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ABSTRACT 

A novel method for simultaneous reduction of graphene oxide (GO) and palladium salt, Pd (II), using 

Escherichia coli in the separate presence of two different mild reducing agents (hydrogen and 

formate) is investigated to successfully produce reduced GO (rGO)-biomass/Pd hybrid material for 

potential use as an electrocatalyst. Transmission electron microscopy, X-ray diffraction, thermo-

gravimetric analysis, X-ray photoelectron spectroscopy and Raman microscopy demonstrate the 

successful reduction of Pd (II), GO and the biomass, resulting in the formation of Pd nanoparticles 

(PdNPs) on an rGO-biomass hybrid. The distribution of the NPs was found to be dependent on the 

type of reducing agent. PdNPs formed on rGO sheets showed relatively uniform distribution and size 

control (2-5 nm), whereas PdNPs on the bacterial scaffold were larger (up to 10 nm in size). Raman 

spectroscopy studies suggest that the presence of Pd leads to oxygen reduction and increased 

crystallinity in the bacterial biomass. Previous studies have suggested the potential for a bacterially-

supported Pd electrocatalyst in fuel cells and, independently, the suitability of rGO as a support for 

PdNPs. This study confirms the simultaneous bacterial reduction of Pd (II) and GO and the 

association between the bacterial cells and rGO. We suggest that the simultaneous presence of E. coli 

and mild reducing agent together with GO and Pd (II) creates an interactive and synergistic 

environment in a hybrid material to allow a) better control of PdNP size and distribution both on the 

inside of the bacterial membrane and on the rGO sheets and b) increased crystallinity of the bacterial 

biomass compared to systems with bacteria alone. 

 

Keywords: E.coli; reduced graphene; BioPd; Palladium nanoparticles; catalyst-support;  
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INTRODUCTION 

Palladium (Pd) is a ubiquitous catalyst used in automotive1, oil refining2, polyester manufacturing3 

and as a synthesis platform for fine chemicals. It is also a promising candidate for use as an 

electrocatalyst, to reduce the dependence on platinum (Pt) for applications such as water electrolysis 

and polymer electrolyte membrane fuel cell (PEMFC) catalysts, since it has many properties similar 

to Pt including its electronic and face centred cubic crystal structure. While both Pt and Pd are 

susceptible to durability issues and carbon monoxide poisoning, the high price and limited availability 

of Pt necessitate the search for alternatives. Recent studies show that palladium nanoparticles (PdNPs) 

can be used as an oxygen reduction catalyst in a PEMFC cathode with 80% of the current density and 

87% of the peak power density when compared with commercial Pt/C4. Pd is significantly cheaper 

than Pt and more than 50 times more abundant5. Furthermore, recent studies on Pd have revealed that 

it has greater resistance to carbon monoxide poisoning when used as a PEMFC catalyst compared 

with Pt6,7. Limited supply of precious metals (like Pt and Pd) has led to studies on waste metal 

recovery for maximising the utilisation of these precious metals.  

Murray et al.8 used microbial reduction of soluble palladium (II) salt to recover Pd and Pt from spent 

automotive catalyst leachates in the form of nanoparticles on the surface of bacterial cells and these 

metals, biorecovered from a waste, were able to function as the anode catalyst in a PEMFC after 

processing.45 Bioreduction, first reported by Lloyd et al.9 using Desulfovibrio desulfuricans, and on 

the surface of various other bacteria, such as Shewanella oneidensis and Escherichia coli 10-12 has 

generated substantial interest in this field. Yong et al.13 showed that by increasing the biomass:Pd 

ratio, smaller nanoparticles could be produced, while a report by Sobjerg et al.14 demonstrated further 

size and shape control. Yong et al.14 found that Pd produced in this way (BioPd) gives an effective 

anode catalyst in PEMFCs after sintering. The low conductivity of the interstitial biomass12 needs to 

be addressed in order to improve the performance and efficiency of such a catalyst-support systems. 

The properties of the catalyst support used also play an important role in determining the particle size 

uniformity, particle distribution, catalyst efficiency and lifetime15. ‘Carbonised’ BioPd formed by 

sintering the biomass-Pd(0) composite was used in a fuel cell application,14 while electron 
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paramagnetic resonance (EPR) measurements suggested that, when mixed with commercial activated 

carbon, there is evidence of electron transport between the BioPd and the activated carbon16. Use of 

sintered BioPd in a PEMFC is reported to display a power density close to that measured using a 

commercial Pd/C catalyst. However, other residual elements remaining in the support material may be 

detrimental to the electrocatalytic activity; hence there is a need to explore other conductive supports 

where changes to the biomass component can be minimised. It is, therefore, essential to explore 

techniques to reduce Pd loading, control nanoparticle size, and also retain conductivity via proximity 

of PdNPs to the conductive material to facilitate electron transport between Pd and the electrode. 

Recent studies have shown that some of the bacteria that exhibit metal-reducing capabilities can also 

reduce graphene oxide (GO), producing reduced graphene oxide (rGO) with physical and 

electrochemical properties comparable to chemically reduced GO17-21. Several studies have 

investigated the reduction of GO through various chemical routes to produce reduced graphene for 

application as catalyst support for metal nanoparticles in various catalytic applications (due to the 

outstanding electronic and surface properties of graphene)., including polymer electrolyte fuel cells 

.22-31 However, these methods generally use high concentrations of Pt/metal precursors. The use of 

bacteria for GO reduction has attracted attention only recently. Yuan et al.32 have shown that, in a 

microbial fuel cell, GO is reduced in-situ to form a biomass-graphene network that improves 

conductivity and hence power output of the cell. Compared to the various chemical/ non-biological 

methods, biological reduction methods could allow better conservation of metal by the nanoscale 

scaffolding contributed by the bacterial surface, as well as stability against agglomeration.33  While 

many previous studies have suggested the potential for a bacterially-supported Pd electrocatalyst in 

fuel cells and, independently, the suitability of rGO as a support for PdNPs, no studies so far have 

investigated the simultaneous bacterial reduction of Pd (II) salt and GO and the resultant structure and 

potential interactions between these reactive species. 

In this study, we report the production of a Pd/rGO composite using H2 or sodium formate by the 

simultaneous bacterial reduction of GO and Pd (II) salt supported by E. coli. The processing of the Pd, 

GO and E. coli together with a reducing agent means that the product exhibits enhanced reduction and 

Page 4 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

altered structure. This work reveals that the presence of Pd nanoparticles and/or the nucleation process 

may have a catalytic effect in structuring the carbon present in the biomass, which could significantly 

enhance the Pd-biomass interaction and enable a more conductive response of the electrocatalyst 

overall.  

 

METHODS AND MATERIALS 

Reduction of GO/Pd 

The graphene oxide was prepared using a modified Hummers’ method. Sodium tetrachloropalladate 

(Na2PdCl4) was used as the Pd precursor and the bacterial strain used in this study was E. coli 

MC4100. The bacterial culture11 (stored anaerobically under oxygen-free nitrogen (OFN) at 4°C in a 

rubber-sealed bottle and used within 48 hours of culturing) was used to separately inoculate three 

solutions, namely; (i) oxygen-free Pd (II) salt solution at a loading of 25 wt.% Pd, (ii) GO solution at 

a loading of 15 wt%, and (iii) a mixture of the Pd (II) salt and GO solution, along with appropriate 

control samples (Tables 1, S1). All samples were inoculated and stored in sealed bottles.  The 

inoculated solutions and controls were incubated at 30 °C for ~1 h to allow biosorption of Pd (II) on 

to the cell surfaces and then a reducing agent (electron donor) was added as described. Half of each 

mixture was reduced using 500 mM degassed sodium formate stock solution (final concentration 20 

mM) and then the solution was transferred to a heater/shaker at 37 °C for at least 24 hours.  The other 

half was reduced using hydrogen gas, which was bubbled through the mixture for 15 minutes, and an 

excess of hydrogen was added into the headspace of the sealed bottles (via a syringe through the 

rubber stopper). After the reduction, samples were harvested by centrifugation and the supernatant 

was tested for the presence of residual palladium using the tin chloride assay as described elsewhere11. 

For simplicity, all samples were given acronyms of the format ‘sample(electron donor)’ and all 

samples prepared with E. coli have a prefix ‘B’ representing ‘Bio-synthesis’. So a sample of Pd and 

GO reduced in the presence of E. coli using H2 as the e- donor is denoted as  B-rGO/Pd(H) The 

samples produced and the respective acronyms used throughout the rest of this paper are listed in 
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Table 1. In order to ascertain the effect of each of the electron donors and the presence of E. coli on 

the reduction process, various control samples were also produced using only bacteria, hydrogen or 

formate as reducing agent/e- donor and were given acronyms using the same convention as above. A 

list of all control samples (Table S1) and further details of the preparation of a bacterial culture of E. 

coli MC4100, GO and Pd (II) salt solution can be found in the supporting information. 

 

Control /Test samples Acronym 

E. coli, GO, H2 B-rGO(H) 

E. coli, GO, Formate B-rGO(F) 

E. coli, Pd, H2 B-Pd(H) 

E. coli, Pd, Formate B-Pd(F) 

E. coli, GO, Pd, H2 B-rGO/Pd(H) 

E. coli, GO, Pd, Formate B-rGO/Pd(F) 

Table 1: Sample constituents and acronyms for test samples and main control samples used in the 

study. 

The as prepared Pd, E.coli, rGO hybrid samples, were not washed in acetone which is known to 

improve the accessibility of intracellular Pd NPs. This is a standard way of breaking down the 

permeability barrier by disrupting the cell membranes46, 47. This was not used in the present study as 

we wished to visualise the interactions of the GO/rGO with the bacterial surfaces.  

Characterisation of Materials 

TEM examination of cell sections used a JEOL 1200X electron microscope and for whole cells used a 

JEOL 2100 electron microscope with an Oxford instruments X-Max 80T detector for energy 

dispersive x-ray microanalysis (EDX). Powder XRD analysis was carried out on a Bruker D2 Phaser 

diffractometer with a monochromatic Co Kα radiation (wavelength = 1.79026 Å). FT-IR analysis was 

carried out on a Varian 660 IR FTIR Spectrometer with Pike MIRacle diamond ATR. TGA 
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experiments were conducted using samples between 9 mg and 11 mg on a Netzsch TG 209 F1 Libra 

over the temperature range 25 - 800°C.  The heating rate was 5 °C/min and a gas stream of 50:50 N2 

and O2 at a combined flow rate of 50 mL/min was used in an environment of N2 and O2. XPS analysis 

was conducted on an Al K-Alpha (Thermo Scientific) instrument. Data was collected from the surface 

of thin film samples and analysis was performed using Casa XPS.  Calibration was carried out by 

alignment of the spectra with reference to the C 1s line at 284.5 eV associated with graphitic carbon, 

and a Shirley background correction was applied. Raman spectroscopy was conducted on a Renishaw 

InVia Reflex Confocal Raman microscope using a 514 nm laser. Details of the preparation of samples 

for various characterisations are included in the supporting information. 

 

RESULTS AND DISCUSSION  

Transmission electron microscopy was used to image the simultaneously reduced GO and Pd (II) 

samples. The samples were prepared and imaged in two different ways to enhance our understanding 

of PdNPs distribution and interaction between GO/rGO sheets and E. coli cells. At first, images 

(Figure 1a, b, d and e) were obtained using microtome-sectioned cells (prepared using standard 

fixation, embedding and resin sectioning protocols). Although these provided information of PdNPs 

distribution inside the cells, high resolution imaging was restricted due to extensive charging caused 

by the non-conductive resins. Hence, another set of samples was prepared by dropping a small amount 

of dilute sample solution onto a copper grid, which is a commonly used sample preparation method 

for metal nanoparticles on carbon supports. The images thus obtained (Figure 1c and 1f) provided 

high resolution images of metal nanoparticles and rGO sheets, allowing visualisation of particle sizes  

on rGO as well as E. coli. The TEM images and energy dispersive x-ray (EDX) analysis (Figure S2) 

confirmed the presence of Pd nanoparticles (PdNPs) within (Figure 1a-e) and on the surface of the E. 

coli cells as well as on rGO sheets. However, no Pd nanoparticles were observed outside or 

independently of the intact cells and rGO sheets. The GO/rGO sheets appeared to be between 20-100 

nm and the PdNPs appear to nucleate on the cells or the GO sheets and are not visible independent of 

a support. Figure 1a and 1e, showing TEM images for B-rGO/Pd(F) and B-rGO/Pd(H) respectively, 
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show that the rGO sheets are interspersed between the cells and that they tend to have higher 

distribution near the cell suggesting possible electron transfer-like interactions between GO and E. 

coli (similar to the Mtr respiratory pathway in Shewanella oneidensis, as suggested by Jiao et al.34) 

eventually leading to GO reduction. While GO sheets appear to have a tendency to wrap around the 

bacterial cells, contrary to other literature19, the GO/rGO sheet edges did not appear to pierce through 

the cells. 

Figure 1a-c show images of B-rGO/Pd(F) samples while images Figure 1d-f show images of B-

rGO/Pd(H) samples. Comparison of images b and c with d and e in Figure 1 clearly revealed that 

when formate was used as the e- donor/ reducing agent, the PdNPs are more uniformly sized and 

distributed (Figure 1b), whereas when H2 was used (Figure 1d and e) more PdNPs were formed on the 

cell surface (i.e close to the outer membrane) and as a result the particles are more likely to 

agglomerate (Figure 1e), leading to larger particle size. XRD analysis (discussed further below) also 

confirmed larger particle sizes for both test and control samples prepared using H2 as the e- donor. In 

sectioned images, some larger PdNPs are visible on edges of long micron sized sheet like structures 

(circled in red in Figure 1d). These sheet-like structures are possibly ruptured cell membranes as they 

are too long to be rGO sheets. It has been observed elsewhere that cells that have been disabled either 

by genetic removal of key enzymes11 or stressed by toxic chemicals45 can respond by making large 

nanoparticles outside the cell, presumably via leakage of contents from damaged cells and 

uncontrolled, ‘runaway’ NP formation on released additional nucleation sites. Flow cytometry studies 

are planned to look at the ‘robustness’ of the bacteria under the dual stress of palladisation and 

potential graphene penetration in the next phase of the work.  

Imaging of samples produced by drop-drying the solution onto a copper grid (Figures 1c and 1f and 

S1b) showed the surface of rGO sheets decorated with very small (2-5 nm) Pd nanoparticles in both 

H2 and formate conditions. Formate has been used as a mild reducing agent for reduction of Pd (II) to 

PdNPs35 and in the presence of GO, PdNPs are likely to nucleate on the oxygen defects in a reducing 

environment (similar to Pt nanoparticles28). Figure 1c shows a high resolution image of the rGO 

sheets clustering around the cell surface (circled in 1c). The inset in Figure 1c shows a large (20-30 
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nm) individual nanoparticle extruded within a cell membrane vesicle, and the lattice fringes revealed a 

spacing of 0.223 nm, in agreement with the spacing of Pd (111) lattice planes, 0.2246 nm (JCPDS 46-

1043). Interestingly, all PdNPs on rGO sheets showed smaller size and more uniform size 

distributions compared to the PdNPs formed inside the bacterial cells. This is speculated to be due to 

two reasons: a) the bacterial cells have a quicker and/or greater uptake of the Pd (II) salt, leading to 

more PdNPs formation and resulting in agglomeration and larger particle sizes; b) the rate of 

nucleation and growth of PdNPs inside the bacterial cells is faster compared to that on rGO sheets. 

Figure S1c also shows small (<5-10 nm) PdNPs on the rGO sheets as seen in the B-rGO/Pd(H) 

samples and those circled gave lattice spacing of (1): 0.243 nm, 0.239 nm, (2): 0.210 nm, (3): 0.204 

nm, which is within 1.5% of the reference value. Such deviations are expected due to the varying 

orientations of the NPs with respect to the electron beam36. The Pd nanoparticle size was found to 

vary from 20-30 nm to 2-5 nm depending upon the location of the nanoparticles. Particles inside the 

E.coli and in the absence of GO were found to be bigger while those formed on the rGO sheets 

showed a size distribution of 2-5 nm. Most traditional methods used for preparation of catalyst 

nanoparticles are reported to form nanoparticles in the range of 2-5 nm or at least below 10 nm. The 

nanoparticles we prepared in this current method show relatively larger size variation. However, it is 

evident from the TEM images that there is more agglomeration of Pd nanoparticles inside the 

bacterial cell when H2 is used and also when no GO is present. Thus, agglomeration and particle size 

is dependent on, (a) the Pd(II) uptake of the cell and also on, (b) the type of e  donor available. Further 

studies will be undertaken to optimise the nanoparticles size using these parameters for 

electrochemical studies during the next phase.  

Figure 1f (circled) shows the edges of a stack of 8 rGO sheets with PdNPs attached to both basal and 

edge planes. The sheet separation was found to be 0.338 nm, which is in agreement with the 

separation of graphene sheets (0.34 nm). EDX analysis (Figure S2) carried out at different positions 

on the samples confirmed the presence of carbon, palladium and oxygen in the cell and rGO areas. 

The presence of small amounts of P, Na and S was also found in the bacterial cells, as expected for 

biological material. 
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The XRD pattern for GO (Figure 2a) consists of the typical graphitic carbon (002) peak around 2θ = 

30.6° corresponding to a d-spacing of 0.34 nm, as well as another broad C (002) peak shifted down to 

around 2θ = 13.5 - 15.3°, indicating that a major proportion of the carbon sheets have been separated 

by a larger distance (0.67 - 0.76 nm) by the oxygen functional groups added by the oxidation 

process22. As GO is reduced, the peak at 2θ = 30.6° should increase in intensity, and the lower 2θ peak 

is reduced. In comparison, the scan for B-rGO(H) (Figure 2a) revealed two relatively sharp peaks for 

carbon. The first is shifted to a lower 2θ angle (~10°) and is less intense than in GO, while the 30.6° 

peak displayed an increase in intensity, indicating only a partial reduction of GO. However, the scan 

for B-rGO(F) showed almost a complete loss of the peak at low 2θ values, while the 30.6° peak 

showed a clear increase in the intensity, suggesting that the reduction with formate was more effective 

compared to that with hydrogen. Interestingly, in the presence of Pd (Figure 2b) both B-rGO/Pd(H) 

and B-rGO/Pd(F), did not reveal any peak at lower 2θ  values, suggesting that most or all of the 

oxygen functional groups on the GO sheets were removed. This is most likely due to the fact that the 

reduction of GO and nucleation of NPs on the GO surface are simultaneous processes. As metal NP 

nucleation takes place at the oxygen defect sites, more oxygen groups are reduced28. The XRD 

analysis (Figure 2b) for B-rGO/Pd(H) and B-rGO/Pd(F) samples further revealed the characteristic 

peaks for Pd(111) and Pd (002) (peak positions reveal plane spacing of 0.2246 nm and 0.1945 nm 

respectively confirmed by JCPDS, card no. 05-0681) for both B-rGO/Pd(H) and B-rGO/Pd(F). The 

powder patterns also confirmed the TEM observations of particle sizes. Calculations using the 

Scherrer equation indicated that PdNPs which nucleated and grew in the presence of GO using E. coli 

and H2 (i.e. B-rGO/Pd(H) were on average 10-15 nm, while the PdNPs which nucleated in the 

presence of GO using E. coli and formate (i.e. B-rGO/Pd(F)) were 5-10 nm.  These Pd peaks were 

found to be broad, compared to sharp peaks (Figure S3) for control samples Pd(H) and Pd(F) (particle 

size of 20-25 nm) where Pd was reduced in the absence of E. coli, demonstrating that the use of E. 

coli promotes formation of smaller nanoparticles. No Pd peaks were found in the XRD patterns for 

control samples B-Pd and B-rGO/Pd (Figure S3) i.e. in the absence of any electron donor, suggesting 

that Pd (II) salt is not reduced in the absence of a reducing agent. However, the formation of 

amorphous small Pd-NPs or single atoms of Pd(0) cannot be precluded.   
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Similarly, no shift or change was observed in the 2θ~10° peak for control sample B-rGO (Figure S3a) 

confirming that bacteria alone cannot promote GO reduction. On the other hand, control samples 

rGO(H) and rGO(F) showed the lower 2θ peak shifted slightly (2θ~14°) and was significantly sharper 

and more intense compared to that of starting GO; in addition, a small, very broad graphitic carbon 

peak near 2θ~30° indicated some reduction of GO in the presence of mild electron donors (Figure 

S3a). 

No Pd peaks were found in the XRD patterns for control samples B-Pd and B-rGO/Pd in Figure S3 

(i.e. in the absence of any electron donor), confirming that Pd (II) salt is not reduced in the absence of 

a reducing agent. This, however, does not exclude the possibility of very small Pd-NPs (e.g. 2 nm or 

smaller which are invisible to XRD and appear as amorphous). Nevertheless, using XPS in this study 

no evidence was seen for ‘endogenous’ reduction of Pd(II), i.e. in the absence of added electron 

donor. Given time, Pd(II) reduces chemically under H2 (and with formate) and, indeed, killed cells or 

formate alone show very slow Pd(II) reduction11. The presence of live bacteria (being enzymatic and 

hence catalytic) not only accelerates what would happen anyway, but also ‘steers’ to some extent the 

location(s) of the nucleation and nanoparticle growth48. Hence, the E. coli provides a suitable 

‘environment’ for the Pd salt and the e- donor to be adsorbed so that the reduction reaction can take 

place, as well as acceleration of this reduction.  

Control samples rGO/Pd(H) and rGO/Pd(F), i.e. without E. coli (Figure S3c), revealed sharp Pd peaks 

indicating reduction of Pd (II) but forming significantly larger crystals and little or no reduction of 

GO. Moreover, XRD data as shown in figure S3, S5(a) and S5 (b) confirmed that no reduction of GO 

occurs in the presence of e-donor (H2 or formate) alone. On the other hand significant GO reduction 

was observed when E. coli was present along with the reducing agent (figure 2a and figure 3), 

confirming that GO reduction occurs in the presence of E. coli due to possible synergistic interactions.  

This further suggests that there is electron exchange between bacterial hydrogenases and GO 

promoting GO reduction and possibly allowing size control of PdNPs on rGO sheets. Thus, the XRD 

patterns from various samples and control samples confirmed that the presence of the bacterial cells as 

well as a mild reducing agent (either H2 or formate), have a vital role to play not only in the reduction 
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of both GO and Pd (II) but also in controlling the PdNP size and distribution. Moreover, the presence 

of Pd further enhances the reduction of GO.  

Thermogravimetric analysis was used to provide information about the thermal stability and 

composition of the samples. The results for GO (Figure 2c) show the typical three stages of the 

breakdown of GO in the presence of oxygen37. However, all samples with rGO or no GO content 

revealed significantly less weight loss below 200 °C, indicating lower water content compared to GO. 

In the E. coli alone, and in all samples containing E. coli (with or without rGO), the removal of 

oxygen functional groups occurred at around 300 °C, suggesting that most of these are from the 

bacteria and that GO has been reduced during the reduction process. The removal of the carbon 

skeleton occurred around 500 °C for E. coli alone, while for the samples not containing Pd (Figure 2c) 

it occurred between 500-600 °C. The breakdown of the carbon in B-rGO(H) and B-rGO(F) occurred 

over a wider temperature range and therefore appears to be a combination of the breakdown of the 

carbon content in bacteria and GO. Samples containing Pd (Figure 2d) showed a lower final 

breakdown temperature, which was just below 400 °C. This could be due to Pd catalysing the 

breakdown of carbon. It is, therefore, suggested that the presence of the Pd is altering the structure of 

the carbon and thus its thermal behaviour. This argument is supported by evidence from XPS and 

Raman spectroscopy discussed in later sections. Studies using Pt have reported a higher temperature 

for carbon breakdown18 while Pd is reported to catalyse the formation of C-C bonds31. However, 

samples with GO show a further 2-3 wt.% loss between 600-800 °C which is similar to other TGA 

studies28 reported on metal nanoparticle/rGO samples, showing the structural stability of GO. There 

was some residue in all samples, which was due to residual elements from the production processes 

(chemicals used in production of GO, bacterial suspension medium, etc.) as well as substances found 

in the bacterial cells ( phosphorus, sulphur and trace metallic residues from proteins etc). The residue 

in samples containing Pd is largely the metal constituent, and 30-40 wt.%, which is higher than the 

original loading of 25 wt.%. This can be attributed to the mass loss in GO and bacteria during the 

reduction processes leading to higher metallic content in the product. Control samples without GO, 

(B-Pd(H) and B-Pd(F)) showed a higher  Pd residue, suggesting higher intake of Pd (II) salt resulting 
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in more Pd nucleation and growth (i.e. in the absence of GO ‘competing’ for available Pd (II)). 

Among these, the use of formate seems to enhance the Pd nucleation further than H2. The lower Pd 

wt.% in B-rGO/Pd(F) and B-rGO/Pd(H) samples supports the theory that there is a possible 

competing process(es) between GO and E. coli for the uptake of Pd (II). As observed in TEM images, 

the nucleation and growth process on GO/rGO sheets appears to be slower compared to E. coli, 

leading to smaller and well distributed particles on rGO. Consequently, in the presence of GO, E. coli 

is not able to take up as much Pd (II) which it is otherwise capable of, resulting in a lower final Pd 

loading in the bacterial content of the overall sample. 

 

   Sample 
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C 1s 76.3 67.2 72.4 71.4 75.4 75.2 75.1 73.4 

N 1s - 9.1 6.9 9.0 5.7 5.8 8.4 7.5 

O 1s 23.7 22.2 19.3 18.6 18.2 18.0 15.9 18.2 

P 2p - 1.4 1.5 1.1 - - - - 

Pd 3d - - - - 0.7 1.0 0.5 0.9 

Table 2: Average percentages of elements in surface layers of various samples as obtained using XPS 

data 

 

XPS analysis was carried out in order to further and more accurately probe the proportions of 

different elements and types of bonds in the rGO sheets and bacterial surface layers. High resolution 

spectra of carbon, oxygen and palladium regions were deconvoluted using binding energies found in 

the literature. Components of spectra were allowed a full width at half maximum (FWHM) of 
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approximately 1 eV and given a Gaussian-Lorentzian line shape (GL(30)). Table 2 gives the 

elemental composition of the samples as calculated from the survey scans. Since XPS is a surface 

analysis technique (probing up to ~10 nm), and the PdNPs are largely situated within the bacterial 

cells, the overall proportion of Pd found by XPS (Table 2) was much lower than the Pd loading values 

obtained from TGA. XPS is a surface technique with a nm scale probe depth and micron scale spot 

size. Hence, the detection of Pd would be affected by the thickness of the thin film used for XPS 

analysis, the possible presence of very tiny scattered Pd nanoparticles and the uneven distribution of 

Pd at the spot under analysis. The reason why GO was introduced in the study was that the original 

biomass-supported Pd was not effective due to the Pd being inaccessible for electrocatalysis and non-

conductive. This was reported for bio-Pt by Attard et al49 This could be overcome by extensive 

chemical ‘cleaning’ (required several weeks in a series of solutions) to remove the biomass 

component which gave excellent electrochemistry, albeit it also resulted in nanoparticle aggregation 

in completely cleaned samples. The incorporation of graphene is a simple way to potentially achieve 

the same outcome in a single step synthesis avoiding prolonged use of aggressive chemicals. The 

overall proportions of carbon and oxygen, however, confirm that oxygen has been removed in varying 

degrees from every sample during this reduction process. The assigned components for C1s, O1s, and 

Pd 3d for all the samples with bacteria are shown in Table S2. The deconvoluted high resolution C 1s 

spectra of the various samples are shown in Figure 3.  

Figure 3(a) and 3(b) show the deconvoluted C 1s spectra for B-rGO(H) and B-rGO(F) which show 

only partial reduction of oxygen when compared with the spectra from GO alone and E. coli alone 

(Figure S3). This applies also to the samples B-Pd(H) and B-Pd(F) which did not have any GO, 

confirming that the carbon in the biomass is also altered by this process, as suggested earlier by the 

TGA studies. However, an inspection of the C1s spectra for GO and E. coli (Figure S4 a and d) 

revealed the similarities between them. These suggested that a large proportion of the components and 

features visible in samples containing both GO and E. coli are contributed by the carbon bonds 

present in the biomass. Thus, the assignment of the carbon peak components in such samples i.e. B-

rGO(F), B-rGO(H), B-rGO/Pd(F) and B-rGO/Pd(H), is not straightforward. While the carbon-oxygen 
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bonds in the biomass are also affected by this reduction process; the presence of nitrogen-containing 

groups in the biomass such as amine (C-N(CH2-NH2), occurring around 285.8 eV) and amide (N(O)-

C=O occurring around 287.9 eV) overlap with the epoxide (C-OH) and carbonyl (C=O) peaks, 

respectively. Therefore, the presence of significantly strong components at these binding energies in 

samples containing GO and biomass, even after the reduction, is justified and is not suggesting 

incomplete reduction of carbon. The previous evidence from XRD shows that the GO is largely 

reduced to rGO, which supports this hypothesis. This is particularly true for samples B-rGO/Pd(H) 

and B-rGO/Pd(F) which, according to XRD and TGA studies, show almost complete reduction. 

However, the presence of closely positioned oxygen and nitrogen functional groups highlights the 

limitation of XPS data in identifying the true level of oxygen reduction in these samples. The above 

also explains why, in all samples containing bacteria, the hydroxyl groups show a relative decrease 

while epoxide groups show a relative increase after the reduction process (Figure 3, Table S1). It was 

also observed that the carbon reduction was stronger in the samples containing GO which were 

reduced with hydrogen when compared to those reduced with formate. Moreover, in the hydrogen-

reduced samples there was a higher proportion of C=O. The mechanism of reduction appears to be 

favouring formation of C=O groups which are more stable. Comparing the peaks in the spectra in 

Figure 3 it can be seen that, in the presence of Pd, more hydroxyl and carbonyl groups are removed. 

This supports the evidence from XRD that the Pd improves the reduction of the GO, which is in 

agreement with the literature reports on Pt/rGO,28 suggesting that metal nanoparticle nucleation on 

oxygen defect sites accelerates oxygen reduction in GO.  

C1s spectra for various other control samples (Figure S5) further confirmed that without each element 

present in the system, reduction of carbon-oxygen bonds does not happen as extensively as it does in 

the combined presence of bacteria and a mild reducing agent. There are large peaks due to epoxide 

bonds remaining in all samples containing GO reduced in the presence of either E. coli or H2/formate 

alone. It is also evident that the reduction of Pd alone using E. coli results in a relatively higher 

quantity of epoxide/amine residues though there are fewer hydroxyl groups. The exception to this low 

rate of reduction is the reduction of GO and Pd using H2 (Figure S5d). However, exposure of GO and 
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Pd to formate alone does not result in any significant reduction of GO. Taking this evidence together 

with the XRD data, suggests that both the GO and Pd (II) are reduced with hydrogen alone (in the 

absence of any E. coli), but the GO appears to form amorphous carbon rather than more crystalline 

graphene sheets.  

Palladium XPS spectra (Figure 4) were fitted using three symmetric Gaussian-Lorentzian peaks 

according to the method described by Chen et al.38. The doublet peak components in the 3d5/2 and 3d3/2 

regions are constrained to have a separation of 5.26 eV and an area ratio of 3/2 (Thermo Fisher 

Scientific 2013). The components in the Pd 3d5/2 peak were assigned as listed in Table S2 and were in 

agreement with the literature38. The spectra in Figure 4a-d show the extent of the reduction of Pd (II) 

to Pd(0) in the samples. Based on the component percentage composition as obtained from the 

deconvolution data, on an average, between 80-85% of the Pd (II) in surface layers was  reduced to 

Pd(0), supporting the findings of XRD and TEM. B-Pd(H) samples show relatively less Pd (0) 

compared to those with formate (Table S1) which could also be due to the fact that most Pd (0) 

formed in H2 samples was inside the bacteria which would have relatively weaker intensity. The Pd 

spectra for control samples (Figure S6), revealed that using H2 alone (Figure S6 d, j) resulted in good 

reduction, but reduction with formate alone resulted in large quantities of Pd (II) and bulk Pd (Figure 

S6 k). Tests using E. coli alone did not lead to any reduction, resulting in strong, intense peaks due to 

Pd (II) (see Figure S6d-e). 

To provide further insight, Raman spectroscopy was used to analyse the carbon structure in the 

materials. The two main peaks of interest are the D (disorder) and G (graphitic) carbon peaks at 

approximately 1345 cm-1 and 1582 cm-1, respectively39. Other interesting features are the 2D and D+G 

peaks at around 2700 and 2950 cm-1, respectively. The ratio of these (I2D/ID+G) indicates the extent of 

the aromatic carbon structure versus lattice disorder. The shape and position of the 2D peak indicates 

the layering of the graphite planes40. The Raman spectra in Figure 4(e) show that in GO the G peak is 

found at a higher wavenumber position, and the amorphous nature of a sample shifts the D peak to 

lower wavenumbers, which is in agreement with the literature39. The ID/IG ratio for the reduced sample 

containing GO showed an increase when compared with pristine GO, suggesting an increase in 
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disorder for all samples after reduction. This supports the evidence for reduction of carbon and is in 

agreement with Ganguly et al.41 who hypothesised that the removal of oxygen groups from GO 

creates more defects in the carbon structure due to loss of oxygen in the form of CO2 etc. The B-rGO 

samples also revealed clearer 2D and D+G peaks (at around 2700 and 2950 cm-1, respectively) than 

the B-rGO/Pd samples, indicating more disorder but fewer layers in the B-rGO. Moreover, comparing 

the formate and hydrogen reduced samples, it was found that hydrogen provides a sample with better 

separated 2D and D+G peaks compared with formate, suggesting there are fewer layers of graphene 

sheets in the B-rGO(H) than in B-rGO(F). The positions of the D and G peaks also provide 

information about the level of reduction42. The D peak in B-rGO and B-rGO/Pd samples, compared to 

the starting GO, showed a down-shift of up to 8 cm-1, indicating an increase in amorphous nature, 

perhaps due to the bacterial biomass and loss of oxygen functional groups in the form of CO2. The G 

peak with respect to the pristine GO displays an up-shift of 9-11 cm-1 for B-rGO suggesting an 

increase in disorder but shows almost no change (a negligible down-shift of 1-3 cm-1) for B-rGO/Pd, 

suggesting that there is more amorphous carbon in B-rGO than in the B-rGO/Pd samples. Overall, this 

evidence supports the reduction of GO, and hydrogen appears to be the more effective reducing agent. 

The evidence here obtained from XRD and XPS supports that reduction of GO in the presence of Pd 

is more effective than GO alone. However, confirmed reduction of carbon in B-rGO/Pd samples 

based on XRD and TGA data in conjunction with no change in the G peak position for these samples 

compared to pristine GO samples suggested that the reduction process did not increase or induce any 

further disorder in the samples despite the possible loss of CO2. The samples of Pd reduced without 

GO (i.e. B-Pd(F) and B-Pd(H), Figure 4f) also revealed D and G components. E. coli alone has no 

peak in this region (Figure 4e) which is consistent with previous reports43,44. This provides clear 

evidence that the carbon in the biomass was altered by the reduction processing and/or the presence of 

Pd (II) and further strengthens our hypothesis based on XRD and XPS analysis. The comparison of 

the various Raman spectra further confirmed that the GO-Pd system is more effectively reduced in the 

presence of both (bacteria and electron donor) elements together, than by separate reduction. 
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Understanding the interaction between E. coli, Pd (II) and GO. Based on the various material 

characterisation studies discussed above it is evident that the simultaneous presence of E. coli, mild 

reducing agent, GO and Pd (II) salt most certainly creates an interactive and synergistic environment 

allowing better control of PdNP size and their distribution on the inside of the bacterial membrane and 

rGO sheets. These are collective interactions and are not just limited to ‘one on one’ E. coli-GO 

electron exchange or Pd (II)-GO exchanges, which is why the simultaneous presence of all 4 

components produces the best results. More importantly, the presence of Pd (II) and the mild reducing 

agents appears to encourage electronic interaction of the same with the bacterial carbon allowing 

simultaneous oxygen reduction in bacterial biomass and Pd nanoparticle nucleation similar to that 

suggested in metal-rGO systems. Consequently, there is an improved carbon structure as is clear from 

the Raman spectra. Based on these observations we hypothesise the following: when the bacterial 

cells and GO sheets exist in dispersion (Figure 1a), there is some affinity between the inner and outer 

membrane cytochromes and oxygen functional groups present in bacteria and GO, respectively 

(Figure 5), as previously suggested34. The addition of Pd (II) salt leads to a competitive uptake of the 

salt by the cells and the sheets leading to nucleation of Pd(0) on various hydrogenase and oxygen 

defect sites in the bacteria and GO, respectively. The addition of a mild reducing agent like hydrogen 

or formate as an electron donor at this stage causes the hydrogenases to release electrons11, which are 

channelled by the cells to the GO sheets and the Pd (II) on the GO surface, as well as to Pd (II) 

nucleations on the membrane and within the bacterial cells. Consequently, the cells and rGO sheets 

are both decorated with Pd nanoparticles, while GO and carbon in the biomass undergo loss of oxygen 

species with the resultant biomass much more structured and crystalline and comparable to the 

reduced graphene oxide. 

 

CONCLUSIONS 

Simultaneous reduction of GO and Pd (II) was carried out in the presence of E. coli and H2 or sodium 

formate as a mild chemical reducing agent to successfully produce a material consisting of reduced 
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GO-biomass composite with Pd nanoparticles decorated on the rGO sheets and bacterial cell scaffold. 

Detailed characterisation studies using XPS, Raman spectroscopy, XRD and TEM confirmed that: a) 

both the bacterial cells and the reducing agent are required for an effective reduction process, b) the 

presence of GO improves the reduction of Pd and vice versa and c) the Pd (II) reduction also enables 

simultaneous reduction of the oxygen content in the bacterial biomass. Various parameters including 

the presence and absence of GO and the choice of mild reducing agent (or e- donor) were found to 

affect the distribution, size as well as the oxidation state (0, +2 or +4) of the PdNPs formed in these 

reactions. While the PdNPs formed on rGO sheets are relatively smaller (2-5 nm) compared to those 

formed in the bacterial scaffold; the simultaneous reduction process showed better size control and 

smaller particle size formation in the bacterial scaffold than those prepared in the absence of GO. 

Moreover, the size and distribution of the PdNPs produced also depended on the reducing agent used. 

Reduction using formate resulted in smaller PdNPs, which were located throughout the cells while 

those produced using hydrogen were largely agglomerated. The choice of reducing agent also seems 

to affect the GO reduction process as it was found that hydrogen reduction produced rGO sheets with 

fewer layers. The various control reactions also confirmed that, in the given conditions, the presence 

of E. coli also promoted GO reduction and the presence of H2 or formate alone was not sufficient for 

an effective and compete reduction of GO which is in tandem with the previous literature reports34. 

The most interesting observation was that the simultaneous reduction process was found to modify the 

chemical and structural state of the carbon in the residual biomass such that the final product showed 

higher crystallinity and structure, which was clearly evident in the Raman spectral analysis.  

The enhanced crystallinity in the carbon biomass following simultaneous GO and Pd (II) reduction, 

along with the better size and distribution control of PdNPs formed in rGO-biomass support, makes 

the final product potentially suitable for testing in catalyst-support studies in applications like fuel 

cells and electrolysis. This bacterially-driven process also has the potential to pave the way towards a 

more healthy precious metal economy, allowing easy and effective recycling of precious metals for 

‘greener’ fuel cells45. Hence, further studies will include relocating the surface-Pd to intracellular sites 

and vice versa in optimisation of the methodology, electrochemical studies of this catalyst-support 
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system and in-depth studies investigating the effect of reaction time, proportions of Pd (II), GO and 

bacterial mass and pH in optimising the electrochemical behaviour of this system for potential 

applications.  
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FIGURE CAPTIONS 

Figure 1 (a-c): TEM images of B-rGO/Pd(F), of which (a) and( b) are fixed and microtome sectioned 

B-rGO/Pd(F) and (c) drop-dried sample giving whole cell view of B-rGO/Pd(F) with Pd nanoparticles 

inside and some GO sheets with much smaller PdNPs grown on them sticking to the cell near  bottom 

right area, including expanded view of an individual PdNP; (d-f) TEM images of B-rGO/Pd(H), of 

which: (d,e) fixed and microtome sectioned B-rGO/Pd(H) and; (f) drop-dried sample giving whole 

(un-sectioned) cell view of B-rGO/Pd(H), showing a stack of 8 rGO sheets with Pd nanoparticles 

attached to basal and edge planes of the rGO sheets (circled). 

 

Figure 2: (a) X-ray powder diffraction patterns for GO, B-rGO(F) and B-rGO(H); (b) B-rGO(H) and 

B-rGO(F); (c-d): thermogravimetric analysis for samples (c) without Pd and (d) with Pd.  
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Figure 3: High resolution C1s XPS spectra: deconvoluted peaks for various samples. Component 

peaks are labelled in Figure 3a: C-C is assigned to sp2 carbon bonds, C-OH is hydroxyl, C-O-C 

epoxide, C=O carbonyl and COOH carboxyl. 

 

Figure 4: a-d: High resolution Pd3d XPS spectra: deconvoluted peaks for samples containing Pd. e-f: 

Raman spectra for the various test and control samples obtained using a 514 nm laser.  

 

Figure 5: Schematic of proposed pathway for simultaneous reduction of GO and Pd (II). 
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Figure 1 (a-c): TEM images of B-rGO/Pd(F), of which (a) and( b) are fixed and microtome sectioned B-
rGO/Pd(F) and (c) drop-dried sample giving whole cell view of B-rGO/Pd(F) with Pd nanoparticles inside and 

some GO sheets with much smaller PdNPs grown on them sticking to the cell near  bottom right area, 

including expanded view of an individual PdNP; (d-f) TEM images of B-rGO/Pd(H), of which: (d,e) fixed and 
microtome sectioned B-rGO/Pd(H) and; (f) drop-dried sample giving whole (un-sectioned) cell view of B-

rGO/Pd(H), showing a stack of 8 rGO sheets with Pd nanoparticles attached to basal and edge planes of the 
rGO sheets (circled).  
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Figure 2: (a) X-ray powder diffraction patterns for GO, B-rGO(F) and B-rGO(H); (b) B-rGO(H) and B-rGO(F); 
(c-d): thermogravimetric analysis for samples (c) without Pd and (d) with Pd.  
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Figure 3: High resolution C1s XPS spectra: deconvoluted peaks for various samples. Component peaks are 
labelled in Figure 3a: C-C is assigned to sp2 carbon bonds, C-OH is hydroxyl, C-O-C epoxide, C=O carbonyl 

and COOH carboxyl.  
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Figure 4: a-d: High resolution Pd3d XPS spectra: deconvoluted peaks for samples containing Pd. e-f: Raman 
spectra for the various test and control samples obtained using a 514 nm laser.  
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Figure 5: Schematic of proposed pathway for simultaneous reduction of GO and Pd (II).  
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