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A B S T R A C T

Biosynthesized noble metal nanoparticles (NPs) as promising green catalysts for electrochemical application has
invited a lot of attention. However, effective electron transfer between biosynthesized NPs and electrode remains
a challenge due to the uncontrollable and poor conductive property of cell substrates. In this study, graphene
oxide (GO) was introduced into a bio-Pd synthesis process governed by Shewanella oneidensis MR-1, which was
demonstrated to be simultaneously reduced with Pd(II) and transformed to reduced GO (rGO), resulting in the
formation of a Pd-cells-rGO composite. Compared to the control without rGO (Pd-cells), the electrochemical
conductivity of Pd-cells-rGO composite increased from almost zero to 196 μS cm−1, indicating the rGO facilities
the electron transport across the composite. Electrochemical characterizations revealed the electrochemical
active surface area (ECSA) of Pd in Pd-cells-rGO was enlarged by increasing the amount of rGO in the composite,
clearly indicating that the conductive network created by rGO enable the Pd NPs receive electrons from elec-
trode and become electrochemical active. A considerable enhancement of electrocatalytic activity was further
confirmed for Pd-cells-rGO as indicated by 36.7- and 17.2-fold increase (Pd-cells-rGO with Pd/GO ratio of 5/1 vs
Pd-cells) of steady state current density toward hydrogen evolution and nitrobenzene reduction at −0.7 V and
−0.55 V vs Ag/AgCl, respectively. We also compared the electrocatalytic performance with MWCNTs hybrids
Pd-cells-CNTs. It was found that the association of Pd, cells and rGO creates an interactive and synergistic
environment to allow higher conductivity and catalytic activity under the same amount of carbon nanomaterial.
The strategy developed in this work activates a highly reactive NPs and proposed a designable protocol for
enhancing electrocatalytic activity of biocatalysts.

1. Introduction

Pd based nano-catalysts have received intensive investigation due to
their fundamental research interest and great promise applications such
as low-temperature reduction of automobile pollutants, organic synth-
esis, electrocatalysis and pollutants treatment (Antolini, 2009; Kim
et al., 2002; Kochi et al., 2019; Nishihata et al., 2002; Xu et al., 2012).
As one of the extremely important nanomaterials in catalysis, Pd na-
nomaterials exhibit efficient catalytic activities in the field of electro-
catalysis (Bianchini and Shen, 2009; Ding et al., 2019; Yang et al.,
2019a). Extensive investigation has been devoted to controllable
synthesis of Pd NPs with different methods, especially with utilization

of organisms and biomolecules to produce Pd nanostructured materials
(Ha et al., 2016; Lebaschi et al., 2017; Ng et al., 2019; Tuo et al., 2015;
Windt et al., 2005). Compared to traditional chemical and physical Pd
NPs synthesis methods, microbial reduction has attracted increasing
attention due to a more economical and ecofriendly route (Narayanan
and Sakthivel, 2010). Biosynthesis does not involve the addition of
toxic surfactant and stabilizer, operate at mild conditions (Thakkar
et al., 2010), which can be implemented at any scale and can also have
enhanced stability. However, the poor conductivity of biomass around
NPs may severely limit the electron transfer efficiency, which will turn
into one of the main obstacles for being used directly as electrocatalyst
(Hou et al., 2017; Liu et al., 2016; Xiong et al., 2015).

https://doi.org/10.1016/j.envres.2020.109317
Received 31 December 2019; Received in revised form 26 February 2020; Accepted 27 February 2020

∗ Corresponding author. Key Laboratory of Environmental Biotechnology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
100085, China.

E-mail address: hycheng@rcees.ac.cn (H.-Y. Cheng).

Environmental Research 184 (2020) 109317

Available online 29 February 2020
0013-9351/ © 2020 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2020.109317
https://doi.org/10.1016/j.envres.2020.109317
mailto:hycheng@rcees.ac.cn
https://doi.org/10.1016/j.envres.2020.109317
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2020.109317&domain=pdf


Considerable efforts have been made to find controllable solutions
for improving the conductivity of biogenetic palladium (bio-Pd).
Research indicates that sinter or high-temperature carbonization to
separate the NPs from the biomass material after biosynthesis proce-
dure is a common and feasible approach (Fan et al., 2011; Sun et al.,
2012). However, except for the complex operation process and high
investment cost, their tendency to aggregate is inevitable, which may
be detrimental to the electrocatalytic performance (Xiong et al., 2015).
In this regard, bio-Pd hybrids with conductive nanomaterials directly,
or self-assembled composite catalysts through microbial metabolic
processes are supposed to be a robust option. Several studies, including
our previous studies, have suggested that hybridizing Pd NPs with
carbon materials had the structure advantage in improving electronic
conductivity and catalytic activity (Cheng et al., 2017; Guo et al.,
2013b; Ren et al., 2013; Zhang et al., 2015b). In terms of bio-Pd di-
versity, the selection of hybrid materials and the strategies to enhance
the catalytic activity of bio-Pd remain an actually challenge.

In order to address these problems, graphene has been considered as
a versatile functional and structural material to design well performing
hybrids, because of its excellent electric, mechanic, and electrochemical
properties (Marques et al., 2011; Yang et al., 2019b). Moreover, gra-
phene has a conjugated sp2 hybridized planar structure. Such a unique
structure confers graphene excellent electrical and thermal conductivity
that facilitate electrons transfer to NPs and consequently enhance cat-
alytic activities of NPs (Marques et al., 2011; Stankovich et al., 2006).
Studies have shown that non-conductive water-soluble graphene oxide
(GO) was able to be reduced to conductive reduced graphene oxide
(rGO) by some bacteria (Priestley et al., 2015; Yong et al., 2014), which
showed comparable physical and electrochemical properties to chemi-
cally reduced GO. Zhao et al., (2015) and Yong et al., (2014) have
proved that, in a microbial fuel cell, GO is biologically reduced into rGO
by forming the hybrid biofilm that greatly enhanced direct extracellular
electron transfer between electroactive bacterium Shewanella oneidensis
MR-1 and the electrode, thus significantly enhanced current density of
the cell. In this way, hybrid of rGO structure with bio-Pd, new com-
posite materials for cathode electrodes can be designed, and the elec-
trocatalytic activity of bio-Pd is expected to be enhanced without ad-
ditional pretreatment.

To solve the aforementioned problems and to develop an efficient
electrocatalyst through a fast, one-step and green protocol, this study
proposed self-assembly of Pd-cells-rGO hybrid with enhanced electro-
catalytic activity through simultaneous reduction of GO and palladium
salt, Pd(II), in the presence of Shewanella cells and formate as a mild
reducing agent. The biosynthesis procedure did not add any toxic sur-
factant, stabilizer or bonding agent. Hybrid GO not only contributed as
nanoscale scaffolding improved stability against agglomeration but also
significantly boosted the conductivity and quantity of active Pd. The
activating effect of rGO on bio-Pd was evaluated by measuring the
electrochemical active surface area of Pd (ECSA) as well as the cap-
ability of electrochemical catalytic hydrogen evolution reaction (HER)
and nitrobenzene reduction (NBR). The enhanced electrocatalytic ac-
tivity of Pd-cells-rGO was further verified by comparison with the
carbon nanotube hybrids (Pd-cells-CNTs) through conductivity and
cyclic voltammetry tests. The green-synthesized Pd-cells-rGO shows
superior electrocatalytic activity and opens up vision into designing
functional bio-catalysts (Scheme 1).

2. Materials and methods

2.1. Reagents and materials

Sodium tetrachloropalladate (Na2PdCl4, 99%) was purchased from
Sigma-Aldrich. 50 mM phosphate buffer solution (PBS) (consist of
2.77 g NaH2PO4, 11.55 g Na2HPO4, 0.31 g NH4Cl, 0.13 g KCl per litter)
and 0.5 mM nitrobenzene (NB) amended PBS was used as supporting
electrolyte for the electrocatalytic experiments. Other chemicals were

of analytical grade and ultrapure Milli-Q water (18.2 MΩ) was used
throughout. All glassware was cleaned in Aqua Regia and rinsed with
ultrapure water. MWCNTs (Purity:> 95 wt%, –NH2 Content: 0.45 wt
%) with ~50 μm length (8–15 nm outer diameter, 3–5 nm inner dia-
meter) was obtained from Timesnano, China.

2.2. Microbe preparation

Shewanella oneidensis MR-1 were cultured aerobically in fresh LB
broth (tryptone, 10 g/L; yeast extract, 5 g/L; NaCl, 10 g/L, pH 7.0) at
30 °C, up to Mid-logarithmic phase. The cells from these precultures
were pelleted by centrifugation at 4500 rpm for 10 min, washed twice,
and finally resuspended in vitamins, and trace mineral supplemented
PBS medium (OD600~1.0).

2.3. Preparation of Pd-cells, cells-rGO, Pd-cells-GO, Pd-cells-rGO and Pd-
cells-CNT hybrids

GO was prepared from flaky graphite using the Hummers’ method
(Han et al., 2016; Hummers Jr and Offeman; 1958; Marcano et al.,
2010). The high-temperature oxidation process at 98 °C was shortened
to obtain moderately oxidized graphite oxide. The graphite oxide was
washed using ultrapure water (Milli-Q) until the pH of the supernatant
stabilized. Ultrasonic exfoliation (40 kHz, 100 W, Kun Shan Ultrasonic
Instruments, China) of the GO nanosheets was performed in an ice bath
for 1 h. The prepared GO solution was stored at 4 °C. Prior to use, the
stock solution of GO was indirectly ultrasonicated for 10 min and di-
luted to the required concentration. Pd-cells was synthesized with so-
dium tetrachloropalladate (Na2PdCl4) as the Pd precursor and the
electron donor used in this study was formate. Depending on the ex-
perimental set-up, (a) for Pd-cells manufacture, the cell suspension
described above was supplemented with 25 mM formate as electron
donor and then a degassed fresh Pd(II) salt solution was added with
CDW:Pd = 3:1; (b) For cells-rGO manufacture, the cell suspension
described above was supplemented with 25 mM formate and degassed
GO solution at a ratio of CDW:GO to 5:1; (c) For Pd-cells-rGO hybrids,
solutions of formate, Pd(II) and GO was added in the cell suspension
successively to a final ratio of Pd:GO as 20:1, 10:1, 5:1, respectively

Scheme 1. Shewanella oneidensis MR-1 fabricated conductive Pd-cells-rGO
hybrid and applied in electrochemical catalysis. (A) Self-assemble process.
(B) Proposed mechanism of enhanced electrocatalytic activity in nitrobenzene
reduction.
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(correspond to Pd-cells-rGO20/1, Pd-cells-rGO10/1 and Pd-cells-rGO5/
1); (d) For Pd-cells-CNT hybrids, was identical to (a), with the addition
of MWCNTs after synthesis process. MWCNTs was ultrasonic dispersed
uniformly in water beforehand, then adding to Pd-cells suspension with
a final ratio of Pd:CNT at 5:1, 1:1, 1:5, respectively (correspond to Pd-
cells-CNT5/1, Pd-cells-CNT1/1 and Pd-cells-CNT1/5); (e) For Pd-cells-
GO hybrids, the procedure was identical to (d), exception that the
MWCNTs was replaced by degassed GO solution to a final ratio of
Pd:GO equal to 5:1. An anaerobic glovebox was used to carry out the Pd
(II) bio-reduction experiments. All samples were conducted in triplicate
and stored in sealed anaerobic serum bottles then incubated in shaker
incubator at 30 °C, 200 rpm for 24 h. After reduction process, samples
were harvested by centrifugation and resuspended for further test and
characterization.

2.4. Morphology and structure characterization

The morphology, chemical composition, and element distribution
analysis of the products were observed by using field emission scanning
electron microscope (fESEM, SU8000 Hitachi, Ltd, Japan) equipped
with electron dispersive spectroscopy (EDS), transmission electron mi-
croscopy (TEM, JEM-1400 Hitachi, Ltd, Japan). The surface composi-
tion of the prepared materials was probed by X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific). Raman
spectroscopy was conducted on a Renishaw InVia Reflex Confocal
Raman microscope with an excitation wavelength of 514 nm. The
precise contents of Pd was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES, IRIS 1000, Thermo Elemental
Co.) Details of the preparation of samples for various characteristics are
included in the SI.

2.5. Electrocatalytic characterization

Firstly, glassy carbon electrode (GCE, 4 mm in diameter) was
carefully polished smoothly with alumina slurry to obtain mirror like
surface, and treated by ultrasonically cleaning in absolute ethyl alcohol
and deionized water in sequence. Subsequently this working electrode
was blow-dried by the ultrahigh-pure nitrogen for the next modifica-
tion. Secondly, a washed bio-Pd, Pd-cells-rGO suspension was dispersed
onto the surface of the GCEs to a final Pd mass loading of 50 μg cm−2

and dried completely in air. The modified GC electrodes were used as
working electrode (the electric active area of 0.1256 cm2). Platinum
mesh (1 cm2) and Ag/AgCl (sat. KCl) were employed as the counter and
reference electrode, respectively. Electrochemical measurements were
based on cyclic voltammetry (CV) measurements carried out at a scan
rate of 10 mV s−1 in the aqueous solution of 50 mM PBS with or
without 0.5 mM NB for different purposes. In order to evaluate the
electrocatalytic activities under steady-state condition, chron-
oamperometry measurements were performed. For HER, the potential
of working electrode was set at −0.7 V, which is more negative than
the theoretical on-site potential of HER (−0.61 V vs Ag/AgCl at pH 7)
to ensure its occurrence. For NBR, the potential of working electrode
was set at −0.55 V to minimize the HER and therefore the observed
current will be mainly aroused by the NBR. Electrochemical impedance
spectroscopy (EIS) measurements were implemented with the same
electrode system. Solutions were fully purged with nitrogen before each
measurement. The temperature was maintained at room temperature
during the whole electrochemical process. All potentials mentioned in
this work were referred to Ag/AgCl electrode. The electrochemical
measurements were conducted with a CHI 1030C multi-channel po-
tentiostat (CH Instruments, USA).

The ECSA was calculated according to the formula as follow (Kiyani
et al., 2016):

=ECSA Q/(0.405*Pd )m (1)

where Pdm is the Pd mass loaded on the surface of working electrode, Q

(C) is the coulombic charges related to the peak of the PdO reduction in
CV test with capacitance current removal. 0.405 is the constant cou-
lombic charges associated with the reduction of PdO mono layer on the
Pd NPs to element Pd (Kiyani et al., 2016).

2.6. Hybrids conductivity calculation

According to the methods of in situ investigated biofilm conductivity
(Malvankar et al., 2012), a screen-printed gold electrode (SPGE, with a
geometric working area of 1 cm2) with a non-conductive gap (100 μm)
in the middle of working area to split it into two parts. To measure the
conductivity under conditions of low energy and bias voltages, a vol-
tage ramp of 0–0.05 V was applied across split electrodes in steps of
0.001 V for two-probe measurements using a source meter (CH In-
struments, USA). Based on current variation with applied voltage was
calculated to create the current–voltage (I–V) characteristics. Coating
layers conductivity (σ) was calculated from the measured conductance
(G) using the following relation (Malvankar et al., 2011):

=σ G π
L

g
πa

/ln(
8

)
(2)

where L is the length of the electrodes (L ~ 1 cm)；a is the half-spacing
between the electrodes (2 a≈ 100 μm) and g is the coating layers
thickness measured using SEM. Above formula is valid for the limiting
case a <g≤ b where b is the half-width of the electrodes (2 b≈ 1 cm).

3. Results and discussion

3.1. Structural and compositional analysis of Pd-cells-rGO composite

The self-assembly and application process of Pd-cells-rGO composite
was illustrated in Scheme 1. For Pd-cells-rGO composite, formate
(25 mM) served as electron donor was added into Shewanella oneidensis
MR-1 suspension, then a degassed Pd(II) salt solution and GO solution
were added successively and incubated for 24 h at 30 °C. Microbial cells
serve as scaffold and synthesizer for palladium salt and GO one-step
reduction, therefore, the aggregation of NPs and rGO is successfully
avoided. Field emission scanning electron microscope (FESEM) and
transmission electron microscopy (TEM) were used to clarify the NPs
location and particle size distribution of Pd-cells and Pd-cells-rGO
samples. Fig. 1A and C displays the typical morphology of Pd-cells with
NPs sporadic on cell walls with mean diameters of 9.3 ± 3.7 nm. In
comparison (Fig. 1B and D, more figures see Supporting Information
Fig. S1), Pd-cells-rGO composite shows that the bacterial cells are
covered by nanosheets and hybrid with NPs. The NPs uniformly dis-
tributed across the whole cells and graphene nanosheets with an
average size of 6.8 ± 2.9 nm. The size distribution histogram of NPs in
Pd-cells-rGO shows a narrower size scale in the range from 3.5 to
10.5 nm (Pd-cells have a particle size ranging from 3.5 to 17.5 nm,
Fig. 1F). The results indicated that rGO hybridized well with Pd-cells,
and develop more nucleation sites for Pd(II) reduction, resulting in the
formation of smaller NPs dispersed on the graphene surface without
obvious aggregation.

Energy-dispersive X-ray spectroscopy (EDS) spectrum detection was
performed to verify the Pd component in Pd-cells-rGO composite. The
characteristic peaks of C, O, P and Pd were observed as shown in
Fig. 2A, indicating that the composite was composed of microbial cells
and Pd elements. Additionally, the surface chemical composition and
electronic structure of the samples were further determined by high
resolution X-ray photoelectron spectroscopy (XPS) and Raman spectra.
As shown in Fig. 2B, the Pd 3 d signals originate from Pd-cells-rGO
which can be deconvoluted into two pairs of doublets, indicating that
there are two different valences for Pd species on their surface. The Pd
3d5/2 peak at 335.6 eV and the Pd 3d3/2 peak at 340.8 eV are attributed
to metallic Pd0, while the Pd 3d5/2 peak at 336.9 eV and the Pd 3d3/2
peak at 342.0 eV are assigned to Pd(II) species (Xu et al., 2017). The
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calculated relative area of integrated intensity of Pd (0) species in Pd-
cells-rGO is estimated to be ca. 61%, demonstrating that Pd element
mainly exists as Pd (0). The relative area of Pd(II), suggesting some of
the Pd(II) might be adsorbed by GO as well as Pd (0) partially oxidized
to PdO in the Pd-cells-rGO composite.

To confirm the successful reduction of GO, the functional groups
change during the co-reduction of Pd(II) and GO were investigated with
XPS analysis. The deconvoluted and C1s signals XPS spectra of cells-GO
were collected (Fig. S2B), which presented of 43 atom% of C–C
(284.6 eV), 43 atom% of C–O (285.8 eV), 7 atom% of C]O (287.9 eV),
7 atom% of O]C–C (289.2 eV), the total content of oxygen containing
groups is ca. 23%. Compared to Pd-cells (18%) (Fig. S2C), oxygen
containing groups are obviously increased, which attributed to the
features of GO. However, the cells-rGO (Fig. S2D) and Pd-cells-rGO
(Fig. S2A) samples exhibit consistent results with decreased oxygen
containing groups ca. 21.8 and 21.4%, nestled between Pd-cells and
bio-GO. The XPS results showed that GO was partially reduced to rGO
by our experimental processes. To draw a solid conclusion, the Raman
spectroscopy of the prepared hybrid samples were examined (Fig. 2C).
The Raman spectra of Pd-cells-GO and Pd-cells-rGO materials in the
range from 500 to 2500 cm−1 (Fig. 2C) showed two characteristic G

and D bands: the G band at ~1600 cm−1 was assigned to the primary
in-plane vibrational mode sp2-hydridized carbon atoms in a hexagonal
graphitic ring and the D band at ~1347 cm−1 corresponded to the
structural defects in the graphitic sp2 network (Puthiaraj et al., 2019).
The degree of graphitization was determined by the intensity ratio of D
to G band (ID/IG). The ID/IG ratio of the prepared catalysts increased
from 0.9 for Pd-cells-GO to 1.1 for Pd-cells-rGO, suggesting that the
reduction process reduced the degree of graphitization and rGO was
produced due to the presence of unrepaired defects that remain after
the removal of oxygen moieties (Stankovich et al., 2007; Tran et al.,
2014; Zhu et al., 2010). This result was attributed to the interaction
among the π-electrons of the carbon material, metallic Pd particles and
bacterial cells. The results from C1s signals of XPS and Raman spectra
can further illustrate that GO is partially reduced to rGO successfully.

Previously, Priestley et al. studied the fate of Pd(II) and GO with
formate as the electron donor but without bacterial cells (Priestley
et al., 2015). The results showed the Pd(II) was transformed to large
crystal Pd (0), while the GO was not reduced. In this work, with the
presence of Shewanella oneidensis MR-1, GO was successfully reduced to
rGO and the produced Pd (0) was in the form of nanoparticle, indicating
the bacterial cell at least plays the roles as the synthesizer to catalyze

Fig. 1. FESEM, TEM images and corresponding particle size distribution histograms of Pd-cells and Pd-cells-rGO composites. (A, C, E) FESEM image, TEM
image and particle size distribution histogram of the synthesized Pd-cells, respectively. (B, D, F) FESEM image, TEM image and particle size distribution histogram of
the synthesized Pd-cells-rGO hybrid, respectively.
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the reduction of GO and provides a surface for the deposition of Pd NPs
and avoiding its aggregation. In addition, formate is known to release
electrons with the help of [NiFe]-hydrogenase of Shewanella, which was
then transferred to Pd(II) and results in the formation of Pd NPs (Ng
et al., 2013). Therefore, the bacterial enzyme involved Pd(II) reduction
may also occur in our system. However, since the chemical reduction of
Pd(II) by formate cannot be excluded, it is still unclear which me-
chanism predominate the production of Pd NPs and warrants a further

study.

3.2. Enhancement of electrocatalytic activity of Pd-cells-rGO composite

Electrochemically active surface area (ECSA) estimation. ECSA
is an important parameter to evaluate the available active sites of an
electrocatalyst, which is estimated by Cyclic voltammograms (CV)
(Fig. 3A) (Zhang et al., 2015a). Catalysts Pd-cells-rGO in Fig. 3A dis-
played a typical reduction peak derived from the reduction of Pd(II)
oxide (formed by a anodic sweeping) around 0.0 V. According to
equation (1), the calculated ECSA of the Pd-cells-rGO5/1 (the ratio of
Pd/GO is 5/1 w/w) catalyst was 21.6 m2 g−1, which is about 3.7, 13.1
times larger than that of Pd-cells-rGO10/1 (5.3 m2 g−1, the ratio of Pd/
GO is 10/1 w/w) and Pd-cells-rGO20/1 (1.5 m2 g−1, the ratio of Pd/GO
is 20/1 w/w), respectively. Reduction peaks were barely detected when
the reaction was conducted either with catalyst Pd-cells or cells-rGO
alone, which may result from the poor conductivity of bacterial matrix
hindered the active site for Pd-cells and non-reactive of rGO for cells-
rGO. The result clearly suggested that the composites with high rGO
contents possessed higher ECSA than Pd-cells, which indicated that
specific Pd and rGO in the catalyst likely had a synergistic effect in the
promotion of electron transfer via providing more available catalytic
active sites. The higher amount of rGO provides more connections and
enables more cell supported Pd NPs to be electrochemical active (illu-
strated by Fig. 3B and C). The conductive network structure constructed
by rGO enables the long-distance electron transfer between electrode
surface and the nano-palladium far from the electrode to occur, thereby
significantly increasing the amount of active Pd and the efficiency of
electron transfer. Furthermore, we also compared the ECSA of Pd-cells-
rGO obtained in this work with reported Pd-based composites. Pd-cells-
rGO5/1 showed much higher ECSA than the published Pd-based cata-
lysts such as Pd/SWNT (3.81 m2 g−1) nanohybrid reported by Ren et al.
and Pd-cells-CNT10 (20.44 m2 g−1) reported in our previous study
(Cheng et al., 2017; Ren et al., 2013). The highly enhanced ECSA might
derive from the increased active Pd with much smaller average dia-
meter and enhanced conductivity of rGO network, which implied a
potentially enhanced performance towards the electrocatalytic reac-
tion.

Hydrogen evolution reaction (HER). Palladium is generally
known as one of the best hydrogen-storage metals, and the catalytic
hydrogenolysis and hydrogenation properties of palladium have been
extensively investigated for many years. Here, the electrocatalytic ac-
tivities of the Pd-based electrocatalysts toward HER were then ex-
amined by electrochemical measurements in N2-saturated 50 mM PBS.
CV is employed as traditional method to reflect the properties of Pd and
Pd-based nanomaterials in the competitive of hydrogen reactions (ad-
sorption/absorption and evolution). As shown in Fig. 3D, Pd-cells-rGOs
modified glassy carbon electrodes depict the typical electrochemical
characteristics for Pd in PBS, where the cathodic reduction current
occurred at about −0.31 V being attributed to hydrogen absorption/
adsorption and a subsequently increased current density indicated by
the appearance of hydrogen evolution (−0.67 V) in the negative po-
tential scan. An anodic peak is observed in the positive potential scan
corresponding to the hydrogen desorption procedure. All CVs were
normalized with Pd loading, which was analysis by inductively coupled
plasma-optical emission spectrometric (ICP-OES) analysis. Among the
various bio-catalysts, Pd-cells-rGO5/1 biocatalyst offers a more positive
onset potential and delivers the highest catalytic current density
(−1.27 mA cm−2) at −1.0 V, which is about 1.5, 11.6, 31.8 and 31.8
times higher than that of Pd-cells-rGO10/1, Pd-cells-rGO20/1, Pd-cells
and cells-rGO at the same Pd loading, respectively. These findings imply
that an increased rGO amount play an important role in enhancing the
HER activity of Pd-cells.

Notably, as the HER is an electrochemical process, it can only occur
at the Pd that electric connected to the electrode. Besides, since the
coated Pd-cells or composites had the same amount of Pd that came

Fig. 2. EDS, XPS and Raman spectra analysis of Pd-cells-rGO hybrid. (A, B)
EDS spectrum and XPS data of Pd-cells-rGO. (C) Raman spectra of Pd-cells-GO
and Pd-cells-rGO with and without GO participates co-reduction process.
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from the same source, the area of oxidation peak should correlate to the
amount of the electrochemical active Pd. Compared to Pd-cells, the area
of oxidation peak in Pd-cells-rGOs were greatly enlarged (Fig. 3D).
Because the oxidation peak in the hybrid without Pd (cells-rGO) was
negligible, it excluded the contribution of rGO themselves to the en-
hancement of HER and confirmed the role of rGO played as an effective
electronic channel. Additionally, as shown in Fig. 3E, the chron-
oamperometry curves shown that the steady current density at −0.7 V
was 0.11 mA cm−2 for Pd-cells-rGO5/1 and 0.044 mA cm−2 for Pd-
cells-rGO10/1, which are much larger than those of Pd-cells-rGO20/1,
Pd-cells and cells-rGO (0.006, 0.003 and 0.003 mA cm−2, respectively).
The developed Pd-cells-rGO5/1 composite exhibited about 36.7 times
higher catalytic current density than that of Pd-cells at the same Pd
loading. This observation is consistent with above results, suggesting
that the improved HER reactivity from Pd-cells-rGO5/1 might account
for the synergetic effect between Pd NPs and rGO nanosheets.

Electrocatalytic reduction of nitroaromatic hydrocarbon pol-
lutant. To further evaluate the electrocatalytic performance of Pd-cells-
rGO composite on contaminant reduction, the prepared biocatalysts
were also used for nitrobenzene (NB) electrocatalytic reduction test.
Actually, the hydrogen-absorption process of Pd is divided mainly into
three steps (Lewis, 1967). (I), hydrogen molecules dissociate into atoms
on the surface of Pd. (II), the H atoms penetrate into the subsurface.
(III), atoms diffuse into the interstitial sites in the Pd lattice to form the
hydride (Pd–H) (Li et al., 2014). Pd–H species were the active catalytic
species that could be used to catalyze the reaction process of hydro-
genation reduction. According to the CV results (Fig. S3A), the faradaic
current coming from reduction peaks (appears at −0.70 V) were as-
sociated with the electrochemical reduction of nitrobenzene to aniline
(Wang et al., 2011). The obvious oxidation peak was identified as hy-
drogen desorption reaction, smaller than above results (scan in PBS
without NB, Fig. 3D). It indicated the occurrence of Pd catalyzed hy-
drogenation with consuming of hydrogen for nitroaromatics transfor-
mation to their corresponding amines. In case of Pd-cells-rGO5/1, the
highest cathodic catalytic peak current density was at −0.70 V, which
is about 3.46 times higher than Pd-cells, and offers a more positive

onset potential (−0.35 V), indicating an efficient reduction perfor-
mance and enhancement in the kinetics toward nitrobenzene electro-
reduction reaction. The chronoamperometric curve of NB reduction at
−0.55 V avoided interference from hydrogen evolution reaction was
shown in Fig. S3B. The reduction current density of the Pd-cells-rGO is
17.2-fold larger than that of measured on Pd-cells (0.006 mA cm−2).
These electrochemical results suggested that the contact-based electron
transport between Pd NPs and the electrode was enhanced by rGO,
which are incapable occurring naturally for the Pd-cells.

Bacterial synthesized metal NPs are generally considered to be the
poor electrochemical catalysts because the co-existed less-conductive
bio-material could hinder the electron transfer between the electrode
and metal NPs (Cheng et al., 2017; Hou et al., 2016). In this study, the
Pd-cells-rGO composites produced from the addition of GO into Pd(II)
bio-reduction process, has been found to dramatically improved the
electron delivery from the electrode to the Pd NPs. That meant more
active Pd NPs was able to connect to the rGO nanosheets, and its high
surface area allow to support with a larger reaction surface. Mean-
while， the bacterial cells and rGO nanosheets in the composites pre-
vent the aggregation of supported Pd NPs. Thus, the enhanced elec-
trocatalytic activity of Pd-cells-rGO composite is most probably because
of the faster electron-transfer and larger ECSA of the Pd-cells-rGO
mentioned before. In addition, the contribution of uniformly distributed
smaller size Pd NPs on rGO cannot be ignored (illustrated by Fig. S3C).

3.3. Evidences of improved conductivity

The mechanism for the enhancement of electrocatalytic activity
mentioned above is likely to be ascribed to the good electronic structure
of the rGO hybrids for exposing more available active sites and reducing
the size of the Pd NPs, accelerating the long-distance electron transfer
pathway. To direct verify the enhanced conductivity of this hybrid, a
screen-printed gold electrode was designed for further investigation.
The samples were coated on the split (100 μm) gold electrodes with
normalized Pd loading and dried in a desiccator. Corresponding specific
conductivities are shown in Fig. 3F. The conductivity of Pd-cells-rGO5/

Fig. 3. Electrocatalytical characterization and corresponding catalytic models of Pd-cells-rGO composites. (A, D) Cyclic voltammograms of Pd-cells (dark red
dash line), cells-rGO (gray), Pd-cells-rGO5/1 (red), Pd-cells-rGO10/1 (green) and Pd-cells-rGO20/1 (blue) in 50 mM PBS at a scan rate of 10 mV s−1; (B, C) Schematic
illustration of the electron transfer between electrode and Pd-cells (B), electrode and Pd-cells-rGO for ECSA characterization . (E) Chronoamperometric curves of HER
on Pd-cells (black dash line), cells-rGO (gray), Pd-cells-rGO5/1 (red), Pd-cells-rGO10/1 (green) and Pd-cells-rGO20/1 (blue) in 50 mM PBS at −0.7 V; (F) I–V curves of
Pd-cells-rGO5/1 (red triangle) and Pd-cells (black circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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1 was dramatically increased from basically non-conduction to
196 μS cm−1. The result directly demonstrates that the electron transfer
across the Pd-cells is inefficient. The rGOs serve as conductive na-
nosheets facilitated the self-assembled Pd-cells-rGO hybrid to construct
a benign electrical network and to behave excellent conductivity ac-
count for electron transport.

To further insight into the high catalytic performance of Pd-cells-
rGO hybrid, electrochemical impedance spectroscopy (EIS) measure-
ments were performed as shown in Fig. S4. Impedance spectra of hy-
brids coated on the GCE surface were recorded in 0.5 mM NB solution
at −0.55 V. The defined semicircle in the Nyquist plot is equivalent to
the charge transfer resistances (Rc) at the electrode surface (Xiao et al.,
2012; Zhao et al., 2015). It was noticed that the Rc of Pd-cells-rGO5/1
(~596 Ω) recorded in NB solution was much smaller than those Pd-
cells-rGO 10/1 (~1203 Ω), Pd-cells-rGO 20/1 (~2663 Ω), cells-rGO5/1
(~12,784 Ω) and the Pd-cells (~75,514 Ω) electrode, respectively. A
smaller Rc results from a fast electron transfer rate and therefore, im-
plying that Pd-cells-rGO5/1 was the most effective in facilitating elec-
tron transfer from the hybrid to electrode. It indicated that the high
conductivity and fast interfacial charge transfer rate of this hybrid
could make a big contribution to enhance catalytic performance (Guo
et al., 2013a). The GO nanosheets and Pd(II) precursor were co-reduced
and self-assembled into conductive three-dimensional Pd-cells-rGO
composite. This enabled the incorporation of a large amount rGO into
the bacteria matrix as well as provided more sites for the synthesis of Pd
NPs. Finally, the electron transfer between Pd NPs and electrode was
accelerated by forming multiplexed conductive pathways (as illustrate
in Scheme 1).

3.4. Advantages of rGO compared to carbon nanotubes hybrid Pd-cells

It is more feasible to select appropriate and efficient conductive
materials to modify bio-Pd for enhancing the electron transfer effi-
ciency between the Pd NPs and electrode. Nanoscale materials, such as
carbon nanotubes (CNTs) and graphene, with good comparable di-
mensions to biomolecules and unique electronic properties, have been
widely studied. In order to demonstrate the advantages of two-dimen-
sional structure of rGO for electrocatalytic performance, we prepared
multi-wall carbon nanotubes (MWCNTs) hybrid materials (Pd-cells-
CNTs) for comparison, the results were shown in Fig. 4. According to
the conductivity (Fig. 4A) and CV measurements (Fig. 4B), the corre-
sponding conductance (1.78 μS cm−1) and current density (−1.0 V) of
Pd-cells-CNT5/1 (the ratio of Pd to CNT is 5/1), with identical Pd and
carbon mass loading, were 110.0 and 2.7 folds lower than that of Pd-
cells-rGO5/1, respectively. By increasing the amount of CNTs in the Pd-
cells-CNTs, the electrocatalytic performance was improved accordingly
(Fig. 4B), which became comparable to that of Pd-cells-rGO5/1 when
the amount of CNTs was 25 times as much as that of rGO. These results
clearly indicate rGO is more effective as a conductive material to pro-
mote the electrocatalytic activity of Pd NPs in the composite.

The superiority of Pd-cells-rGO compared to Pd-cells-CNTs can be
explained by the following reasons. Firstly, unlike the Pd-cells-CNTs
composite in which all Pd NPs were associated with bacterial cells,
partial Pd NPs in Pd-cells-rGO were located on the rGO nanosheet
(Fig. 1D). These rGO-bound Pd NPs are likely naturally electrochemical
active because they can directly receive electrons from the conductive
network created by rGO. While for the Pd-cells-CNTs, whether the Pd
NPs are electrochemical active is largely depended on if they can
contact with the conductive material. Secondly, even for the cell-bound
Pd NPs, the rGO involved conductive network likely easier enable them
electrochemically active because the two-dimensional structure of rGO
may have more chance to contact with the Pd NPs, while the one-di-
mensional CNTs could just provide limited contact point to Pd NPs so
that a large number of Pd NPs that was sporadically distributed on the
cell may remain electrochemical inactive (Fig. 4C). Thirdly, as men-
tioned in section 3.1, the mean diameter of Pd NPs in Pd-cells-rGO was

6.8 ± 2.9 nm, which is lower than that in Pd-cells (9.3 ± 3.7 nm).
Since the Pd-cells-CNTs was formed by mixing the CNTs with the al-
ready prepared Pd-cells, the size of Pd NPs in Pd-cells-CNTs should be
identical to that in Pd-cells. At same amount of Pd loading, the smaller

Fig. 4. Electrocatalytic activity of MWCNT hybrid Pd-cells. (A) I–V curves of
Pd-cells-rGO (red triangle) and Pd-cells-CNT with increased CNT ratios, Pd-
cells-CNT 5/1 (black circle), Pd-cells-CNT 1/1 (green squre) and Pd-cells-CNT
1/5 (blue diamond); (B) Cyclic voltammograms of Pd-cells-rGO 5/1 (red), Pd-
cells-CNT 5/1 (dark red dot), Pd-cells-CNT 1/1 (gray dash), Pd-cells-CNT 1/5
(blue dash dot) and cells-CNT (green dash dot) in 50 mM PBS for hydrogen
evolution reaction; (C) Schematic illustration of the electron transfer between
electrode and Pd-cells-CNT. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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size of Pd NPs would provide larger reactive surface. This could be
another reason to explain the higher electrocatalytic activity achieved
in Pd-cells-rGO compared to Pd-cells-CNTs.

It is believed that the Pd-cells-rGO catalyst holds great promise to
offer a superior catalytic performance toward electrochemical appli-
cations. In addition to bio-Pd, the electrochemical catalytic activity of
other biosynthesized metal catalysts is expected to be enhanced by this
one-step reduction procedure without additional pretreatment. The
creation of conductive bio-nanomaterials may also provide a great
opportunity to expand the universality of biocatalysts.

4. Conclusions

We investigate a Pd-based biocatalyst produced by the co-reduction
process of Shewanella oneidensisMR-1, hybrid with Pd NPs and rGO. The
calculated ECSA of Pd-cells-rGO5/1 is increased significantly. Toward
hydrogen evolution and NB reduction, the developed biocatalyst ex-
hibits about 36.7 and 17.2 times higher catalytic current density than
that of Pd-cells at the same Pd loading. The remarkable performance is
attributed to the synergetic effect of the nanosheets of rGO as well as
uniformly distributed Pd nanoparticles for improving not only the more
active Pd sites but also the conductivity of the hybrid. This work shows
great potential of an eco-friendly biocatalyst for applications in elec-
trochemical cells, and also demonstrates a universal designable pro-
tocol for synthesizing high performance bio-based catalysts for energy
storage requirement or contaminants degradation demands.
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