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• Key parameters used to indicate the
performance of EAB-Pd are proposed.

• Optimum thickness of biofilm is essen-
tial to fabricate conductive Pd network.

• The ratio of biomass to Pd(II) concentra-
tion affected themorphology of EAB-Pd.

• The distribution of nano-Pd on EAB is
crucial to determine the catalytic
activity.
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Biogenic palladium (bio-Pd) nanoparticles have been considered as promising biocatalyst for energy generation
and contaminants remediation in water and sediment. Recently, an electroactive biofilm-Pd (EAB-Pd) network,
which can be used directly as electrocatalyst and show enhanced electrocatalytic performance, has exhibited tre-
mendous application potential. However, the information regarding to the controllable biosynthetic process and
corresponding catalytic properties is scarce. This study demonstrated that the catalytic performance of EAB-Pd
could be influenced by Pd loading on bacteria cells (Pd/cells), which was crucial to determine the final distribu-
tion characteristic of Pd nanocrystal on EAB skeleton. For instance, the high Pd/cells (over 0.18 pg cell−1) exhib-
ited almost 6-fold and 1.5-fold enhancement over EAB-Pds with Pd/cells below 0.03 in catalytic current toward
hydrogen evolution reaction and nitrobenzene reduction, respectively. In addition, the Pd/cells was found to be
affected by the synthesis factors, such as the ratio of biomass to initial Pd(II) concentration (cells/PdII) and the
exposure time of EAB to Pd(II) precursor solution. The Pd/cells increased significantly as the cell/PdII ratio de-
creased from ~5.5 × 107 to ~1.3 × 107 cells L mg−1 or the prolongation of exposure time from 3 h to 24 h. The
findings developed in this work extensively expand our knowledge for the in-situ designing biogenic
electrocatalyst and provide important information for the development of its catalytic property.
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1. Introduction

Palladiumnanoparticles (PdNPs) have been actively explored as cat-
alysts in recent years due to its unique properties and applications. The
notable examples include energy production (Frei et al., 2019; Shiva
Kumar and Himabindu, 2020), hydrogenation/dehydrogenation reac-
tions (M. Chen et al., 2018; Qin et al., 2020), drug delivery (Portney
and Ozkan, 2006) and catalysts for environmental pollutants remedia-
tion (Rajan, 2011; Shi et al., 2019). Remarkably, biosynthesis of Pd NPs
attractedmore attention for its knowneconomic sustainability, nontoxic
and eco-friendly approach especially compared with conventional
chemical and physical methods, which often use toxic chemicals under
rigid conditions for reactions (Hulkoti and Taranath, 2014; Xiong et al.,
2015). Previous studies have demonstrated that Pd NPs could be
green-synthesized and recovered on the cell surface through bio-
reduction in bacterial cultures, such as Shewanella oneidensis (Dundas
et al., 2018; Hou et al., 2020; Ng et al., 2019), Geobacter sulfurreducens
(Hernández-Eligio et al., 2020; Pat-Espadas et al., 2014), Escherichia
coli (Priestley et al., 2015), Citrobacter freundii (Wang et al., 2020), re-
ferred as biogenic palladium (bio-Pd).

Bio-Pd is used effectively in catalysis Heck coupling reaction and sev-
eral environmental contaminants, namely Cr(VI), azo dyes and organo-
chlorines, degradation/transformation (Ajaz et al., 2019; Hosseinkhani
et al., 2013; Martins et al., 2017; Quan et al., 2015; Suja et al., 2014;
Zhou et al., 2019). However, the application of bio-Pd is often restricted
by the poor conductive nature ofmicrobial cells, when being immobilized
on electrode carrier and used as electrocatalyst (Liu et al., 2016; Xiong
et al., 2015). In view of that, cell carbonization is usually performed to
increase the conductivity (Sun et al., 2012; Yates et al., 2014). But addi-
tional energy consumption would be required and those NPs tend to ag-
gregate at high temperature, which would limit their catalytic activity
(Jiang et al., 2009; Parker et al., 2014). Recently, graphene oxide coated
bio-PdAu is proposed to avoid nanoparticles aggregationwith the protec-
tion of graphene following a hydrothermal reaction (Liu et al., 2016).
However, complicated separation/immobilization procedures and expen-
sive binders are necessary to isolate bio-nanoparticles from the microbial
incubation medium to fix on supporters. On the other hand, a novel pro-
cedure for Pd(0) in-situ synthesis by employing Geobacter sulfurreducens
PCA formed electroactive biofilm (EAB-Pd) has been explored in our pre-
vious study, which allows the Pd synthesis, immobilization, and electro-
chemical application at one single electrode (Hou et al., 2016). More
importantly, these cells supported Pd nanoparticles are stable and inter-
connected. In the case of application especially in contaminants removal,
the synthesized Pd NPs are expected to use together with the biofilm as
electrocatalyst. An electric conductive pathway from the electrode to
the biofilm surface is able to construct,which enable electrons to be deliv-
ered efficiently from electrode to the entire EAB-Pd skeleton and there-
fore avoid the further cell carbonization and chemical binders. Thus, the
Pd NPs immobilization in the EAB based method is more cost-effective
and environmentally friendly. Despite of the advancement, the knowl-
edge of the specific synthesis principles underlying the EAB structure
and operating conditions, which are essential to scale-up production of
this kind of bio-catalyst with well-controlled performance, are still
insufficient.

It is generally accepted that the catalytic activity of a catalyst de-
pends markedly on the type of carriers, such as a limitation of diffusion
can strongly influenced its activity (Mei et al., 2007). Especially for bio-
film substrate, the diffusion resistance is positively correlated to the
thickness of biofilm (Marsili et al., 2010; Sun et al., 2016). On the
other hand, the morphology and size control of metals nanostructure
are found to be critical for the catalytic activity. Through the manipula-
tion of reduction kinetics may allow tailoring the electronic, and cata-
lytic properties of a functional material (Chen et al., 2005; Y. Chen
et al., 2018; Lim et al., 2009). For these reasons, this study aims to ex-
pend the understanding of the key factors related to in-situ synthesized
EAB-Pd. TheG. sulfurreducens biofilms at different stages of growthwere
investigated to provide information for controlling the scale of EAB
structure and improving corresponding electrocatalytic activity by reg-
ulating the cultivation time of EAB. The effects of initial Pd(II) concen-
tration and different exposure time of EAB to Pd(II) precursor on the
performances of EAB-Pd were also studied. In particularly, this article
summarized the parameters with respect to Pd/cells, which mainly in-
dicated the characteristic and catalytic performance of EAB-Pd. The
electrocatalytic performances of EAB-Pds were evaluated by cyclic volt-
ammetry (CV) and chronoamperometry (CA) methods through hydro-
gen evolution reaction (HER) and electrocatalytic reduction of typical
nitroaromatic contaminants (nitrobenzene, NB). This work also pro-
vides a more complete picture of the controllable in-situ synthesis of
EAB-Pd and offers important information for extending directly applica-
tion of other biosynthesized noblemetal or alloy nanoparticles catalysts.

2. Materials and methods

2.1. Experimental apparatus

The electrochemical cell tested in this study shared the same
configuration as previous research (Hou et al., 2016). The working
volume of each cell is 60 mL, consisting of multiple identical glassy
carbon electrodes (GCE, 0.126 cm2), which were used as working
electrodes, one common Ag/AgCl reference electrode (3 M KCl,
AgCl saturated, +0.210 V versus standard hydrogen electrode,
25 °C) and one platinum mesh (100 mm2) counter electrode. A
multichannel potentiostat (1030C, CH Instruments Inc., U.S.) was
equipped for the electrochemical tests, all of which were operated
in three-electrode mode.

2.2. EAB cultivation

EAB preparation was performed using Geobacter sulfurreducens PCA
(DSM 12127) routinely precultured anaerobically in growth medium
(Strycharz et al., 2011) and then inoculated into the electrochemical
cell containing sterilized anaerobic medium (consisted of (per liter)
NH4Cl 1.50 g, Na2HPO4 0.60 g, KCl 0.10 g, sodium acetate 1 g, NaHCO3

2.5 g, 1 mL L−1 trace element stock solution and 1 mL L−1 vitamin
stock solution). The cell was fluxed with N2/CO2 (80:20) for 20 min be-
fore being inoculated. The potentiostat was used to set the potential at
−0.20 V on each working electrode versus Ag/AgCl reference electrode.
All tests were operated at a constant temperature of 30 (±0.5) °C. To
test the effect of EAB thickness on the synthesis of EAB-Pd, the relation-
ship between current generation and biofilm growth was examined,
which was consistent with previous reports (Liu et al., 2010; Sun
et al., 2016; Li et al., 2016). As has been observed in previous study,
there is a long lag phase during which the catalytic current is low,
followed by an early exponential phase, in which the current begins to
increase, which is attributed to biofilm growth. This early exponential
phase continued as the biofilm progressed from densities representing
a monolayer stage to a phase where cells must layer on top of each
other for subsequent growth. Later in this “stacking” phase of growth,
the subsequent rise in current to a more linear increase, slowing until
reaching a maximum (Liu et al., 2010; Sun et al., 2016). Therefore, five
representative growth periods of EABs were analyzed: EABth-17 the cur-
rent density started to increase and recorded at ~0.02mAcm−2with the
incubation time of 17 h; EABth-24 (preliminary stage of cells accumula-
tion)- current density was recorded at ~0.06 mA cm−2 with the incuba-
tion time of 24 h; EABth-32 (rapid growth stage)- experienced 32 h
incubation with current density recorded at ~0.17 mA cm−2; EABth-42
(near stable stage)- current density increased slowly and recorded at
~0.33 mA cm−2 with the incubation time of 42 h; EABth-72 (stable
phase)- current density maintain stable at about 0.42 mA cm−2 with
the incubation time of 72 h. For each growth stage of EAB, electrochem-
ical properties and bacteria viability were examined.
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2.3. EAB-Pd fabrication

The EAB-Pd fabrication procedure could be divided into three types
based on different experimental designs: (I) EABs thickness group, the
syntheticmediumconsisted of 60mL fresh sterilized anaerobicmedium
(without acetate) and supplied formate (25 mM) as electron donor. A
concentrated stock solution of sodium tetrachloropalladate (Na2PdCl4)
was then added to achieve a final Pd(II) concentration of 20 mg L−1

and exposed for 24 h as previously described (Hou et al., 2016); (II)
the effect of initial Pd(II) concentration group, mature EABs were cul-
tured for EAB-Pd synthesizing under Pd(II) concentration at 1, 5, 15,
and 20 mg L−1, respectively. The other parameters and components of
the synthetic system were the same as group I; (III) the exposure time
effects on EAB-Pd fabrication group were produced by mature EABs
with initial Pd(II) concentration of 20 mg L−1 at reduction time of 3,
15 and 24 h, respectively. The other parameters and components of
the synthetic system were the same as group I. In the case of Pd(II) re-
duction, the working electrodes were disconnected to the potentiostat.

2.4. CLSM analysis

The EABs attached electrodes were stained with the LIVE/DEAD
BacLight Bacterial Viability Kit (L7012) (Invitrogen, Carlsbad, CA)
by following the manufacturer's recommendations and then exam-
ined by a confocal laser scanning microscopy (CLSM; Leica TCS SP5,
Leica Microsystems IR GmbH Germany) at excitation wavelengths
of 488 nm (SYTO 9, live cells) and 543 nm (propidium iodide, dead
cells) (Malvankar et al., 2011; Nevin et al., 2008). Three-dimensional
images were processed and analyzed with LAS AF software.

2.5. Field emission scanning electron microscopy (FESEM) characterization

The EAB-Pds sampleswerefixed overnight in phosphate buffer solu-
tion (PBS, 10mM, pH7.0)with 2.5% glutaraldehyde,washedwith buffer
solution three times (each time for 10min), dehydrated in a graded se-
ries of ethanol (50, 70, 80, 90, and 3 × 100%with 15min for each level),
displaced by 50% isoamyl acetate in ethanol and 100% isoamyl acetate
sequentially for 15min each, and dried in a desiccator for 12 h. The pre-
pared samples were observed using a FESEM (SU8000, Hitachi Ltd,
Japan) operated at 3 kV.

2.6. Electrochemical measurements

The HER was investigated by cyclic voltammetry (CV) scanning in
potential range from 0.1 to −1.0 V with the scan rate of 10 mV s−1

and by chronoamperometry (CA) performed at a constant potential of
−0.7 V in 50mMoxygen-free PBS, which ismore negative than the the-
oretical on-site potential of HER (−0.61 V vs Ag/AgCl at pH 7) to ensure
its occurrence. Electrochemical active surface area (ECSA) was mea-
sured through CV scanning in the potential range from −0.55 to 0.8 V
vs Ag/AgCl. The formula used to calculate ECSA (cm2·mg−1 Pd) was
shown as following (Kiyani et al., 2016; Li et al., 2017):

ECSA ¼ Q= 0:405� Pdmð Þ ð1Þ

where Pdm (mg) is the Pd mass loaded on the surface of working elec-
trode, charges Q (C) is the coulombic charges related to the peak of
the PdO reduction in CV test with capacitance current removal. 0.405
(mC·cm−2) is the constant coulombic charges associated with the re-
duction of PdO mono layer on the Pd NPs to element Pd (Zhao et al.,
2011).

Also, CA for nitrobenzene electrochemical reduction (0.5 mM NB
amended PBS)was employed at a constant potential of−0.55 V tomin-
imize the occurrence of hydrogen evolution. In this way, the electrons
for NB reduction can be controlled to be delivered through a conductive
path but not via the molecular hydrogen as the electron mediator
(Cheng et al., 2017). High-purity nitrogen was purged to obtain N2-
saturated solution before the electrochemical tests. All potentials were
reported with respect to Ag/AgCl in this study.

2.7. Analytical techniques

For routine analyses, the final Pd loading on EAB-Pds were deter-
mined by dissolving in aqua regia. After dilution and filtration, the fil-
trate was analyzed using inductively coupled plasma optical emission
spectrometer (ICP-OES; Leeman, Prodigy, US).

3. Results

3.1. Effect of the EAB thickness

The morphologies of EABs obtained with different cultivation time
were shown in Fig. 1. With shorter cultivation time (EABth-17 and
EABth-24), the biofilms exhibited discontinuous distribution on the elec-
trode surface (Fig. 1A and B). After the biofilm growth got to the expo-
nential phase (EABth-32) as indicated by the fast increase of the current
output (Fig. S1A), the electrode surface was gradually covered with
the biofilm (from Fig. 1C to E). When the cultivation time was further
extending, the thicker EABs were obtained with ca. 7 μm and ca. 9 μm
in the thickness at 42 h and 72 h, respectively (Fig. 1D and E). In all
CLSM images, the fluorescence shown as the green color, representing
the alive status of these EABs. As shown in Fig. S1B, all CV curves of
these EABs under turnover condition showed a sigmoidal shapewith al-
most identical onset potential at ca.−0.50 V,while the limiting currents
were varied and positively correlate to the EAB thickness.

The EABswere then exposed to Pd(II) solution for the synthesis of Pd
(0) with formate as the electron donor. After 24 h, the cells in thicker
EABs (including EABth-32, EABth-42 and EABth-72) were covered by a
number of broccoli-like nanoparticles, which had been proven to be
Pd(0) in our previous study (Hou et al., 2016). Few Pd(0) formed in
thinner EABth-17 and EABth-24 (Fig. 1F–J). According to quantitative anal-
ysis of Pd by ICP-OES, the Pd loadingwas found to positively correlate to
the EAB thickness (Table 1). Notably, since the formed Pd(0) in the thin-
ner EABs was obviously less than that in the thicker EABs, the differ-
ences between the corresponding Pd loading was over 50 times.

EAB-Pd was further electrochemically characterized by CV. As
shown in Fig. 2A, a classic Pd associated CV profile with two oxidation
peaks (OI at ca. −0.45 V and OII at ca. 0.7 V) and two reduction peaks
(RI at ca. −0.55 V and RII at ca. 0.03 V) were observed in the thicker
EABs supported Pd(0) (EABth-32-Pd, EABth-42-Pd and EABth-72-Pd).
Thereinto, the occurrence of OI and RI are due to the electrochemical de-
sorption/ad(b)sorption of hydrogen, while the OII and RII are aroused by
the reaction of Pd/PdO (Kiyani et al., 2016). According to the area of RII,
the largest electrochemical active surface area (ECSA) was estimated as
64.31± 2.47 cm2·mg−1 from EABth-32-Pd, which was 1.3 times and 1.7
times higher than that of EABth-42-Pd and EABth-72-Pd, respectively
(Table 1). For the thinner EABs supported Pd(0) (EABth-17-Pd and
EABth-24-Pd), no obvious signal could be found by CVs at the potentials
of forementioned peaks, indicating their poor electrochemical response.

Subsequently, the electrochemical catalytic activities of EAB-Pds
were evaluated by chronoamperometry (CA). For hydrogen evolution
reaction (Fig. 2B), EAB-Pds formed by thicker EABs (EABth-32-Pd,
EABth-42-Pd and EABth-72-Pd) produced much higher catalytic current
than the EAB control and bare GCE, showed almost 6-fold enhancement
in catalytic current compared to that synthesized by thinner EABs
(EABth-17-Pd and EABth-24-Pd). The results indicated that the enhance-
ment of catalytic current is mainly caused by well-structured Pd NPs.
The poor performance of EABth-17-Pd and EABth-24-Pd was suggested
as a result of the inhibition of less-conductive bacterialmatrix. Although
the current of EAB-Pd formed by thicker EABs were close to each other,
the corresponding mass current densities (catalytic current density of
unit mass Pd) were varied because of the different Pd loading amount.



Fig. 1. CLSM images (including 2D and 3D images) of EABs (A–E) and FESEM images (F–G) of EAB-Pds. EABs were obtained with different incubation time including (A) 17 h, EAB th-17;
(B) 24 h, EAB th-24; (C) 32 h, EAB th-32; (D) 42h, EAB th-42; (E) 72 h, EAB th-72. EAB-Pdswere produced by synthesizingPdNPs on aforementioned EABs including (F) EABth-17-Pd, (G) EABth-24-
Pd, (H) EABth-32-Pd, (I) EABth-42-Pd, and (J) EABth-72-Pd. Scale bars in CLSM images and FESEM images = 10 μm and 20 μm, respectively.
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Table 1
The Pd loading, ECSA and mass current densities for HER and NB reduction of EAB-Pds fabricated under different operating conditions.

Experimental sets Parameters Pd
loading/mg cm−2

ECSA/cm2·mg−1

Pd
Mass current density of
HER/mA·mg−1 Pd

Mass current density of NB
reduction/mA·mg−1 Pd

EAB cultivation
time/h

Initial Pd(II)
concentration/mg L−1

Exposure time
of EAB to Pd(II)/h

I. Different cultivation
time of EAB

17 20 24 0.001 ± 0.001 – – –
24 0.013 ± 0.002 – – –
32 0.573 ± 0.009 64.31 ± 2.47 −0.48 ± 0.01 −0.157 ± 0.004
42 0.813 ± 0.006 50.42 ± 3.84 −0.31 ± 0.02 −0.099 ± 0.003
72 0.850 ± 0.026 38.22 ± 0.92 −0.29 ± 0.01 −0.082 ± 0.008

II. Different initial Pd
(II) concentration

72 1 24 0.060 ± 0.009 – – –
5 0.225 ± 0.005 7.31 ± 1.31 −0.17 ± 0.02 −0.042 ± 0.004

15 0.761 ± 0.012 37.87 ± 3.47 −0.32 ± 0.01 −0.095 ± 0.003
20 0.875 ± 0.015 38.95 ± 0.62 −0.32 ± 0.01 −0.086 ± 0.002

III. Different exposure
time of EAB to Pd(II)

72 20 3 0.279 ± 0.002 16.30 ± 1.01 −0.23 ± 0.01 −0.089 ± 0.007
15 0.867 ± 0.009 41.76 ± 0.69 −0.29 ± 0.03 −0.082 ± 0.005
24 0.926 ± 0.001 43.53 ± 0.71 −0.30 ± 0.02 −0.081 ± 0.009

5Y.-N. Hou et al. / Science of the Total Environment 742 (2020) 140536
Themaximummass current density was obtained in EABth-32-Pd,which
was in consistentwith its largest ECSA. To further explore if the catalytic
performance of these EAB-Pds followed the same rule in other electro-
chemical reactions. CA tests were also performed in the reaction of ni-
trobenzene reduction. As shown in Fig. 2C, the cathodic currents were
considered to represent the reduction activity of the catalysts, based
on the ability of Pd catalyzed reaction in transforming nitroaromatics
to their corresponding amines (Cheng et al., 2017; Hou et al., 2016;
Tuo et al., 2015). EABth-32-Pd as expected, produced the largest mass
current density, which was at least 1.5 times higher than the EAB-Pds
fabricated by thicker EABs (EABth-42-Pd and EABth-72-Pd). Similarly,
the EAB-Pds synthesized by thinner EABs (EABth-17-Pd and EABth-24-
Pd) showed poor performance in our as-prepared catalysts. We re-
peated these measurements with parallel EABs and observed the same
trend (data not shown). Repeated experiments were also conducted
for the following two conditions.

3.2. Effect of the initial Pd(II) concentration

To explore the effect of initial Pd(II) concentration on EAB-Pd
synthesis, EABs were cultivated for 72 h on four glassy carbon elec-
trodes applied with identical bias potential of −0.2 V. Before these
EABs were exposed to the Pd(II) precursor solution, the electro-
chemical activities of these EABs were identified by turnover CV.
Similar sigmoidal waves shown in Fig. S2A indicated that the pre-
pared EABs maintained the same state and did not have substantial
difference.

It is well known that the concentration of Pd(II) is one of the key fac-
tors driving nano-Pd synthesis. It is desirable to obtain high electrocat-
alytic activity of EAB-Pd by controlling the loading of Pd as low as
possible. According to the result from FESEM (Fig. 3), it could be found
that the distribution of Pd nanoparticles on EAB highly depended
upon the concentration of Pd(II). When the initial concentration of Pd
(II) increased from low (1 mg L−1 and 5 mg L−1) to high (15 mg L−1

and 20 mg L−1), more nanoparticles could be seen on the EAB. As
shown in Fig. 3A, a small quantity of Pd nanoparticles were scattered
on cell surface after EAB was immersed in 1 mg L−1 Pd(II) for 24 h
(EAB-Pdinit-1). As the concentration of Pd(II) increased to 5 mg L−1

(EAB-Pdinit-5), more nanoparticles were fabricated on the cell surface
but did not form a network structure (Fig. 3B).When the Pd(II) concen-
tration further increased to 15 mg L−1 (EAB-Pdinit-15) or 20 mg L−1

(EAB-Pdinit-20), extensively broccoli-like nanoparticles were formed
(Fig. 3C and D). Accordingly, the final Pd loading on EABs determined
by inductively coupled plasma optical emission spectrometer (ICP-OES),
also improved with the increasing initial Pd(II) concentration. As shown
in Table 1, the Pd loading of EAB-Pds at low initial Pd(II) concentration
(EAB-Pdinit-1 ca. 0.060 mg cm−2 and EAB-Pdinit-5 ca. 0.225 mg cm−2)
were much less than the loading at high initial Pd(II) concentration
(EAB-Pdinit-15 ca. 0.761 mg cm−2 and EAB-Pdinit-20 ca. 0.875 mg cm−2).
The electrocatalytic activities of the above-mentioned EAB-Pds were
evaluated by ECSA and mass current densities (HER and NB reduction).
The related CV and CA results were showed in Fig. S2. Based on the es-
timation results of ECSA, EAB-Pdinit-5 was estimated to be 7.31 ±
1.31 cm2·mg−1, which was about one fifth of that EAB-Pdinit-15

(37.87 ± 3.47 cm2·mg−1) or EAB-Pdinit-20 (38.95 ± 0.62 cm2·mg−1).
While the reduction peak of Pd oxide in EAB-Pdinit-1 was negligible
(Fig. S2B), indicating its poor electrochemical activity. As observed in
CA results (Fig. S2C and D), the catalytic currents of EAB-Pdinit-15 were
comparable to EAB-Pdinit-20 and much higher than that of EAB-Pdinit-1
and EAB-Pdinit-5 toward HER and NB reduction. Besides, the mass cur-
rent densities of EAB-Pd showed the similar performance (Table 1).
The results indicated that EAB-Pds prepared at a high initial Pd(II) con-
centration (EAB-Pdinit-15 and EAB-Pdinit-20) could produce higher ECSAs
and mass current densities, whereas EAB-Pds prepared at a low initial
concentration (EAB-Pdinit-1 and EAB-Pdinit-5) showed poorer electro-
chemical activities.

3.3. Effect of the exposure time to Pd precursor

In order to obtain highly active EAB-Pds with as little reduction time
as possible, the effect of exposure time to Pd precursor on the synthesis
of EAB-Pd within 24 h has been investigated. The EABs with consistent
incubation for 72 h were characterized by CV curves (Fig. S3A), and
used to prepare EAB-Pds at different exposure times (3, 15 and 24 h),
marked as EAB-Pd3h, EAB-Pd15h, and EAB-Pd24h, respectively. The sur-
face morphologies of EAB-Pds with extended exposure time to Pd pre-
cursor were characterized by FESEM (Fig. 4). It was shown that some
spherical PdNPs were formed within 3 h (Fig. 4A and B). Broccoli-like
PdNPs with hierarchical micro-nanostructures emerged at 15 h (Fig. 4C
and D). The distribution of PdNPs on bacterial cells changed from partial
deposition (3 h) to full coverage (15 h). The morphological feature of
EAB-Pd15h was very similar to that of EAB-Pd24h (Fig. 4E and F). As
shown in Table 1, the Pd loading on EAB also became larger as the expo-
sure time increased. When the exposure time was controlled at 3 h, the
Pd loading of synthesized EAB-Pd3h was 0.279 ± 0.002 mg cm−2, while
the exposure time was prolonged to 15 h, the Pd loading on EAB-Pd15h
increased to 0.867 ± 0.009 mg cm−2, which was quite similar to that
of EAB-Pd24h formed at 24 h (0.926 ± 0.001 mg cm−2). The results
showed that the morphology and the Pd loading of the synthesized
EAB-Pds could be controlled easily by varying the exposure time in Pd
precursor.

The electrochemical properties of the formed EAB-Pds under differ-
ent exposure time in Pd precursor were shown in Fig. S3. Importantly,
the ECSA of EAB-Pd15h (41.76 ± 0.69 cm2·mg−1) was 2.6 times higher
ECSA than that of EAB-Pd3h (16.30 ± 1.01 cm2·mg−1) and comparable
to that of EAB-Pd24h (43.53 ± 0.71 cm2·mg−1) (Table 1). The CA tests
also showed that the catalytic current and mass current density of
EAB-Pd15h toward HER was 3.3-fold higher than EAB-Pd3h (Fig. S3C),



Fig. 2. Electrochemical characteristics of EAB-Pds. (A) Cyclic voltammograms of EAB-Pds
synthesized by EABs under different cultivation time, scanning from −0.55 V to 0.8 V
with scan rate of 10 mV s−1; (B) chronoamperogram of the corresponding EAB-Pds
catalyst in 50 mM PBS under static potential of −0.7 V for 3 h and (C) at potential of
−0.55 V in 0.5 mM NB amended PBS.
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but were similar to that of EAB-Pd24h. Consistent results were observed
in the electrocatalytic reduction of NB test (Fig. S3D and Table 1). Ac-
cording to the above results, the well-performed EAB-Pd was related
to Pd NPs distribution structure and Pd loading on EAB. The longer ex-
posure time of EAB in the Pd precursor indicated a high Pd loading,
which means that the fabricated EAB-Pd may have higher electrocata-
lytic activity within limits.
4. Discussion

Insight into the effects of operating parameters on the performance
of EAB-Pds could be summarized as the relationship between the cata-
lytic activity and distribution characteristics of Pd NPs on EAB, i.e. the
densely distribution of broccoli-like NPs on EABth-32, EABth-42 and
EABth-72 (Fig. 1H–J) and the scattered distribution of Pd NPs on EAB th-

17 and EABth-24 (Fig. 1F and G)were corresponding to higher and poorer
electrocatalytic activity, respectively. The densely distributed nanopar-
ticles indicate high Pd loading on bacterial cells, which could accelerate
electrons transport through conductive structure and promote the reac-
tion efficiency. Herein, a parameter regarding to the Pd loading on bac-
teria cells (Pd/cells)was proposed to be a critical factor in characterizing
the feature and the catalytic performance of EAB-Pd. The total mass of
Pd on EAB can be analyzed by ICP after dissolved and diluted in aqua
regia. The results can be found in Table 1, namely the value of Pd load-
ing. The number of bacteria cells could be estimated by simulating indi-
vidual cell in the length of 1.0 μm and width of 0.5 μm, distributing on a
solid surface of 0.126 cm2with various thickness (data from CLSM). The
results can be found from the estimated cell numbers of EAB in Table 2.
Therefore, we can estimate the Pd/cells values under different condi-
tions, as shown in Table 2.

Firstly, the specific electrocatalytic activities of EAB-Pds were
mainly indicated by ECSAs and the mass current densities normal-
ized by the amount of Pd loaded onto the electrode surface. As
shown in Fig. 5A, the mass current densities of the EAB-Pds boosted
with the increasing ECSA (data obtained from the experimental sets
operated under different conditions), indicating that the ECSA is pos-
itively correlated to the electrocatalytic activity (Chen et al., 2013; Li
et al., 2017). Essentially, the phenomenon was ascribed to the in-
crease in the active sites, which depended on various morphological
and structural features of the prepared catalysts (Klinkova et al.,
2017).

Secondly, as shown in Fig. 5B, following an increasing of Pd/cells, the
ECSA of EAB-Pd improved gradually and then the upward trend tended
to be gentle with Pd/cells at about 0.20 pg cell−1. It should be noted that
the feature of EAB-Pd (Pd/cells) that affect ECSA also had a direct effect
on the electrocatalytic activity. The increase in Pd/cell implied an im-
provement in the coverage of deposited Pd NPs on each cell, which
also indicated an increase in the probability that Pd nanoparticles
were connected to each other. As demonstrated in our previous study
(Hou et al., 2017), the electrocatalytic performance of palladized cells
(Pd-cells) was mainly governed by the coverage of Pd NPs on the cell
surface. Pd-cell with the ratio of cell dry weight (CDW) to Pd at 1:6 ex-
hibited the greatest coverage (N95%) and its Pd/cell was estimated to be
0.19 pg cell−1, which enabled a well contact of Pd NPs to each other. By
contrast, the Pd-cells prepared with lower coverage (lower than 80%)
were characterized as low Pd/cells (less than 0.05 pg cell−1) and poor
electrocatalytic activities. It can be inferred that Pd/cells represent the
coverage of Pd NPs distributed on the cell surface. When the bacterial
cells were wrapped by Pd NPs and characterized as high Pd/cells
(N0.18 pg cell−1), the cell supported Pd NPs would be well intercon-
nected. In this way, a conductive path could be established and the elec-
trochemical activity of the biocatalyst would not be limited by the poor
electrical conductivity of the bacterial matrix (Hou et al., 2016; Hou
et al., 2017). For this reason, the densely distributed nanoparticles (at
high Pd/cells) form an effective electron transfer pathway, which accel-
erates electrons transport through conductive structure and promotes
the reaction efficiency (Hou et al., 2016). In addition, the phenomenon
that the upward trend of ECSA began to slow down once the Pd/cells
was over 0.20 pg cell−1 might be ascribed to the accumulation of Pd
NPs into larger sizes. Although it can improve the probability of the Pd
NPs interconnection, the specific surface area has to be reduced. The ex-
posed surface areawould vary slightly once the Pd nanoparticles encap-
sulated the entire cell, resulting in the ECSA of EAB-Pd almost remains
stable.



Fig. 3.Morphology characteristics of synthesized EAB-Pds with initial Pd(II) concentration from 1 to 20 mg L−1. FESEM images of EAB-Pds fabricated under initial Pd(II) concentration at
(A) 1 mg L−1, (B) at 5 mg L−1, (C) at 15 mg L−1, and (D) at 20 mg L−1, respectively. Scale bars = 1 μm.
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This rule can be well explained by the experimental sets of EAB
thickness, initial Pd(II) concentration and exposure time to Pd precur-
sor. Herein, both adjusting the thickness of EAB and changing the initial
concentration of Pd(II) as mentioned above, refer to the regulation of
the ratio of biomass (cells) to initial Pd(II) concentration (PdII). As
shown in Fig. 5C, the Pd/cells increased significantly as cells/PdII de-
creased from ~1.0 × 108 to ~1.3 × 107 cells L mg−1, then dropped se-
verely during the fabrication time of 24 h. The results indicate that the
ratio of cells to PdII plays an important role in determining the distribu-
tion of Pd NPs on EAB and may further affect the catalytic activities of
the biosynthesized EAB-Pds. It has been well demonstrated that
G. sulfurreducens can usemetal ions outside their cell walls as a terminal
electron acceptor for respiration (Gralnick and Newman, 2007). As for
Pd(II) bioreduction, the interactions of amide, sulfur, and phosphoryl
groups associated to proteins from bacteria and a series of multiheme
cytochromes have been proven as key outer membrane proteins in
the biosynthesis process (Hernández-Eligio et al., 2020; Pat-Espadas
et al., 2014; Wang et al., 2020). The heterogeneous nucleation on the
surface of the membrane would provide a lower activation energy bar-
rier to overcome (Lee et al., 2007). All of these indicated that the supply
of Pd(II) and the number of the membrane cytochromes determine the
critical nucleation sites for Pd nanoparticles. The first formed Pd nano
seeds were most likely to combine with fixed membrane cytochromes
on EAB. Then the reduced Pd atoms started to nucleate and grow into
Pd NPs as time went on. As shown in Fig. 5C, the upward trend of the
curve indicated that a suitable ratio of cells/PdII is crucial to satisfy the
requirements of Pd nucleation and growth. However, the relatively
excessive or insufficient initial Pd(II) concentration would depress the
formation of EAB-Pd with broccoli-like NPs.

Based on the results from the adjustment of EAB thickness to obtain
superior electrocatalytic activity of EAB-Pd, it was found that EABth-32,
EABth-42 and EABth-72 were thick enough to obtain promising biofilm,
which could serve as efficient catalyzer and stabilizer for well-
connected EAB-Pds (Pd/cells was estimated at over 0.20 pg cell−1) bio-
catalyst formation. However, the further enhanced catalytic activity of
EABth-32-Pd for HER and NB reduction might be attributed to high Pd/
cells. The adequate thickness of EABth-32 contributed to construct an en-
larged surface area with cells/PdII ratio as low as ~1.35 × 107 cells L
mg−1 and Pd/cells up to 0.27 pg cell−1. The broccoli-like interconnected
EAB-Pd could be fabricated at proper cells/PdII, andwas conducive to ac-
celerate electrons transport through a conductive network structure.
Furthermore, the supporting structure of EABth-32 with thinner multi-
layer bacterial cells might play an important role in decreasing diffusion
resistance of substrates (Renslow et al., 2013; Stewart, 2003; Sun et al.,
2016), which in turn facilitated its full contact with the electrolyte to-
ward catalytic reaction and promoted the reaction efficiency. Neverthe-
less, the inferior catalytic activities for EAB th-17-Pd and EABth-24-Pd
might be caused by the low cells/PdII ratio (less than 0.5 × 107 cells L
mg−1). Under the short period of incubation, less cells gathered on the
electrode surface, whichmeans that the concentration of Pd(II) was rel-
atively high (20 mg L−1). The inhibition of the enzymatic reaction or a
disturbance of metabolism might occur under a high metal concentra-
tion during the bioreduction process (Babula et al., 2008; Gadd and
Griffiths, 1977).



Fig. 4. FESEM images of EAB-Pdswith exposure time to Pdprecursor for (A)–(B) 3 h, (C)–(D) 15h, (E)–(F) 24h under low and highmagnification, respectively. Scale bars=5 μm(left) and
500 nm (right), respectively.
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In the experiment set of Pd(II) concentration test, the scatter distrib-
uted Pd NPs on bacterial cells (with Pd/cells less than 0.03 pg cell−1)
was formed under relatively high cells/PdII ratio (over 5.0 × 107 cells L
mg−1), which could not fabricate the interconnected conductive struc-
ture to improve the catalytic activity of EAB-Pdinit-1 and EAB-Pdinit-5.
When the cells/PdII was high (~36.7 cells L mg−1), the limited supply
of Pd(II) led to the formation of less Pd NPs on EAB, which resulted in
a low Pd/cells (0.015 pg cell−1). When the concentration of Pd precur-
sor was increased to 15mg L−1, more seeds were formed and the parti-
cle size increased rapidly. The interconnected EAB-Pdinit-15 with high
catalytic activity was formed with Pd/cells estimated at 0.19 pg cell−1.
It also suggested that the proper cells/PdII was necessary to ensure suf-
ficient nucleation and growth requirement for improving the coverage
of NPs on the cells surface.

In addition to the factor of cells/PdII, another key parameter, the ex-
posure time of EAB to Pd precursor, has to be considered. In the test
group of exposure time to Pd precursor, the data at three time points
(3 h, 15 h and 24 h) were collected and their cells/PdII ratios were
kept consistent (~2.6 × 107 cells L mg−1). As shown in Fig. 5D, Pd/cells
appeared to be improved (from 0.07 to 0.23 pg cell−1) with the
prolonged exposure time under the same cells/PdII ratio. As shown in
Fig. 4, few NPs were formed around the Geobacter cells after exposure



Table 2
The estimated cell numbers of EAB, Pd loading on bacteria cells (Pd/cells) and biomass to initial Pd(II) concentration (cells/PdII) of fabricated EAB-Pds under different operating conditions.

Experimental sets Varied
parameters

Estimated cell numbers of
EAB/×109 cells·cm−2

Estimated Pd loading on bacteria cells
(Pd/cells)/pg·cell−1

Estimated biomass to initial Pd(II) concentration
(cells/PdII)/×107 cells L mg−1

I. Different cultivation time of EAB 17 h 0.25 ± 0.02 0.004 ± 0.004 0.161 ± 0.014
24 h 0.49 ± 0.02 0.027 ± 0.004 0.309 ± 0.011
32 h 2.15 ± 0.21 0.267 ± 0.004 1.348 ± 0.130
42 h 3.18 ± 0.38 0.256 ± 0.002 1.997 ± 0.241
72 h 4.10 ± 0.24 0.207 ± 0.006 2.572 ± 0.148

II. Different initial Pd(II) concentration 1 mg L−1 4.10 ± 0.24 0.015 ± 0.002 36.78 ± 2.153
5 mg L−1 4.10 ± 0.24 0.055 ± 0.001 9.536 ± 0.558
15 mg L−1 4.10 ± 0.24 0.186 ± 0.003 3.429 ± 0.197
20 mg L−1 4.10 ± 0.24 0.213 ± 0.006 2.572 ± 0.148

III. Different exposure time of EAB to Pd(II) 3 h 4.10 ± 0.24 0.068 ± 0.001 2.572 ± 0.148
15 h 4.10 ± 0.24 0.212 ± 0.002 2.572 ± 0.148
24 h 4.10 ± 0.24 0.226 ± 0.001 2.572 ± 0.148

Fig. 5. Relation diagrams for ECSA with mass current density, Pd loading on bacteria cells (Pd/cells) with ECSA, the ratios of biomass to initial Pd concentrations (cells/PdII) and exposure
time with Pd/cells. (A) The relation of variation mass current density for HER to ECSA calculated under different operating conditions; (B) the relation between ECSA of EAB-Pds and Pd/
cells; (C) the relations between Pd/cells and cells/PdII (data collected from experimental set I and II); (D) the relations between Pd/cells and exposure time to Pd precursor (data collected
from experimental set III). Orange dash lines represent the trends of the experimental data.
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to Pd(II) for 3 h. By extending the reaction time to 15 h (Fig. 4C and D),
more Pd NPs were synthesized and started to wrap the cells, then
formed a network along with the EAB. This process can be easily under-
stood, that is, the exposure time can influence the reduction amount of
Pd(II), thus directly determining the Pd loading on the cells.

Therefore, for the in-situ fabrication of EAB-Pdwith good electrocat-
alytic activity, it is necessary to fully consider themorphology of synthe-
sized EAB-Pd (Pd/cells). In briefly, the sufficient exposure time (more
than 15 h) and proper cells/PdII ratio (around 0.2 pg cell−1, by manipu-
lating the thickness of EAB and adjusting the initial concentration of Pd
(II)) are the two key factors affecting Pd/cells, which are critical for char-
acterizing the synthetic EAB-Pd with high electrocatalytic activity. The
findings developed in this work are to investigate the effects of operat-
ing conditions on EAB-Pd synthesis. More importantly, the universal
theory under different manipulation conditions was extracted and the
effect of the parameters on the electrocatalytic performance of in-situ
fabricated EAB-Pd had been elucidated.

Although Geobacter is the most efficient electrochemical active bac-
teria, other bacteria, such as Shewanella, may also hold the potential to
fabricate EAB-Pd because the ability of nano-Pd production as well as
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the electrode induced biofilm formation has been reported in this genus
(Windt et al., 2005;Wang et al., 2018; Jain et al., 2012). The indicator of
Pd/cells reflects themorphological characteristics of the conductive net-
work structure. Therefore, as long as the EABwith the ability to synthe-
size Pd NPs extracellularly, its electrocatalytic activity will follow this
principle. It can be inferred that the findings of this study are also appli-
cable to other biosynthetic systems, especially for EABwith extracellular
electron transport characteristics. Additionally, the results can be fur-
ther extended to other metal nanoparticles synthesized by EAB, and
provide a reference for the characteristics of EAB synthesis metal
nanoparticles.

5. Conclusion

Herein, we have provided an insight into EAB-Pd fabrication and its
potential electrocatalytic performance under varies conditions, namely
the changeable EAB thicknesses, the initial Pd(II) concentrations and the
exposure time to Pd precursor. EAB served as remarkable green reducing
agent and stabilizer for in-situ synthesizing efficient electrocatalyst net-
work, which could be used directly in electrochemical catalysis reactions.
This study showed that the effects of different operating conditions on the
catalytic activity could be summarized as the influence of final character-
istic of Pd NPs distributed on EAB (Pd/cells) on catalytic activity. The bac-
terial cells wrapped by Pd NPs and characterized as Pd/cells over 0.18 pg
cell−1 showed excellent catalytic activity. Ascribed to the accumulation of
Pd mass, ECSA began to slow down after the Pd/cells over 0.20 pg cell−1.
The operating parameters such as cells/PdII ratio (around 0.2 pg cell−1)
and the exposure time to Pd precursor (over 15 h) were critical to influ-
ence the final morphology of EAB-Pd, which further determined the Pd/
cells in a conductivenetwork structure. These results shed light on theun-
derlying relationship between the catalytic activities of EAB-Pd and the
manipulation conditions andprovide general and cost-efficient regulation
strategies for catalytic system by taking the advantage of EAB controllable
properties as well as in-situ synthesis procedure. In addition, this study
also offers important information for scaling-up production and applica-
tion of other biosynthesized noble metal catalysts.
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