitor the surface hy-
bridization by RuHex DNA quantification. Impressively, the 
total charge obtained by integration of the redox peaks in 
the cyclic voltammograms was calculated to be 1.64 µC after 
catalyst-DNA hybridization, whereas the total charge from 
the ssDNA-modified SPE was determined to be 0.84 µC (Fig-
ure 4). Thus, the surface density of catalyst is estimated to 
be 6.4 pmol/cm2, achieving a near-unity hybridization effi-
ciency (the surface concentration of single-strand oligonu-
cleotides on SPE surface was calculated to be 6.5 



 

pmol/cm2). Moreover, in presence of CO2, a ten-fold in-
crease in current was observed by chronoamperometry for 
the catalyst-modified electrode in KCl/K2CO3 buffer as com-
pared to the electrode modified only with ssDNA. These 
data indicate that the catalyst-DNA was successfully immo-
bilized on the electrode through DNA hybridization and that 
the hybridization maintained the activity of the catalyst 
(Figure S10). This observation is important, as altering the 
activity or accessibility of biomolecules following immobili-
zation on surfaces is always a concern, and establishing that 
they maintain their desired activity is important. 

As compared to the homogeneous catalysts in solution, the 
DNA-immobilized catalysts demonstrated both improved 
stability and CO2RR efficiency. Surprisingly, for DNA-
immobilized CoTCPP, steady currents were observed by 
chronoamperometry at significantly negative potentials (-
1.5 V vs AgCl/Ag), indicating that DNA “Velcro” leads to im-
proved CO2RR catalyst stability (Figure S9). Both FeTCPP 
and hemin immobilized with DNA showed stable currents 
at relevant potentials for CO2RR (-1.4 V vs AgCl/Ag), while 
homogenous catalysts showed degradation at this potential 
(Figure 3). For FeTCPP immobilized with DNA, CO2 electro-
catalysis was observed at a less negative overpotential (-
1.15 V vs AgCl/Ag), and quasi-quantitative CO formation 
was observed by GC with minimal hydrogen evolution (Fig-
ure S13). This observation of CO by gas chromatography 
(GC) further confirms that the catalysts remain active on 
electrode, as no CO production was observed for DNA-
modified electrodes alone (Figure S12). Impressively, the 
amount of CO generated from the picomoles/cm2 of catalyst 
immobilized on the electrode is comparable to the amount 
generated from micromolar concentrations of homogenous 
catalyst in solution (Figure S11).  The TOF of hemin immo-
bilized with DNA demonstrated a nearly 103-fold increase 
(1.01 ൈ 105 s-1) compared to the homogenous molecular cat-
alysts (Figure 5, S14-16). Similarly, the TOF of the FeTCPP 
and CoTCPP immobilized with DNA demonstrated 100- and 
10- fold increases (7.42 ൈ 103 s-1 and 7.48 ൈ 103 s-1), respec-
tively (Figure 5, S14-16). The immobilization of ssDNA-cat-
alyst conjugates on electrodes had the intended effect: TOF 
while maintaining the improved stability observed with 
ssDNA-catalyst conjugates in solution. Taken together, 
these results demonstrate the circumvention of key chal-
lenges in CO2RR with small-molecule catalysts: stability and 
efficiency.  

The elegance of enzymatic reactions has inspired the incor-
poration of biomolecules such as amino acids and peptides 
with CO2RR catalysis to improve selectivity and solubil-
ity.20,68,69 In this study, we took inspiration from Nature and 
evaluated the ability of DNA to serve as a molecular “Velcro” 
to tether bio-inspired small-molecule ECR catalysts to elec-
trodes. For the metalloporphyrin catalysts employed in this 
study, the efficiency of ECR for the desired CO product is 
closely related to the microenvironment surrounding the 
metal centers. We theorize that the improved ECR efficiency 
observed in our system is due to alterations in the outer co-
ordination sphere resulting from the presence of DNA. 
Moreover, we observed that, for DNA-immobilized FeTCPP, 
ECR could be carried out at a less negative potential than for 
the homogeneous catalysis (-1.15 V vs AgCl/Ag), which is 

likely due to the increased stability and solvent accessibility 
of the catalyst.  

 

Figure 5. DNA-modified electrochemistry in solution and on an 
electrode. a) Schematic representation of free catalyst, DNA-
modified catalyst in solution or hybridized onto the electrode 
surface. b) On-line gas chromatography (GC) analysis. TOF of 
CO generated by free catalyst, DNA-modified catalyst in solu-
tion and on electrode (CO2 flow rate: 10 sccm), carried out at -
1.5 V vs. AgCl/Ag on carbon SPEs. The electrolyte is KCl (0.1 M) 
and K2CO3 (0.5 M) at pH 7.4, adjusted by adding aliquots of HCl.  

Overall, we have demonstrated that DNA “Velcro” to tether 
catalysts to electrodes improves their efficiency and stabil-
ity. The readily-synthesized catalyst-ssDNA conjugates af-
ford improved aqueous solubility and enhanced stability. 
Furthermore, the DNA hybridization-based CO2RR catalyst 
immobilization yielded systems with higher TOF compared 
to the unmodified controls. Taken together, our results pro-
vide an important proof-of-principle demonstration of the 
power of DNA “Velcro” to improve catalysis. We anticipate 
that this platform will be a powerful tool to enable increased 
activity and stability of many additional important classes 
of catalysts. 

Materials	and	Methods: 

Functionalization	of	amino‐modified	DNAs	with	metalated	TCPP	
catalyst	by	HATU/DIPEA	method: In a typical reaction, to a so-
lution of amino-modified DNA (2.0 nmol) in MOPS buffer (300 
μL, 50 mM, 0.5 M NaCl, pH 8.0) was added a mixture of FeTCPP 
(0.2 mg, 240 nmol), HATU (0.8 mg, 2.1 μmol), and DIPEA (0.4 
μL, 2.1 μmol) in 300 μL DMF at room temperature. The reaction 
was agitated for 24 hours and resulted in covalent attachment 
of the FeTCPP complex to the DNA. The DNA-catalyst 



 

conjugates were then purified by reverse-phase HPLC using a 
water (50mM TEAA) (solvent A)/ACN (solvent B) gradient and 
characterized by MALDI-TOF mass spectrometry. 

Safety	considerations: No unexpected or unusually high safety 
hazards were encountered. 
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