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Noble metal electrocatalysts prepared by microbial methods have attracted extensive attention because of
their environmental protection and easy preparation. However, the preparation of electrocatalysts by
microbial methods has problems such as large nanoparticles size and low loading rate. In this study, the
porous gel co-embedded with Shewanella and alginate is prepared as the adsorption matrix to further

enhance its mass transfer and adsorption efficiency. The effect of calcium ion concentration on catalyst
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Accepted 7th December 2023 performance is explored by optimizing the CaCl, concentration to expose more adsorption sites. The

results show that when the Ca®" concentration is 0.025 mmol L™, the prepared catalyst has the smallest
DOI: 10.1039/d3ra07553b : : ! . ! . - . .

size and the highest Pd loading, and exhibits the best electrochemical activity and stability. This provides

rsc.li/rsc-advances a new idea for the preparation of electrocatalysts by microbial methods.

metal ion precursors and reducing agents, adsorption kinetics

1. Introduction
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Proton exchange membrane fuel cells are widely studied due to
their advantages of fast start-up and zero emissions. The
development of commercial Pt-based catalysts is severely
restricted due to the low reserves of Pt.' As a main group
element of Pt, Pd has similar chemical properties to Pt.*
Therefore, Pd-based catalysts have also been widely studied. At
present, the main methods for the synthesis of electrocatalysts
include physical, chemical and biological methods. Among the
many synthesis methods, microbial synthesis has received
widespread attention.?

The microbial synthesis method is a method of in situ, clean
and mild synthesis of nano-metals by utilizing the good
adsorption and reducing power of microorganisms on metals.
The research on microbial synthesis of nanomaterials can be
traced back to the use of Candida glabrata to synthesize intra-
cellular CdSe nanomaterials in 1989,* and the biosynthesis of
Fusarium oxysporum was used in 2001 Ag nanoparticles, the first
successful proof-of-concept biosynthetic technology.® During
the microbial synthesis of nanomaterials, there are a wide range
of factors affecting the performance of nanomaterials, mainly
including microbial characteristics (such as the type of micro-
organism, age of microbial inoculation and type of growth
medium) and process conditions (such as pH value and
temperature), and process kinetics of interactions between
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of stabilizers and nanoparticles.®

Shewanella is a Gram-negative and anaerobic bacterium.” It
is a typical dissimilatory metal-reducing bacteria. It is widely
distributed in various natural and artificial environments. More
than 50 species have been isolated and identified. Shewanella
possesses a complex multi-set branched-chain electron trans-
port system that facilitates the reduction of different terminal
electron acceptors, which includes inner membrane-localized
dehydrogenases, methaqualone, and various cytochromes. At
present, in terms of reducing metals, it has been confirmed that
Shewanella can reduce Fe(ur), Mn(v), Cr(vi), Np(v), Tc(vu), Pu(wv),
V(v), Se(wv), Te(v), Au(ur), Ag(1), Pd(u) and Cu(u), etc.”

However, traditional microbial reduction easily leads to the
agglomeration of nanoparticles and low metal utilization.™
Microbe embedding filling refers to blending microorganisms
with sodium alginate, and then cross-linking to prepare a gel, so
as to improve the performance of the composite gel and effec-
tively reduce the size of nanoparticles. A number of studies have
shown that the material modified by embedding and filling can
have both the advantages of gel and filling material."> On the
one hand, it avoids the problems of easy loss and difficult
recycling of fine filling materials. On the other hand, the
blended filling enhances its adsorption performance and envi-
ronmental adaptability.

In this study, Shewanella oneidensis MR-1, calcium alginate
and calcium carbonate were used as the composite adsorption
matrix, and by reducing the concentration of calcium alginate
in the adsorption matrix, fully exposing its carboxyl, hydroxyl
and other oxygen-containing functional groups, so as to further
improve the palladium loading of calcium alginate-calcium
carbonate porous composite carbon matrix catalysts.
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2. Experimental part
2.1 Chemicals

The bacterial seeds of Shewanella oneidensis MR-1 (99%) were
purchased from American Type Culture Collection. Sodium
tetrachloropalladate (Na,PdCl,), calcium chloride (CacCl,),
sodium alginate, disodium hydrogen phosphate (Na,HPO,),
calcium carbonate (CaCOj3), and Nafion (5 wt%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. All the reagents
and solvents were used without further purification. Commer-
cial 10% Pd/C was obtained from Johnson Matthey Company.
DI water (18.2 MQ x cm) was produced in our laboratory.

2.2 Synthesis of catalysts

2.2.1 Shewanella oneidensis MR-1 activation expansion.
Shewanella oneidensis MR-1 was taken out from the —80 °C
refrigerator, streaked on LB solid medium, and incubated at
30 °C for 20 h. Picking a single colony and inoculating it in
100 ml LB liquid medium, culturing it on a shaker at 180 rpm at
30 °C for 18 hours, then inoculate the activated bacterial solu-
tion into 1500 ml LB liquid medium according to the inoculum
size of 5%, shake it at 180 rpm at 30 °C bed culture for 15 h. The
expanded cultured bacteria were collected by centrifugation and
washed with sterilized phosphate buffer and deionized water.

2.2.2 Preparation of compound gel adsorption matrix.
Preparation of gels adsorption matrix with three different
calcium ion concentration, the specific preparation process was
as follows: the collected bacteria were added to an aqueous
solution containing sodium alginate 2 wt% and calcium
carbonate 1.5 wt%. The mixture was then dropped into 100 ml
of CaCl, solution with different concentration. After 2 h of
crosslinking, the gel ball was formed. Taking out the gel balls
and place them in 0.2 mol per L HCI solution for 20 minutes to
make pores. After the gel balls float up, it means that CaCO; has
successfully made pores. The composite gel adsorption matrix
co-embedded with MR1 and calcium alginate was obtained.

The concentration of CaCl, is 0.05 mmol L™, 0.025 mmol
L' and 0.0125 mmol L™ ", respectively. And the composite gel
adsorption matrix were labeled as GAM; 5, GAM 025 and
GAM 9125 correspondingly.

2.2.3 Synthesis of Pd/Cyos, Pd/Coozs and Pd/Coo125.
GAM o5, GAMy 025 and GAM, 01,5 adsorption matrices were
prepared into gel balls, placed in 25 ml of deionized water, and
adjusted pH = 3 with HCI. In addition, 3 parts of 75 ml sodium
tetrachloropalladate solution with a concentration of
6.89 mmol L™' and pH = 3 were prepared. Sodium tetra-
chloropalladate solution was dropped into the above three
adsorption substrates at a rate of 0.5 ml min~ ' using a peri-
staltic pump, and stirred with a magnetic stirrer for 24 h.

The three samples completed by adsorption were freeze-
dried in a vacuum overnight. After drying, the sample is
placed in a tube furnace and annealed at 800 °C for 3 h in argon
atmosphere at a heating rate of 3 °C min~'. Then a reduction
process was conducted at 200 °C in H, atmosphere for 2 h, the
palladium carbon catalyst product was obtained. The samples
obtained were named as Pd/Cg 5, Pd/Cg.o25 and Pd/Cg 125,
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respectively. The inductively coupled plasma (ICP) results show
that the Pt content in Pd/Cg o5, Pd/Cy 25 and Pd/Cy o125 is 9.56%,
10.38%, and 7.64%. In addition, the N contents in Pd/C, s, Pd/
Co.025 and Pd/Cy o125 are 5.0%, 5.2% and 4.9% respectively.

2.3 Physicochemical and electrochemical characterization

The physicochemical and electrochemical characterization
details are presented in the ESL¥

3. Results and discussion

3.1 Structural characterization

Fig. 1 shows the SEM images of Pd/C o5, Pd/Cq o5 and Pd/
Co.0125- All the prepared catalysts have a porous structure, and
there are many pits with uniform size distribution on the
surface of the material, which is beneficial to the loading of Pd
nanoparticles. By comparing the morphology images of Pd/Cg g5
and Pd/Cy .5, it was found that with the Ca*" concentration
decreases, the gel cross-linking degree decreases, and the pores
of the carbon carrier in Pd/Cy o,5 become larger. However, when
the concentration of Ca®" is further reduced, the pore-forming
effect of CaCO; is not obvious because the gel cross-linking is
too low and weak. In addition, in order to further determine the
specific surface area of the catalyst, the BET test was conducted
on the catalyst. As shown in Fig. S1,7 the specific surface areas
of Pd/Cyg g5, Pd/Cy.025 and Pd/Cy o125 were 40.95 m* g, 44.56 m>
g 'and 13.05 m*> g ..

The morphology and particle size of as-prepared catalyst are
shown in Fig. 2. The size distribution of Pd nanoparticles was
obtained by randomly measuring the sizes of 150 nanoparticles
from the SEM images. It is particularly noticeable that the
average particle size of Pd/Cg o5 and Pd/Cy ,5 was significantly
smaller than that of Pd/Cy 01,5, and the average particle size was
8.34 nm, 7.84 nm and 16.21 nm, respectively. The conditions of
the as-prepared catalysts are the same except for the concen-
tration of CaCl,, so it can be concluded that the degree of
crosslinking of CaCl, has a great influence on the distribution
of metals. When the Ca®>' concentration is 0.0125 mM, the
PdNPs formed are the largest, because the formed gel has weak
coagulation and fixation ability, and calcium alginate cannot fix
microorganisms in a limited space, so the cells will contact and
agglomeration of palladium ions occurs during the reduction.
However, when the Ca®' concentration is 0.025 mM and
0.05 mM, the particle size distribution of PANPs is relatively
small, both of which are about 8 nm, indicating that the higher
Ca>" concentration range will not affect the size of palladium
particles. Therefore, the size of nano-palladium will not be
affected within a certain range of cross-linking degree, but too
low cross-linking will affect the immobilization effect of the gel
on microorganisms. The metal particles of the prepared palla-
dium carbon catalyst become larger. The spacing of the lattice
fringe shown in Fig. 2(b), (e) and (h) was 0.224 nm, corre-
sponding to the (111) plane of Pd face centered cubic."

Fig. 3a illustrates the XRD patterns of Pd/Cg o5, Pd/Cg 25 and
Pd/Cy 0125- The XRD curve has a obvious diffraction peak at 40.2°
and 46.62°, corresponding to the (111) and (220) crystal face of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of the (a and b) Pd/Cq s, (c and d) Pd/Cq 25 and (e and f) Pd/Cgp o12s.

Pd, respectively.® In this study, the amount of Ca** was changed, The Raman results of Pd/C catalysts prepared with different
but there was no significant difference in the crystal structure, concentrations of Ca®* are shown in Fig. 3b. The I,/I; ratios of
which indicated that Ca*>" had little effect on the Pd crystal. Pd/Cg.5, Pd/Cpor5s and Pd/Cgy 125 are 0.92, 0.89 and 0.87

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 36373-36381 | 36375
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Fig. 2 TEM images and Pd size distribution of the (a—c) Pd/Cq s, (d—f) Pd/Cq 025 and (g—i) Pd/Co o125.

respectively. This result shows that with the decrease of Ca**
concentration, the Iy/I ratio shows a downward trend. It can be
further concluded that the degree of graphitization increases
with the decrease of Ca®" concentration.

To investigate the electronic structure of Pd in as-prepared
catalyst were characterized by XPS measurements. Each Pd 3d
XPS spectrum of Pd/Cg s, Pd/Cgors and Pd/Cg o125 wWere
decomposed into Pd° peak and Pd>" peak according to the
binding energy. As shown in Fig. 4a and Table 1, the content of
Pd(0) decreases with the decrease of Ca®** concentration,
indicating that the degree of cross-linking of Ca** has an effect
on the palladium reduction process. This may be due to the

36376 | RSC Adv, 2023, 13, 36373-3638]1

porous structure of the carbon matrix. The porous structure
has a more efficient mass transfer channel and an increased
contact area of H,, so the reduction rate of the phase is slightly
improved. Generally, different kinds of nitrogen play different
functions. For example, graphitic nitrogen has weak electron
donating ability and contributes less to the ORR, but it can
improve the conductivity of the carbon matrix. The lone pair of
electrons in pyridine nitrogen endows it with electron-
donating ability, which can effectively provide Lewis base
sites, and the ORR performance of carbon catalysts with high
pyridine nitrogen doping is better. In addition, pyrrole
nitrogen is extremely unstable and prone to various

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD spectra patterns and (b) Raman of Pd/Cg g5, Pd/Cg g25 and Pd/Cq o125, respectively.

transformations. In our previous research, we found that
different carbon substrates will affect the nitrogen species of
the catalyst, and alginate is more likely to generate pyridinic
nitrogen. As shown in Fig. 4b and Table 1, since all samples in
the three groups of samples use calcium alginate composite
carbon matrix, the proportion of pyridine nitrogen in the ob-
tained samples is large (about 38%), which promotes the
better performance of the catalyst. In addition, the graphitic N
content increases with decreasing Ca®>" concentration, which
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corresponds to the increase in graphitization degree with
decreasing Ca®" concentration.

3.2 Electrocatalytic activity for ORR

The LSV curve and electron transfer number are shown in Fig. 5,
and the calculation results of the electrochemical activity index
are shown in Table 2. Limiting current density and half-wave
potential are important indicators for judging catalyst activity,
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(a) Pd 3d spectra and (b) N 1S spectra of Pd/Cq g5, Pd/Cp.025 and Pd/Cg o125, respectively.
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Table 1 Types and content of Pd and N in Pd/Cgq s, Pd/Cg 025 and Pd/Cg o125 catalysts with different Ca®* concentration
Sample Pd(0) Pd(u) Pyridinic-N Pyrrolic-N Graphitic N Oxidized-N
Pd/Cy05 60.32% 39.68% 39.88% 38.72% 17.75% 3.65%
Pd/Co.025 58.45% 41.55% 38.72% 36.45% 20.08% 4.75%
Pd/Co.0125 47.85% 52.15% 37.43% 36.41% 21.76% 4.40%
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Fig. 5 LSV and Koutecky—Levich plots of (a and b) Pd/Cq gs, (c and d) Pd/Cg 025 and (e and f) Pd/Cg o125 at 0.75-0.85 V, respectively.
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Table 2 Electrochemical activity indices of as-prepared samples and commercial Pd/C
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Sample Ei; (V) ECSA (m* g™ ) MA (Amg ™) SA (Am?) Pd (wt%)
Pd/Co.05 0.929 26.35 0.22 0.84 9.56
Pd/Co,025 0.952 47.05 0.37 0.79 10.38
Pd/Co 0125 0.905 34.29 0.10 0.29 7.64
Commercial Pd/C 0.786 26.97 0.08 0.31 9.89

and it is generally believed that the larger of the value, the better
the electrochemical catalytic effect.** With the concentration of
Ca?" from 0.05 mM to 0.025 mM, the values of these two index
parameters are all increasing, indicating that reducing the Ca**
concentration is beneficial to the catalytic reaction. When the
concentration was too low (0.0125 mM), the half-wave potential
of Pd/Cy 0125 (0.905 V) were significantly lower than those of Pd/
Co.05 (0.929 V), Pd/Cg g25 (0.952 V).

As shown in Fig. 5 and S2,T Pd/Cy o5, Pd/Cg 925, Pd/Cp 0125 and
Pd/C were calculated by the Koutecky-Levich equation at 0.75 V,
0.775V, 0.80 V, 0.825 V and 0.85 V, the corresponding average
electron transfer numbers are 2.88, 3.38, 1.71 and 2.26,
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respectively. With the decrease of calcium ion concentration,
the number of electron transfer first increased and then
decreased. The Pd/Cy,s catalyst follows the four-electron
reaction pathways and the two-electron reaction pathways
occurring simultaneously, while the Pd/C 1,5 follows the two-
electron reaction pathway. This indicates that the Ca**
concentration of 0.025 mM is the most suitable for the catalytic
reaction.

The CV test results of different catalyst samples are shown in
Fig. 6. It can be seen that the catalysts with the Ca®* concen-
tration of 0.05 mM and 0.025 mM have obvious oxygen reduc-
tion peaks, but the oxygen reduction peak is not obvious when
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Fig. 6 (a) CV, (b) ECSA (c) MA and (d) SA of Pd/Cg g5, Pd/Cg 025 and Pd/Cg 0125 in 0.1 M KOH solution with potential scanning rate of 10 mV st

respectively.
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Fig. 7 LSV curves of (a) Pd/Cgq g5, (b) Pd/Cq 025 and (c) Pd/Cg o125 before and after 5000 potential cycles.

the Ca®" concentration is reduced to 0.0125 mM. It can be seen
from the figure that the oxygen reduction peak sites of Pd/Cg ¢s,
Pd/Cy 025, Pd/Cp 0125 and Pd/C appeared respectively at 0.914 V,
0.977 V, 0.698 V and 0.843 V. The more positive the peak
potential, the easier it is for O, to be reduced and the better the
catalyst effect. Combined with the previous data, it can be seen
that the oxygen reduction peak site is gradually shifting posi-
tively after reducing the Ca®" concentration, implying that the
catalyst can exert better electrochemical performance. However,
it is worth noting that the oxygen reduction peak of Pd/Cy 125
becomes indistinct and the current density is extremely small. It
shows that reducing the concentration of calcium in an
appropriate concentration range can improve the performance
of the catalyst, but too low concentration will make the catalytic
effect worse.

The electrochemical surface area (ECSA) is an important
indicator for evaluating the active sites of catalysts. As shown in
Fig. 6b, The calculated ECSAs are 26.35, 47.05, 34.29 and 26.97
m? g~ for Pd/Cq 05, PA/Co 025, Pd/Cg 0125 and Pd/C, respectively.
Obviously, calcium ion concentration has certain influence on
ECSA. This result suggests that more active sites exist in Pd/
Co.025, Which can be attributed primarily to the size of Pd NPs
and Pd load.

In addition, MA and SA are important indicators for evalu-
ating catalyst performance. The kinetic current density (ji),
mass activity (MA) and specific activities (SA) can be calculated
by the following equation:

1j = Ujc + Uja

where j is the measured current density and j4 is the measured
limiting current.

MA = ji/Pdigaq

SA = MA/ECSA"

As shown in Fig. 6(c) and (d), the MA of Pd/Cy ¢,5 is 0.37 A
mg !, which was 3.7 times higher than that of Pd/Cy 9125 (0.10 A
mg ). The SA of Pd/Cgos, Pd/Co 925 and Pd/Cg o125 is 0.84 mA
cm 2, 0.79 mA cm™ 2 and 0.29 mA cm 2, respectively. Above all,
Pd/Cy 0125 has the best oxygen reduction performance. This is
due to the small and uniform particle distribution of Pd/Cy o125.
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Accelerated stability testing was used to evaluate the stability
performance of the catalyst. Comparing the LSV curves before
and after ADT (Fig. 7), it is found that E;,, negatively shifted by
25 mV and 35 mV for Pd/Cy s and Pd/Cy o125, respectively,
whereas that of Pd/Cy 0,5 only decreased 18 mV. These results
confirmed that Pd/C,o,5 have excellent stability for ORR in
alkaline media.

4. Conclusion

In this study, calcium alginate and Shewanella oneidensis MR-
1 were used as the composite matrix, and CaCO; was used as
the pore-forming agent to prepare a porous composite Pd/C
catalyst. The influence of different concentration of calcium
alginate on the performance of the catalyst was explored. The
research results show that the average particle size of Pd
catalysts with CaCl, concentration of 0.05 mM, 0.025 mM and
0.0125 mM are 8.34 nm, 7.84 nm and 16.21 nm respectively.
This is due to the weak fixation ability of the gel formed by
low cross-linking (0.0125 mM), and alginate cannot fix
microorganisms in a limited space, so the cells will contact
and agglomerate palladium during the reduction process.
Electrochemical results show that in the appropriate
concentration range, the performance of the catalyst further
increases with the decrease of Ca®" concentration, and the
optimum concentration is 0.025 mM. However, when the
cross-linking is too low (Pd/Cy ¢125), the catalytic effect is even
worse. This may be due to the larger palladium particles
formed under this condition, and the better performance of
Pd/Cg25 is due to the increase in palladium loading
(10.38%).
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