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Abstract 
Electrocatalytic processes are essential for a sustainable global economy, yet conventional 

catalyst synthesis often relies on hazardous reagents and insulating binders that impede 

performance. Here, microbial extracellular electron transfer for nanoparticle synthesis is 

integrated with the controlled pyrolysis of microbial monolayers to generate nanoparticle-

embedded carbon electrodes. Surface immobilization of Shewanella oneidensis using DNA 

"Velcro" yields uniform single-microbe-thick layers that are readily patterned and converted 

into conductive, turbostratic carbon films at temperatures between 800 °C and 1,100 °C. These 

bio-derived films exhibit progressive graphitic ordering and reach a minimum sheet resistance 

of 1.49 kΩ/sq, approaching the performance of pyrolyzed synthetic photoresists. Moreover, by 

leveraging the intrinsic biosynthetic capabilities of S. oneidensis, 3-5 nm palladium 

nanoparticles are formed directly on the cell surface and seamlessly integrated into the carbon 

matrix upon pyrolysis. These composites reduce the hydrogen evolution reaction overpotential 

by 100 mV. This bottom-up bioengineering approach is anticipated to enable the sustainable, 

programmable fabrication of next-generation electrocatalysts for diverse energy conversion 

applications. 

1. Introduction 
Catalytic processes are essential to support the current global economy, with critical materials 

ranging from plastics to antibiotics dependent on these chemical transformations. However, 

most industrial-scale approaches require high temperatures and pressures achieved through the 

burning of fossil fuels, rendering them unsustainable and inefficient. In contrast, 

electrocatalysis is easily integrated with renewable energy inputs and isgenerally conducted at 

ambient temperatures and pressures1. The expansion of such approaches offers a sustainable 

alternative to conventional thermocatalysis, decreasing our reliance on fossil fuels while 

supporting diverse chemical transformations2,3. 

Nanoparticle (NP)-based electrocatalysts are prevalent because they connect molecular-level 

control of active sites with macroscopic device-scale performance. Their small size yields a 
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high surface area-to-volume ratio, ensuring thata large fraction of active sitesare exposed at 

surfaces, edges, and defects where electrochemical reactions occur4,Supporting high current 

densities at relatively low metal loadings. In addition, nanoparticle composition, crystal 

structure, and morphology can be tuned to optimize the binding energies of key intermediates, 

modulate reaction pathways, and improve selectivity for a broad range of electrocatalytic 

reactions, including hydrogen evolution (HER), oxygen reduction (ORR) and evolution (ORE), 

CO2 reduction (CO2RR), and small-molecule oxidation5,6. Taken together, these advantages 

make nanoparticle catalysts an attractive and versatile platform for designing efficient, tailored 

electrocatalysis systemsacross diverse chemistries. However, current approaches to synthesis 

introduce significant constraints onthe realization of these. Many conventional synthetic routes 

rely on strong chemical reducing agents, organic solvents, and surface-active ligands or 

surfactants to control nucleation and growth, stabilize ultrasmall particles, and prevent 

aggregation4. These reagents can be toxic, environmentally hazardous, and difficult to handle 

at scale. Surfactants and capping agents that are essential for size and shape control often 

passivate catalytically active surfaces and must be removed in a separate treatment step, which 

frequently involves high-temperature annealing or harsh chemical washes. Such post-

treatments can cause sintering and growth of particles, destroying desited nanoscale features5. 

As a result, there is a persistent gap between the ideal of precisely engineered nanoparticle 

catalysts and the realities of practical, scalable synthesis. 

An alternative approach to nanoparticle synthesis that circumvents many of the challenges with 

current methods is NP biosynthesis. Of particular interest is the application of microbes with 

unique respiratory or metabolic capabilities for the generation of NPs. One key pathway that 

has been efficiently exploited for such reactions is extracellular electron transfer (EET), which 

allows microbes to exchange electrons directly with their environment. As model systems for 

such NP production, Shewanella spp. are easy to work with, and many species are genetically 

tractable7. In fact, Shewanella spp. have been used to generate both NPs and composite 

materials7. As an example, S. algae generated 5 nm diameter platinum (Pt) NPs in the periplasm 

using PtCl6
2− ions in under an hour at ambient temperature and physiological pH with lactate 

as an electron donor8. Additionally, S. oneidensis has been used to generate palladium9–11 and 

Pd-Pt alloy NPs12. Overall, a strong capability of Shewanella spp., for eco-friendly NP synthesis 

has been established. Nevertheless, a further layer of complexity arises when these 

nanoparticles are integrated into functional electrodes, where overall electrocatalytic 

performance depends critically on the architecture and interfaces of the catalyst-support-

electrolyte system, not simply on the intrinsic activity of the NPs. Generally, nanoparticle 

powders are dispersed with polymeric binders to form inks that are cast onto conductive 

substrates such as carbon cloth, carbon paper, metal foils, or foams. While this approach is 

simple and widely used, it introduces several fundamental limitations: polymer binders are 

typically electronically insulating and can obstruct active sites, increase charge-transfer and 

film resistance, and impede ion transport through the catalyst layer13,1,2. Nanoparticles in such 

composite films often aggregate during ink preparation, drying, or operation, further decreasing 
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the effective active surface area. Mechanical adhesion between the catalyst layer and the 

underlying current collector can be poor, particularly under gas-evolving or high-current 

conditions, leading to cracking, delamination, or loss of active material over time14. Even in 

more advanced, binder-free electrodes where nanoparticles or nanostructured catalysts are 

grown directly on supports, the electronic and structural integration is often imperfect. Catalysts 

may decorate only the outer surfaces of fibers or the top layer of a foam, leaving internal pores 

and transport pathways underutilized. Electrical contact between nanoparticles and the 

conductive scaffold can be heterogeneous, producing local regions of high resistance and 

nonuniform current distribution. At the same time, the porous architecture must support 

efficient ion diffusion and rapid release of product gases. If pore structure, wettability, and 

surface topography are not well controlled, gas bubbles or concentration gradients can build up 

within the electrode, masking the intrinsic benefits of the nanocatalyst1. These interfacial and 

architectural challenges can render much of the potential performance of nanoparticle catalysts 

\lost at the level of electrode design. 

Together, these challenges highlight is the importance of growing interest in new strategies that 

incorporate the co-design of catalyst synthesis and electrode architecture, rather than treating 

them as isolated steps. Approaches that form nanoparticles in situ on or within a conductive 

scaffold, under mild conditions and without insulating binders, offer a way to simultaneously 

address synthetic, interfacial, and transport limitations1,15. Here, we present a unified strategy 

that bridges living-material patterning with microfabrication by co-designing catalyst synthesis, 

support formation, and spatial architecture in a single bottom-up process. By enforcing single-

cell 2D spatial arrangement using DNA 'Velcro' tethering prior to pyrolysis, we transform 

Shewanella oneidensis monolayers into conductive, uniform carbon thin films (~1-2 µm 

thickness, sheet resistance 1.49 kΩ/sq) that mimic pyrolyzed synthetic photoresists. Crucially, 

when coupled with in situ extracellular reduction of palladium, the biogenic cell membrane 

serves as a sacrificial template that spatially confines 3-5 nm Pd nanoparticles during high-

temperature pyrolysis (1,000 °C), preventing thermal sintering without requiring synthetic 

surfactants or capping agents. The resulting 2D composite yields a binder-free electrocatalyst 

where low precious-metal loadings achieve a 100 mV reduction in hydrogen evolution reaction 

(HER) overpotential. By overcoming the fundamental transport, interfacial, and structural 

limitations of conventional bulk microbial carbonization, this work establishes a programmable 

platform for patterned carbon micro-architectures and cost-effective, high-efficiency 

electrocatalysts. 

2. Results and Discussion 

2.1 DNA-Directed Microbial Monolayers on Fused Silica 

Pyrolysis of synthetic photoresists such as SU-8 has been developed as an approach to generate 

patterned turbostratic carbon materials on inert substrates. These materials are conductive, 

chemically robust, and can be controlled at the microscale through photolithographic patterning 

of the resist prior to pyrolysis5,17–19 (Figure 1a). In theory, microbes can support the generation 
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of similar materials when their placement on a substrate is tightly controlled. However, in the 

absence of control over their deposition, dense biofilms that are tens of microns thick are 

generated, which can lead to inconsistent characteristics following pyrolysis. In contrast, single 

microbe deep monolayersensure consistent and reproducible coverage andarchitecture across 

diverse substrates. This precision makes such layers an attractive starting point for the 

development of high-performance interfaces. 

We have developed a simple approach to control the deposition of microbes at electrodes 

through their immobilization as a single layer using DNA as “Velcro”20,21. When a surface is 

modified with a short, synthetic single-stranded DNA (ssDNA) sequence and the cell surface 

is modified with the complement, hybridization between the complementary sequences capture 

of the microbes at the surface (Figure 1b). Consistent and dense microbial films are generated 

with this approach that are only a single microbe thick (1-2 microns). Further, the control 

afforded by DNA immobilization enables patterning on substrates. Analogous to photoresist 

patterning, “Velcro” patterning was used to define surface structures via selective DNA 

attachment by blocking non-target (“negative”) areas. To explicitly demonstrate this spatial 

definition across macro-scale features, orthogonal ssDNA sequences end-labeled with 6-FAM 

(green) and Cy5 (red) were selectively spotted onto distinct circular domains (~4 mm diameter) 

on the fused silica substrate (Figure 1b, inset). Fluorescence imaging confirms sharp boundaries 

between adjacent spots with minimal non-specific cross-adsorption in masked background 

areas. Because cell capture is strictly mediated by sequence-specific hybridization, this spatial 

pre-patterning of the DNA template dictates the downstream 2D arrangement of the microbial 

monolayer, offering a direct, programmable strategy to define patterned carbon micro-

architectures upon pyrolysis without requiring conventional photoresists. 

 

 

Figure 1. Comparison of carbonated films pyrolysis. (a) Schematic of conventional SU-

8 photoresist patterning and pyrolysis to yield patterned conductive carbon microstructures 

on a substrate.  (b) Conceptual illustration of DNA-directed microbial monolayer assembly 

and pyrolysis. Surface modification with single-stranded DNA (ssDNA) "Velcro" enables 
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sequence-specific spatial immobilization (top-right inset: fluorescence image 

demonstrating spatially defined patterning of 6-FAM- (green) and Cy5-labeled (red) 

ssDNA spot arrays on fused silica; scale bar: 3 mm). Subsequent hybridization with 

complementary DNA-functionalized Shewanella oneidensis cells yields a single-microbe-

thick layer, which transforms upon high-temperature pyrolysis into a continuous, 

conductive carbon thin film. 

Because of its stability at high temperatures, fused silica glass was used as a substrate for the 

DNA “Velcro”22,23. To modify the glass with ssDNA, the substrate was initially modified via 

silanization with (3-Aminopropyl)triethoxysilane (APTES), resulting in the display of an 

amine. Subsequent reaction with glutaraldehyde yielded a carboxylic acid that is readily 

coupled to amine-modified ssDNA (Figure 2a). Similarly, cells were modified with 

complementary ssDNA using an established protocol involving initial oxidation of outer-

membrane polysaccharides with periodate, followed by aniline-catalyzed hydrazone formation 

with hydrazide-functionalized oligonucleotides21. This modification approach maintains 

microbial viability while enabling chemical modification of cells with ssDNA (Figure 2b). 

Following modification of both cells and fused silica with ssDNA, cells were incubated at the 

glass surface to allow the DNA to hybridize. The conditions for monolayer formation were 

optimized for surface density through variation of the incubation time and solution density of 

cells, with subsequent Live/Dead staining using SYTO 9 and propidium iodide (PI). SYTO 9 

permeates all cells, while PI is excluded by cells with intact membranes and penetrates only 

compromised membranes. Image segmentation of the live cells (green fluorescence) reveals a 

uniform surface coverage of ~39.6% across the substrate (Figure 2c). Red fluorescent signals 

are sparse and are evenly distributed, showing that dead cells are not found in clusters (Figure 

2d). 

 

Figure 2. DNA-“Velcro” strategy for generating S. oneidensis microbial monolayers 

on glass. (a) Scheme of fused silica surface modification: plasma-cleaned glass is silanized 

with APTES to introduce surface amines, crosslinked with glutaraldehyde, and 
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subsequently coupled to amine-modified C2 ssDNA, followed by blocking of remaining 

aldehyde end groups with ethanolamine and reduction to form a stable DNA-terminated 

substrate. (b) Scheme of cell-surface DNA conjugation: S. oneidensis are functionalized 

through DNA-i linker complementary to surface-bound ssDNA. (c,d,e) Confocal imaging 

of S. oneidensis cells attached to fused silica with live/dead stain, using SYTO 9 (c, green) 

and propidium iodide (PI) (d, red), and overlay (e). 

2.2 Temperature-Dependent Property Changes in Shewanella-Derived 
Carbonaceous Material 

Carbon materials exhibit highly diverse morphological and electronic properties. Native 

bacterial biomass constitutes non-conductive carbon dominated by sp3-hybridized structures 

(single C-C, C-O, and C-N bonds in proteins, lipids, and polysaccharides) with high heteroatom 

content (~12-15% O, N, H) that disrupts electron transport24. These isolated molecular domains 

(amino acid chains, sugar polymers, and nucleotide fragments) lack extended π-conjugation, 

yielding resistivities >106 Ω·cm and confining electrons to individual molecules. In contrast, 

more ordered conductive carbon such as glassy carbon features turbostratic sp2 graphene sheets 

with delocalized π-electrons spanning micrometers across continuous 3D networks, minimal 

heteroatom content (<5%), and sheet resistances of ~1 kΩ/sq25,26. This state exhibits moderate 

graphitic ordering and a nanocrystalline turbostratic structure with randomly rotated graphene 

layers, which can be characterized by spectroscopic and thermal analysis techniques24,27. 
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Figure 3. Temperature-dependent morphological evolution of Shewanella-derived 

carbon films during pyrolysis. Photographs of DNA-“Velcro”-patterned S. oneidensis 

films on fused silica before (a) and after (b) pyrolysis at 1,100 °C. SEM images of DNA-

attached films pyrolyzed at 800 °C-1,100 °C (c-f), revealing recognizable temperature-

dependent morphology from cell-shaped features to irregular embedded contours of the 

original cells remaining. (g) AFM surface topography image showing partially embedded 

bacterial film with uniform coverage across the monolayer pyrolyzed at 1000 °C. 

Pyrolysis was utilized as a means to modulate the chemical composition and electrical 

characteristics of the bacterial film. A high vacuum condition of 200 mTorr or below was found 

to be essential for promoting material crystallization and preventing carbon combustion arising 

from exothermic oxidation reactions with residual air. Under a controlled thermal profile with 

a constant heating rate of 5 °C min−1, the maximum temperature, maintained within the range 

of 700 °C to 1,100 °C, served as the primary parameter governing the resulting material 

properties. Pyrolysis of the Shewanella biofilms was found to induce strong, temperature-

dependent changes in morphology, structure, and electrical transport. Bacterial films that 

initially appeared transparent on glass were transformed into a highly reflective, mirror-like 

coating at the highest pyrolysis temperatures, with intermediate temperatures yielding dark, 

opaque layers at the highest pyrolysis temperature, while similar layers with only DNA 
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assembly on the surface did not produce any visual changes upon pyrolysis (Figure 3a-b). To 

relate these macroscopic visual changes to underlying microstructural evolution, the films were 

first examined by scanning electron microscopy (SEM). SEM imaging showed that these visual 

changes were accompanied by marked microstructural evolution: untreated DNA-"Velcro"-

attached cells exhibit typical rod-like morphologies of approximately 1-2 µm in length, whereas 

films pyrolyzed at 800 °C and 900 °C were observed with recognizable cell-shaped features 

embedded within a continuous carbonized matrix (Figure 3c-d). At 1,000 °C, only faint outlines 

of the original cellular shapes were visible, and at 1,100 °C the residue was reduced to irregular 

embedded contours, consistent with extensive high-temperature reorganization of cellular 

components and possible phase transitions in membrane-derived material (Figure 3e-f). 

Collectively, these visual and microscopic observations demonstrate that coalescence of the 

biogenic material into a continuous carbon film occurred with increasing maximum pyrolysis 

temperature. 

To further evaluate surface topography and film continuity across larger spatial dimensions, 

atomic force microscopy (AFM) was conducted on a pyrolyzed film at 1,000 °C (Figure 3g). 

The AFM analysis confirms a continuous coating with uniform coverage across tens of 

micrometers, where the cellular contours are partially embedded at the surface, maintaining 

individual cell morphologies. 

The observed micro-morphological changes reflect transformations in the carbon 

microstructure, corresponding to the formation of conductive and electroactive films. 

Thermogravimetric analysis (TGA) was performed to identify the dominant temperature range 

for weight loss associated with dense material formation. The TGA was carried out on dried S. 

oneidensis MR-1 pellets under inert nitrogen over a temperature range from room temperature 

to 1,400 °C at a rate of 10 °C min−1 (Figure 4a in yellow). An initial mass loss of 7.01% was 

observed between room temperature and 200 °C, with a maximum weight-loss rate of 

0.07% °C−1 near 104 °C, consistent with removal of residual water. Then, a dominant 

decomposition event occurred between 200-600 °C (55.19% mass loss), consistent with active 

pyrolysis of biological systems28–30. A further analysis of this mass loss through the derivative 

TGA curve (Figure 4a in orange) resolved a primary peak at 308 °C (>0.5% °C−1), assigned to 

rapid volatilization of readily decomposable components (peptidoglycans, lipids), and a peak 

at the 400-600 °C region that reflected a breakdown of recalcitrant macromolecules and initial 

carbon aromatization, leaving a stable carbon-rich framework30. Above 600 °C, a secondary, 

slower mass loss of 13.31% was detected, peaking at 880 °C. At this stage, most readily 

decomposable organics had already been decomposed, and the remaining material is a mineral-

containing char. This gradual, smaller mass loss of the high-temperature regime was interpreted 

as reflecting continued carbonization and devolatilization of the char, together with thermal 

transformations of mineral phases such as carbonates, phosphates, and metal oxides associated 

with Shewanella cells31,32. This behavior was found to mirror reports on glassy-carbon 
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formation, in which slow, high-temperature structural reorganization is typically observed, 

rather than discrete additional decomposition steps27. 

To further interrogate these high-temperature transitions and their relationship to the final 

graphitic ordering, differential scanning calorimetry (DSC) was employed on dried Shewanella 

MR-1 cells (Figure 4b). The DSC trace displayed a broad endothermic feature centered around 

1,100 °C, with no sharp phase-transition peaks. This broad minimum was consistent with the 

substantial energy input required for aromatization, densification, and progressive elimination 

of heteroatoms (C-H, C-O, C-N) from the residual char over a wide temperature range33,34. 

When considered together, the TGA and DSC data were found to corroborate the hypothesis 

that increasing pyrolysis temperature drives a transition from hydrated, polymer-rich biomass 

to a more ordered, turbostratic carbon framework. 

 

Figure 4. Thermal, structural, and electrical characterization of pyrolyzed 

Shewanella films. (a) Thermogravimetric analysis (TGA) and derivative TGA of dried S. 

oneidensis MR-1 biomass under nitrogen at 10 °C/min. (b) Differential scanning 

calorimetry (DSC) trace of dried cells. (c) Raman spectra of films pyrolyzed at 800, 900, 

1,000, and 1,100 °C, showing D (graphite-like, ~1,350 cm−1) and G (amorphic, ~1,600 

cm−1) bands indicative of carbon. (d) D/G peak area ratio as a function of maximum 

pyrolysis temperature, decreasing monotonically. (e) Sheet resistance of pyrolyzed films 

measured by four-point probe. 

2.3 Spectroscopic and Electronic Characteristics of the Pyrolyzed Material 

To translate the observations into quantitative metrics of carbon ordering, the films were 

subsequently probed by Raman spectroscopy. In the thin carbon structures featuring turbostratic 

sp2 graphene sheets with delocalized π-electrons in continuous 3D networks alongside 
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amorphous sp3-hybridized carbon, a high G-band fraction is desired to optimize conductive and 

catalytic properties35,36. Raman spectroscopy of the pyrolyzed films confirmed the formation of 

graphitic carbon and revealed a systematic improvement in structural ordering with 

temperature. Replicate films on glass were pyrolyzed at maximum temperatures of 800 °C, 

900 °C, 1,000 °C, and 1,100 °C, and Raman spectra were collected at three distinct locations 

on each sample to assess in-plane uniformity (Figure 4c). Across all conditions, spectra 

exhibiting the two characteristic first-order bands of graphitic carbon were obtained: a D band 

near 1,350 cm−1 (associated with lattice defects and disorder in sp2 carbon, prominent in 

amorphous carbon) and a G band near 1,600 cm−1 (corresponding to in-plane vibrations of sp2-

bonded carbon atoms in graphite-like domains)24. Because no other carbon-containing 

components apart from S. oneidensis were present (and DNA at negligible amounts), the 

appearance of these features was taken to indicate that the bacterial biomass had been converted 

into a carbonized film during high-temperature treatment. Quantitative analysis of peak areas 

showed that the D/G intensity ratio decreased monotonically with increasing pyrolysis 

temperature, with the largest drop observed between 1,000 °C and 1,100 °C (Figure 4d). This 

trend was interpreted as signifying a progressive reduction in structural disorder and an increase 

in graphitic ordering within the carbon network at higher temperatures. The evolution of the 

D/G ratio was found to be consistent with prior reports for biomass-derived carbons, in which 

this metric is used as a proxy for crystallinity, suggesting that bacterial carbon was polymerized 

and crystallized in a manner analogous to wood and biochar from plant pyrolysis25,35. 

Electrical characterization was performed to quantify sheet resistance and validate the films' 

functionality as conductive electrodes. While structural techniques provide insights into 

morphology, four-point probe measurements assess direct charge transport properties, which 

are critical for minimizing ohmic losses and ensuring efficient electron transfer to catalytic sites. 

High conductivity is essential for uniform current distribution across electrode surfaces, thereby 

maximizing catalyst utilization and enhancing overall electrocatalytic rates (Figure 4e). Films 

produced at 800 °C exhibited relatively high resistance, which was observed to decrease sharply 

as the maximum pyrolysis temperature was increased to 900 °C and 1,000 °C, in agreement 

with the improved graphitic ordering inferred from spectroscopic and thermal analyses. Above 

1,000 °C, the sheet resistance reached a plateau and remained essentially unchanged at 

1,100 °C, despite independent evidence for continued structural ordering at this highest 

temperature. The minimum sheet resistance achieved was 1.49 kΩ/sq, a value that approaches 

reported values for thin glassy carbon films (approximately 1.075 kΩ/sq)37. This saturation was 

taken to suggest that, beyond a certain level of crystallinity, the conductivity is limited not by 

local ordering but by mesoscale features such as grain boundaries, surface roughness, and 

inhomogeneous film thickness that impede long-range electron transport. Consistent with 

reports for pyrolyzed photoresists, in which sheet resistance scales inversely with pyrolysis 

temperature5,17–19, these bacterial-derived carbon films were thus positioned within a similar 

performance regime, while microstructural non-uniformity was identified as a likely lower 

bound on achievable sheet resistance for these biogenic electrodes. 
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2.4 Biosynthesis of Nanoparticles 

As an extracellular electron transfer mechanism, S. oneidensis mediates the reduction of PdCl4
2−

 

into crystalline, 3–5 nm palladium nanoparticles localized within the periplasm and outer 

membrane (Figure 5a,b), aligning with reported biogenic Pd synthesis pathways. After 

establishing that microbial films can be converted into conductive, turbostratic carbon 

electrodes, palladium nanoparticles were incorporated to provide catalytic activity and 

accelerate target electrochemical reactions. S. oneidensis used extracellular electron transfer 

under anaerobic conditions to biosynthesize palladium nanoparticles with diameters of 3-5 nm 

(Figure 5a,b)12,41. To systematically control the spatial density and overall surface loading of 

noble-metal nanoparticles across the cellular template, the bio-reduction duration was varied 

while maintaining daily additions of 1 mM Na2PdCl4 precursor solution. Shortening the 

biosynthesis incubation time to 2 days yields a sparse, low-coverage distribution of isolated Pd 

nanoparticles along the outer cell membrane and periplasmic space (Figure 5c, 'Low Pd 

coverage'). Extending the incubation duration to 8 days with daily precursor replenishment 

significantly increases particle nucleation density, forming a continuous, highly populated 

monolayer of Pd nanoparticles without inducing cell lysis or particle aggregation prior to 

pyrolysis (Figure 5d, 'High Pd coverage'). This fully biotic synthesis approach offers several 

key advantages over conventional chemical or physical methods. The Pd(0) particles nucleate 

and grow directly on bacterial cell surfaces via biologically mediated reduction of Pd(II), 

remaining stably anchored to the biomass scaffold42. This surface confinement ensures 

monodisperse 3-5 nm dimensions and uniform and controlled distribution, which are preserved 

through pyrolysis into the final carbon matrix, unlike ex situ mixing where nanoparticles readily 

agglomerate due to high surface energy, leading to loss of active surface area and reduced 

catalytic efficiency. Moreover, through genetic engineering of microbial electron transfer 

pathways, nanoparticle size and distribution can be precisely controlled, while stimuli-

responsive engineering enables dynamic regulation of biosynthesis in response to 

environmental triggers. Furthermore, the seamless integration of Pd nanoparticles within a 

microbially derived carbon matrix retains the material's biological origin, promoting favorable 

interactions with living cells or biofilms compared to synthetic carbon-Pd composites produced 

via harsh post-treatments. This biocompatibility is particularly advantageous for 

bioelectrochemical systems, where electrode-cell interfaces drive performance, or for future 

sensor or bio-interface applications where a versatile, binder-free template is of interest. Finally, 

microbial extracellular reduction eliminates the need for toxic chemical reducing agents (e.g., 

NaBH4, hydrazine) and high-energy inputs common in abiotic syntheses21, enabling 

sustainable, room-temperature production of catalytically active nanoparticles without 

hazardous waste streams. These attributes collectively enable bottom-up fabrication of high-

performance, biohybrid electrocatalysts from renewable biomass feedstocks. 
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2.5 Palladium Nanoparticles Integrated Carbon Materials 

Nanoparticle-integrated composites were fabricated by following a similar process flow to the 

carbonated electrodes. Pd nanoparticle-coated cells were immobilized on fused silica using the 

DNA “Velcro” attachment strategy21, and pyrolysis at 1,000 °C yielded a composite material 

in which palladium is embedded within a conductive carbon matrix (Figure 5e-f). The degree 

of sintering at the different temperatures is still to be studied and evaluated for its catalytic 

effect. As a proof of concept, the catalytic activity of the resulting films was evaluated at one 

specific pyrolysis temperature, for the hydrogen evolution reaction (HER) in 0.5 M sulfuric 

acid. Catalytic activity refers to the ability of the embedded Pd nanoparticles to accelerate 

electrochemical reaction kinetics by lowering the overpotential, and as a result, lowering the 

required reaction energy inputs. A three-electrode configuration was employed, with a platinum 

wire as the counter electrode and an Ag/AgCl reference electrode. The overpotential at 10 

mA/cm2 was recorded versus Ag/AgCl and converted to the RHE scale. Across three 

independent measurements, the Pd-decorated carbon film exhibited an overpotential of 520 

mV, compared to 620 mV for the bare carbon film. Although lower overpotentials have been 

reported for other palladium nanoparticle systems12, the 100 mV reduction in overpotential was 

reached with only partial nanoparticle coverage as shown in the TEM (Figure 5a-b). It is 

therefore expected that increasing the metal loading would provide an even larger energetic 

benefit. The degree of sintering at the different temperatures is still to be studied and evaluated 

for its catalytic effect. This proof-of-concept demonstration highlights the high potential of this 

platform and opens significant space for further research into the optimization of nanoparticle 

stability within biogenic carbon matrices. The observed electrocatalytic performance highlights 

the unique architectural advantages of co-pyrolyzing spatially controlled 2D microbial 

monolayers over standard catalyst-ink or bulk-pyrolysis methodologies. In conventional noble-

metal electrocatalysts, precious-metal cost remains a primary barrier to industrial scale; catalyst 

powders buried within thick, binder-bound porous layers are electronically insulated or 

inaccessible to the electrolyte, leading to poor atomic utilization. In contrast, our DNA-directed 

2D thin-film configuration ensures that biosynthesized 3-5 nm Pd nanoparticles remain 

uniformly dispersed and directly anchored at the conductive carbon surface. This open, binder-

free 2D architecture exposes virtually all active sites to the electrolyte while facilitating rapid 

interfacial charge transport and unhindered release of evolved H2 gas bubbles during HER. 

Consequently, significant overpotential reductions (~100 mV) are realized at remarkably low 

metal loadings. Furthermore, because the cell membrane acts as an intrinsic physical scaffold 

during carbonization, the need for chemical reducing agents or surfactant ligands, which 

typically passivate active catalytic sites and require harsh post-treatments, is entirely 

circumvented. 
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Figure 5. Biosynthesized palladium nanoparticles (NPs) and their integration into 

carbon electrodes for proof-of-concept HER. (a, b) High-resolution TEM image of 

biosynthesized Pd nanoparticles anchored to the Shewanella cell surface. (c, d) TEM 

images demonstrating density control with daily 1 mM Na2PdCl4 additions: (c) low Pd 

coverage after 2 days, and (d) high Pd coverage after 8 days. EDX analysis (e, f) and SEM 

image (g) of Pd-decorated Shewanella films on fused silica after DNA-"Velcro" 

attachment and pyrolysis at 1,000 °C. (h) Schematic overview of NP biosynthesis and 

subsequent cellular immobilization. (i) HER polarization curves in 0.5 M H2SO4 for bare 

and Pd-decorated Shewanella films in a three-electrode configuration. 

3. Conclusions 
Efficient, scalable electrocatalysis requires electrode materials that are not only highly active 

and conductive but also sustainable in both their composition and fabrication. In this work, we 

demonstrate that DNA-“Velcro”-patterned Shewanella oneidensis MR-1 can be converted by 
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pyrolysis into turbostratic carbon films. Crucially, the DNA 'Velcro' tethering mechanism 

enables sequence-specific spatial control over cell assembly, allowing for the programmable 

2D patterning of carbon micro-architectures prior to pyrolysis without relying on conventional 

photoresists. We show that the maximum pyrolysis temperature governs the transformation of 

this biological template into a carbon film across structural, thermal, and electronic metrics. 

With increasing temperature from 800 to 1,100 °C, SEM imaging reveals a progression from 

clearly discernible cell shapes embedded in carbon to a nearly featureless, coalesced coating, 

while Raman spectra report a monotonic decrease in the D/G intensity ratio, indicating reduced 

defect density and enhanced graphitic ordering. Complementary TGA and DSC measurements 

resolve a dominant 200-600 °C mass-loss event associated with primary biomass 

decomposition and char formation, followed by slower mass loss and a broad endotherm 

extending to ~1,100 °C attributed to continued aromatization, densification, and heteroatom 

removal in the emerging carbon framework. These structural and thermal changes coincide with 

a sharp drop in sheet resistance between 800 and 1,000 °C and a subsequent plateau near 1.5 

kΩ/sq at 1,000-1,100 °C, approaching values for thin glassy carbon and suggesting that, beyond 

this point, mesoscale features rather than local crystallinity limit charge transport. We further 

show that coupling this platform to microbial Pd nanoparticle biosynthesis yields carbon films 

in which catalytically active Pd is embedded within the biogenic carbon matrix, reducing the 

HER overpotential by ~100 mV despite low metal loadings. Because both the cellular scaffold 

and the nanoparticle phase are biologically produced and the final properties are tunable 

through simple variations in pyrolysis conditions, this strategy establishes bacterial films as 

programmable precursors for architected carbon and metal-carbon composite electrodes, and 

provides a foundation for extending pyrolyzed microbial materials to other redox-active metals, 

host organisms, and device geometries. Building on this proof-of-concept, tuning the thermal 

profile offers a straightforward pathway to systematically control nanoparticle sintering 

dynamics and further maximize catalytic surface area in future device iterations. By eliminating 

insulating binders, preventing high-temperature nanoparticle sintering without passivating 

surfactants, and maximizing precious-metal atomic efficiency, this 2D co-pyrolysis strategy 

addresses core performance bottlenecks in electrocatalytic energy conversion. Looking 

forward, the soft biogenic origin and precise DNA patternability of these carbonized 

monolayers also offer a prospective platform for future planar micro-devices and 

electrochemical sensors. 

4. Experimental Section 

4.1 DNA binding to silica surface 

100 mm JGS1 UV-grade fused silica wafers (MSE Supplies, 500 µm DSP w/bevel) were diced 

into 1 cm × 1 cm squares using a dicing saw, sonicated in acetone for 15 min, rinsed with 

isopropyl alcohol, dried under nitrogen, and plasma-cleaned (high voltage, 15-20 min). Cleaned 

chips were transferred to a nitrogen-filled glovebox and immersed in a 1:20 (v/v) solution of 

(3-aminopropyl)triethoxysilane (APTES) in anhydrous toluene for 20 min with gentle agitation, 
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then washed four times with anhydrous toluene, rinsed in acetone, and dried under vacuum. 

The amine-terminated surfaces were activated by applying glutaraldehyde (10% v/v in PBS, 

~200 µL per substrate) for 7 min, followed by rinsing with PBS/Milli-Q water and drying with 

compressed air. Amine-modified C2 DNA (full formula is available in the SI) was diluted to 

50 µM in RNase-free PBS, and 20 µL was deposited on each activated substrate, covered, and 

incubated overnight in the dark to form covalently bound DNA monolayers via glutaraldehyde 

crosslinking. The surfaces were then washed ten times with Milli-Q water and incubated for at 

least 20 min in a freshly prepared blocking solution (585.2 mg ethanolamine·HCl and 377 mg 

sodium cyanoborohydride in 50 mL Milli-Q water), followed by three sequential water washes. 

DNA-functionalized substrates were then stored in RNase-free PBS at 4 °C, yielding a stable 

DNA-terminated platform for subsequent bacterial attachment. 

4.2 Bacterial Liquid Culture Preparation 

Shewanella oneidensis MR-1 was streaked from frozen glycerol stocks onto LB agar plates and 

grown overnight at 30 °C. A single colony was inoculated into LB media and grown overnight 

at 30 °C with shaking to reach OD600 ≈ 1.0. Resulting cells were either used directly for DNA 

"Velcro" attachment to fused silica substrates or first subjected to palladium nanoparticle 

biosynthesis prior to surface immobilization. 

4.3 Pd biosynthesis 

S. oneidensis MR-1 cells were grown overnight aerobically in LB media, then transferred to a 

vinyl anaerobic chamber (COY Laboratory Products, Grass Lake, MI, USA) maintained at <50 

ppm O2 using a 20% CO2/80% N2 gas mix with palladium catalyst. Cells were then inoculated 

in Shewanella basal medium (SBM) and grown anaerobically for 24 h to reach OD600 ≈ 0.1. 

Cells were pelleted, washed with SBM, and resuspended in Pd growth solution containing 100 

µM Na2PdCl4·3H2O as previously reported9. Biosynthesis proceeded for 6 days under 

anaerobic conditions, followed by PBS washing. Pd nanoparticle-coated cells were 

characterized by HR-TEM prior to DNA "Velcro" attachment to fused silica substrates. 

4.4 Cell-DNA Conjugation ("Velcro" Attachment) 

Cells were pelleted and washed twice with PBS. Cells were resuspended in 500 µM sodium 

periodate (NaIO4) in PBS (500 µL per standard batch) and incubated 15 min at 30 °C with 

shaking to generate reactive aldehyde groups on cell surface polysaccharides. 1 M glucose was 

added (10% v/v of periodate volume) to quench excess oxidant, yielding 0.1 M final glucose. 

Cells were washed twice with PBS, then once with 0.5 M NaCl, 0.1 M MOPS buffer (pH 7.4). 

Cells were resuspended in NaCl/MOPS containing 20 mM aniline and 30-40 µM M2-i linker 

DNA (complementary to surface-immobilized C2 strands, formula is available in the SI). 

Conjugation proceeded via oxime ligation for 18 h (overnight) at room temperature with 

shaking, protected from light. 
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4.5 Post-Conjugation Processing 

Conjugated cells were pelleted, washed to remove unbound DNA and reagents, resuspended in 

PBS and adjusted to cell concentration of 5-8 OD600. Then the cells were drop-casted on the 

DNA-tethered silica substrates and formed into a “sandwich” structure with glass microscope 

slides, and reacted for 2 hours. This yields S. oneidensis MR-1 monolayers covalently tethered 

to substrate-bound DNA Velcro, enabling uniform, selective bacterial attachment with 

controlled surface coverage. 

4.6 Pyrolysis 

Pyrolysis was carried out in an OTF-1500X-8Z eight-zone split-tube furnace (MTI, CA, USA; 

maximum temperature 1500 °C) using alumina boats. Samples were first heated from room 

temperature to 50 °C over 10 min, followed by a 2 h hold at 50 °C under vacuum to reach a 

pressure of 200 mTorr. The temperature was then increased at 5 °C min−1 to the selected 

maximum temperature (800-1,100 °C) and maintained for 1 h. Finally, the furnace was allowed 

to cool to room temperature under vacuum at a maximum rate of 5 °C min−1. 
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