minerals

Article

The Effect of a Hydrogen Reduction Procedure on the
Microbial Synthesis of a Nano-Pd Electrocatalyst for an
Oxygen-Reduction Reaction

Jingwen Huang ''¥, Guoqing Zhang !, Xiaoting Deng ?, Qingxin Li !, Haikun Zhou 3, Zhiyong Xie 2,
Xueduan Liu !, Feng Liu %* and Yili Liang 1*

check for
updates

Citation: Huang, J.; Zhang, G.; Deng,
X.; Li, Q.; Zhou, H.; Xie, Z.; Liu, X,;
Liu, F; Liang, Y. The Effect of a
Hydrogen Reduction Procedure on
the Microbial Synthesis of a Nano-Pd
Electrocatalyst for an
Oxygen-Reduction Reaction. Minerals
2022,12,531. https://doi.org/
10.3390/min12050531

Academic Editors: Carolina
Cruz Viggi, Federico Aulenta,
Abraham Esteve-Nufiez and
Naoko Okibe

Received: 18 March 2022
Accepted: 22 April 2022
Published: 24 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China;
huangjingwen@csu.edu.cn (J.H.); 195611018@csu.edu.cn (G.Z.); lizzy-37@163.com (Q.L.);
xueduanliu@csu.edu.cn (X.L.)

State Key Laboratory of Powder Metallurgy & Science and Technology on High Strength Structural Materials
Laboratory, Central South University, Changsha 410083, China; xiaotingdeng@126.com (X.D.);
xzy507@csu.edu.cn (Z.X.)

3 School of Chemical Engineering, University of New South Wales, Sydney, NSW 2052, Australia;
hector.zhou@unsw.edu.au

State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals,
Kunming Institute of Precious Metals, Kunming 650106, China

*  Correspondence: feng liu@spmcatalyst.com (EL.); liangyili6@csu.edu.cn (Y.L.)

t  These authors contributed equally to this work.

Abstract: Noble-metal electrocatalysts supported by biological-organism-derived carbons have
attracted attention from the public due to the growing demands for green synthesis and environmental
protection. Carbonization at high temperatures and hydrogen reduction are critical steps in this
technical route. Herein, Shewanella oneidensis MR-1 were used as precursors, and the effects of the
hydrogen-reduction procedure on catalysts were explored. The results showed that the performances
of FHTG (carbonization followed by hydrogen reduction) displayed the best performance. Its ECSA
(electrochemical surface area), MA (mass activity), and SA (specific activity) reached 35.01 m? g‘l,
58.39 A~g_1, and 1.66 A cm™2, respectively, which were 1.17, 1.75, and 1.50 times that of PHTG
(prepared through hydrogen reduction followed by carbonization) and 1.56, 2.26, and 1.44 times that
of DHTG (double hydrogen reduction). The high performance could be attributed to its fine particle
size and rich N content, and the specific regulation mechanism was also proposed in this paper. This
study opens a practical guide for effectively avoiding particle agglomeration during the fabrication
process for catalysts.

Keywords: Bio-PdNPs; hydrogen reduction; oxygen-reduction reaction

1. Introduction

Increasing demand for clean and sustainable energy triggered the exploration of
proton-exchange membrane fuel cells (PEMFC) [1,2]. However, the cathodic oxygen-
reduction reaction (ORR) of PEMFC is sluggish, which requires electrocatalysts to maintain
efficient operation [3,4]. Therefore, it is of great significance to develop catalysts with low
cost, high activity, and good stability. Palladium (Pd) is a member of the platinum (Pt)
group of elements, and palladium nanoparticles (PdNPs) have been extensively inves-
tigated and applied in various processes [5]. The conventional synthesis of metal-NPs
(with the utilization of organic solutions and complicated physiochemical methods) is far
from the concept of green chemistry [6,7], and there is still room for the development of
greener concepts.

As a “preparation factory” for nanoparticles, micro-organisms have many advantages,
such as wide variety, rapid reproduction, controllable synthesis, large-scale production, and
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environmental friendliness [8,9]. Using micro-organisms as precursors can provide flexible
modulation of particle size and surface morphology. Many bacteria (such as Desulfovibrio
desulfuricans [10], Shewanella oneidensis [11,12], Escherichia coli [13], and Geobacter sulfurre-
ducens [14]) have been reported as catalyst supports, whose mechanisms and influential
factors have been widely discussed [15]. It was widely accepted that micro-organisms
adsorb metals at a low pH and perform direct and autocatalytic reduction [16,17]. Addi-
tionally, current optimizations mainly focus on the effects of electron donors, palladium
concentration, pH, temperature, etc. [18,19].

However, Bio-PdNPs are rarely used as commercial electrocatalysts because of their
low loading amount and poor electrical conductivity and stability [3,20]. In particular, low
conductivity would hinder the electron transfer between electrodes and PdNPs [21]. In
order to resolve these problems, methodologies such as doping heteroatoms [22,23], con-
structing composite conductive carriers [24], and high-temperature carbonization [25,26]
have been proposed. High-temperature carbonization is a common method to improve cell
conductivity, but aggregation is inevitable in this process, causing sacrificed performances,
low yield, excessive energy consumption, and increased fabrication cost [25]. Therefore,
how to diminish aggregation while obtaining a good electrical conductivity is the main
consideration during the Research & Development of catalyst synthesis.

Shewanella oneidensis MR-1 (MR-1) is a typical dissimilatory metal-reducing bacteria
whose abundant functional groups and high N content make it an excellent carrier for noble
metal catalysts [27,28]. PANPs supported on Shewanella exhibit excellent electrocatalytic
activity for ORR in an alkaline or acid medium [12,29]. Since the Shewanella-supported Pd
catalyst is prepared through the adsorption of Pd-containing salt followed by subsequent
hydrogen reduction and carbonization, it is supposed that the reductive and thermal history
has a close relationship with the size/distribution of PANPs and surface morphology
of the carbon support. Herein, the effect of the hydrogen-reduction procedure on the
structure and performance of the catalyst is investigated. Three treatments processes
were set up, including hydrogen reduction before carbonization, hydrogen reduction after
carbonization, and hydrogen reduction before and after carbonization, respectively. The
results showed that carbonization followed by hydrogen reduction had obvious advantages,
mainly ascribed to Pd particle refinement, uniform dispersion, high integrity, and N-doping.
This work broadened the understanding of the interactions between biological Pd/C
catalysts and the hydrogen-reduction preparation process and provided a better design
idea for the synthesis of electrocatalysts by environmentally versatile bacteria.

2. Materials and Methods
2.1. Bacterial Strain and Growth Condition

The target strain was Shewanella oneidensis MR-1 (MR-1), which was purchased from
American Type Culture Collection. It was grown in Luria—Bertani medium under conditions
of 30 °C and 170 rpm. After activation, the strain was inoculated and expanded to 900 mL
with a final ODggo = 1.1.

2.2. Biosorption of Palladium

The cultured bacteria were collected by centrifuging at 9000 rpm for 8 min and washed
once with phosphate buffer and distilled water, respectively. Then, the cells were re-
suspended in 100 mL sterile water (pH = 3), followed by dropwise addition of 300 mL
6.89 mM/L NapyPdCly solution (pH = 3.0) under continuous stirring. All pHs were adjusted
by HCI. Ultimately, the samples were centrifuged again and freeze-dried in vacuum.

2.3. Synthesis of Electrocatalysts

The synthesis of electrocatalysts was completed in tubular furnace after cell biosorp-
tion, following: (1) air pre-oxidation, (2) hydrogen reduction, and (3) high-temperature
carbonization. In this study, three treatments were set up by controlling the sequence of
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the reduction and carbonization stages: previous-hydrogen treated group (PHTG), final-
hydrogen treated group (FHTG), and double-hydrogen treated group (DHTG), respectively.

Previous-hydrogen treated group (PHTG):

The sample was activated in the tube furnace at 200 °C for 2 h under air flow (3 °C
min~1), then Pd?** was reduced at 200 °C for 2 h under Ar/H, flow (flow ratio 3:1).
Ultimately, it was carbonized at 800 °C for 3 h under Ar flow.

Final-hydrogen treated group (FHTG):

The sample was activated in the tube furnace at 200 °C for 2 h under air flow (3 °C
min 1), then carbonized at 800 °C for 3 h under Ar flow. Ultimately, Pd?* was reduced at
200 °C for 2 h under Ar/H, flow (flow ratio 3:1).

Double-hydrogen treated group (DHTG):

The sample was treated the same as PHTG, and then Pd?* was reduced at 200 °C for
2 h under Ar/Hj flow (3 °C min~!) again.

2.4. Morphology and Microstructure Characterization

Transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan) was used to
characterize structure and particle size. Raman spectrum (using Renishaw inVia spectrome-
ter; Renishaw, Gloucestershire, UK) and X-ray diffraction (XRD, using Bruker Advance D8
X-ray diffractometer; Bruker, Billerica, MA, USA) were performed to analyze the integrity
and crystal structure of electrocatalysts, respectively. The chemical states and element
content were analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB250X; Thermo
Fisher Scientific, Waltham, MA, USA). The content of Pd was obtained by the inductively
coupled plasma (ICP 7000 SERIES; Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Electrochemical Characterization

The electrochemical tests were conducted in 0.1 M oxygen-saturated KOH solution at
25 °C. Glassy carbon electrode (0.196 cm~2), Pt sheet electrode (1 cm x 1 cm, Pt > 99.99%),
and Ag/AgCl electrode were installed as working electrode, counter electrode, and ref-
erence electrode, respectively. The catalyst ink was prepared by mixing 4 mg sample in
760 uL water, 200 pL ethanol, and 40 puL nafion (5 wt%), which was sonicated for 30 min
to form homogeneous ink. The ink (15 uL) was dropped onto the working electrode and
dried at 25 °C. Cyclic voltammetry (CV) test was performed in the potential from —1 to
0.3 V at a scan rate of 10 mV s~ 1. Linear sweep voltammetry (LSV) test was performed
in the potential from —0.8 to 0.4 V at a scan rate of 10 mV s~!. Accelerated degradation
testing (ADT) was performed under potential from —1 V to 0.3 V and scan rate of 50 mV
s~ ! after 2000 cycles.

3. Results
3.1. Characterization of Morphology and Microstructure

XRD analysis was performed for three Pd/Shewanella specimens, and the result is
shown in Figure 1. Obvious diffraction peaks at 26 = 40.1°, 20 = 46.65°, and 20 = 68.1°
could be observed in all samples, corresponding to Pd (111), Pd (200), and Pd (220) planes,
respectively. The results showed that PANPs had a face-centered cubic (FCC) structure [30],
indicating the successful deposition of well-crystallized Pd particles on micro-organisms.
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Figure 1. X-ray diffraction patterns of three Pd/Shewanella electrocatalysts.

TEM images are shown in Figure 2. PdNPs attached to bacteria were clearly ob-
served without significant agglomeration. This was because bacteria could secrete active
substances to provide a large number of binding sites [31]. As a result, well-dispersed
nanoparticles could be easily deposited on the surface of the micro-organism support with
strong interaction between their interface, which was conducive to improved activity and
stability [32,33]. In addition, a further careful observation revealed that both the morphol-
ogy of bacteria and the particle size of PANPs were quite different among all samples. The
bacteria support of DHTG lost its original structure, while the other two groups kept their
morphology well. Most notably, the morphology of FHTG was the most well-preserved,
where the uniform distribution of PANPs could be noticed with an average particle size
of 8.55 nm. By contrast, PHTG had an average particle size of 17.71 nm, similar to that
of DHTG (18.42 nm). On account of the 1-50 nm particle size of bio-catalysts in previous
studies, it seems that the strategy in this work was successful and had desirable catalytic
performance when it was less than 10 nm [34,35]. Thus, it could be inferred that FHTG was
the best among all samples.

The global annual cost of replacement or regeneration due to the inactivation of indus-
trial catalysts caused by thermal or chemically induced particle aggregation is enormous,
which reveals the significance of close attention to the fabrication process. Herein, three
catalysts with inconsistent sizes and distributions were prepared by different processes,
which further inspired us to explain the mechanisms behind the results.

The Ostwald ripening mechanism has been proposed to interpret metal nanoparticle
aggregation [36,37], which suggests that larger particles grow with interparticle transport
of mobile species at the expense of smaller particles nearby because larger particles are
more energetically stable over smaller particles. The migration—coalescence process was
also proposed to cause the metal aggregation, which involved the Brownian motion of
metal nanoparticles on the catalyst surface, leading to the formation of larger particles
when the small particles came in close proximity to each other [38]. Yuan observed that
small nanoparticles could directly form large particles through migration and coalescence,
and the large particles further aggregated with the small particles nearby via the Ostwald
ripening [39]. This confirmed that different mechanisms simultaneously occurred in the
nanoparticle aggregation of one sample. PHTG displayed a larger particle size, which was
prepared through hydrogen reduction followed by carbonization. It can be speculated
that the initial hydrogen reduction produced metal palladium continuously, resulting
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in migration—coalescence and Ostwald ripening. Double hydrogen reduction in DHTG
seemed to further deteriorate the size distribution of PANPs, which was not helpful for
particle refinement and size distribution optimization.
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Figure 2. TEM and particle size distribution of PHTG (a,b), FHTG (c,d), DHTG (e f).

In addition, this demonstrated that carbon was not only the catalyst carrier but also an
important factor in controlling particle size and distribution. Carbon layers can be loaded
to encapsulate the metal nanoparticles, acting as physical barriers to hinder migration and
aggregation [38]. For example, Zhan reported that Au nanoparticles covered with a carbon
layer derived from pre-coordinated dopamine carbonization could improve stability and
avoid agglomeration [40,41]. In the present work, the PANPs of FHTG had the smallest
size and the best distribution among all samples. It can be speculated that the initial
carbonization produced a lot of amorphous carbon and formed a specific structure in which
the metal palladium was fixed in a certain space so that the migration—coalescence and
Ostwald ripening during hydrogen reduction are effectively inhibited. It could be expected
that FHTG tends to exhibit the optimal catalytic performance because, generally, smaller
particles tend to yield a larger specific surface area for contact between active substances
and reactants.

Figure 3 shows the Raman test results. The D band and G band associated with the
defective graphene layers were located at 1346 cm~! and 1580 cm ™!, belonging to the first
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and second-order scattering band, respectively [42]. Distinct peaks indicated the electronic
effects of nitrogen and oxygen incorporation on carbon structure [43], which was consistent
with the previous discussion that bacteria had abundant functional groups benefiting the
performance of catalysts. The ID/IG values were 1.42, 1.29, and 1.52 for PHTG, FHTG, and
DHTG, respectively. A lower ID/IG value represents a lower number of defects and better
integrity [42]. Therefore, the disorder degree of these samples is as follows: DHTG > PHTG
> FHTG, which was in accordance with the TEM observation.

PHT
© o, /C
. I/1,=1.42
) S—
« |FHTG
= D, G
g e
-
z L I/1.=1.29
(«D]
—
'E‘ DHTG / G
o I/1.=1.52

10I00 ' 20I00
Raman shift (cm™)

Figure 3. Raman spectra of three Pd/Shewanella electrocatalysts.

3.2. Characterization of Elements and Valence States

XPS is an important method to characterize the composition and valence of elements
in nanomaterials; the result is shown in Figure 4. The total content of C in the three
samples showed little difference, and the O content exceeded 10%, which is beneficial for
the tight binding between Pd and carriers. Contents of Pd and N are closely related to the
performance and stability of the catalysts. As can be seen from Table 1, the contents of Pd
and N in FHTG reached 5.38 wt% and 1.26 wt%, respectively, higher than that in PHTG.

In order to better compare the catalysts and understand the catalytic mechanism, high-
resolution XPS spectra of Pd3d were further analyzed. Two peaks at 337.4 eV and 342.7 eV
corresponded to Pd, and the other doublets at 335.9 eV and 341.2 eV were associated with
Pd?* [44], and Pd° dominates in all samples. The distributions of Pd in PHTG and FHTG
were quite similar, where the former sample displayed 67.91% PdY and 32.09% Pd?*, while
the latter one possesses 63.09% Pd” and 36.91% Pd?*. Notably, the content of Pd? in DHTG
(83.83%) was significantly higher than that in the other two groups (Table 2). This result
further verified that additional hydrogen reduction produced more Pd(0) from PdO, which
leads to the coalescence of PANPs.

Additionally, the dispersion and deposition of Pd could be promoted by N. The O-O
bond could be weakened by the lone electron pair of N, so the performance of PANPs
could be further enhanced by electron-rich nitrogen. Herein, pyridinic-N, pyrrolic-N, and
oxidized-N were analyzed [21]. Previous studies have shown that pyridinic-N plays an
important role in catalytic activity and stability [45,46]. FHTG had the highest pyridinic-N
(47.01%), while the difference between the other two groups (37.74% and 38.53%) was small.
Meanwhile, the content of pyrrolic-N in the three samples was basically the same. Thus, it
can be inferred that FHTG tends to exhibit superior ORR catalytic performance over the
other samples.
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Figure 4. XPS analysis of N 1s and Pd 3d of PHTG (a,b), FHTG (c,d), and DHTG (e, f).
Table 1. Elemental content of PHTG, FHTG, and DHTG.

Samples C (0] N Pd
PHTG 80.95 13.12 4.61 1.03
FHTG 80.46 12.9 5.38 1.26
DHTG 81.63 12.13 5.2 1.32

Table 2. Chemical state and content of Pd and N in PHTG, FHTG, and DHTG.
Pd (%) N (%)
Samples . e . . 1:
Pd(0) PdO Pyridinic-N Pyrrolic-N Oxidized-N
PHTG 67.91 32.09 37.43 53.82 8.44
FHTG 63.09 36.91 47.01 52.29 0.7

DHTG 83.83 16.17 38.53 53.01 8.46
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Contents of N are closely related to the performance and stability of the catalysts.
The increase in N can improve the electron conduction capacity and support surface de-
ficiencies to outperform the electrocatalysis process [44]. In general, the thermochemical
process decreases the nitrogen functionalities, and primarily quaternary, pyridinic oxide,
pyrrolic-N, and pyridinic-N remain after the thermal process due to their higher persis-
tence [47]. Nitrogen is found to work as an efficient N-functional group alternative in
the electrocatalytic process. C-N is one of the most abundant chemical bonds and widely
exists in microbiological molecules. The high dissociation energy of the C-N bond makes it
highly stable and inert. However, it has been found that the C-N bond is liable to break and
undergoes a chemical reaction in the presence of transition metals such as PANPs, resulting
in arylation [48], alkylation [49], alkynylation [50], and cyclization [51] reactions. Therefore,
the rupture of the C-N bond under the catalysis of PANPs can explain the decrease in N
content in PHTG and DHTG compared with FHTG. However, the content and type of
N are affected by many factors (thermal temperature, thermal method, chemical reagent,
pressure, residence time, etc.) [52]. The specific mechanisms need to be further studied.

3.3. ORR Activity of Three Pd/Shewanella Electrocatalysts

Cyclic voltammetry (CV) tests were performed in an O;-saturated alkaline solution
(0.1 M KOH) to assess the catalytic performance of the three electrocatalysts. It can be seen
in Figure 5 that obvious oxygen-reduction peaks of PHTG and FHTG were similar and
appeared at 0.824 V and 0.820 V (vs. RHE), respectively. Additionally, the ORR peak of
DHTG was more negative (0.756 V vs. RHE), probably due to the presence of coalesced
PdANPs and poor surface morphology of the catalyst support.

7~
o
|E 0.1+
9
é 0.0 4
N 014
B
e
B
c -0.2 4
[+]
o]
- 034
<
g oo —— PHTG
B 04
= —— FHTG
O —— DHTG
T T T T T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential (V) vs. Ag/AgCl

Figure 5. CV curves of PHTG, FHTG, and DHTG in O;-saturated 0.1 M KOH with a scan rate of
10mV s~

The linear sweep voltammetry was conducted from 400 rpm to 2025 rpm (Figure 6).
The diffusion limiting current density of FHTG was the highest (3.377 mA-cm~2), com-
pared with 3.204 mA-cm~2 and 3.054 mA-cm~2 for PHTG and DHTG, respectively. The
half-wave potentials were 0.725 V, 0.732 V, and 0.686 V for PHTG, FHTG, and DHTG,
respectively (vs. RHE). According to the following equation, the dynamic current density
(jx), specific activity (SA), mass activity (MA), and electrochemical surface area (ECSA)
were calculated [53]:

ECSA = Q

424 x Pdload (1)
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1 1 1
T =—+ - (2)
J o Ja Kk
Jk
MA = 3
Pdload ( )
MA
SA =Ecsa @

where Pdy,,q of PHTG, FHTG, and DHTG (measured by ICP) are 11.7%, 12.3%, and 15.1%,
respectively. Q is the charge for O, reduction from —1.0 V to 0.2 V and j and jq are the
measured current density and limit diffusion current density. As shown in Table 3, FHTG
exhibited the highest ECSA, MA, and SA, which were 35.01 mZOg_l, 58.39 A-g_l, and
1.66 A-m~2, respectively. The ECSA and MA of DHTG were the lowest among the three
groups, decreasing to 22.40 m?-g~! and 25.78 A-g !, respectively. In comparison, the MA,
SA, and ECSA of FHTG were 1.17, 1.75, and 1.50 times that of PHTG and 1.56, 2.26, and
1.44 times that of DHTG. Although additional hydrogen reduction could yield more Pd(0)
through a reduction in PdO, the enlarged PdNPs are not preferable for catalytic activity due
to the decreased contact area with reactants, which means one-time hydrogen reduction
was optimal. FHTG showed the best performance due to its finest particle size, highest N
content, and best integrity among the three samples [54].

Table 3. Electrochemical properties of the three Pd/Shewanella electrocatalysts (@—0.1 V vs. Ag/AgCl).

ECSA _1 s Onset Half-Wave
Samples (m?.g—1) MA@A-g™)  SAAmM™) b ontial (V) Potential (V)
PHTG 30.21 33.44 1.11 0.011 —0.242
FHTG 35.01 58.39 1.66 —0.002 —0.235
DHTG 22.40 25.78 1.15 —0.037 —0.281

To further reveal the mechanism of the oxygen-reduction reaction (ORR), LSV mea-
surements were carried out at different rotation rates in a 0.1 M KOH solution. It can
be seen in Figure 6 that the diffusion current density increased with the increase in the
rotating speed and was proportional to the inverse of its square root. The number of
electron transfers per mole of O, at —0.25V, =03V, —0.35V, —0.4 V, and —0.45 V (vs.
Ag/AgCl) was calculated based on the Koutecky-Levich equation [55]. They were 3.95,
3.58, 3.40, 3.26, and 3.17 for PHTG; 3.82, 3.48, 3.32, 3.27, and 3.26 for FHTG; and 2.25, 2.37,
2.39, 2.43, and 2.46 for DHTG, respectively. The results indicated that the ORR of PHTG
and FHTG was mainly a four-electron process, while the ORR of DHTG tended to display
a two-electron process.
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Figure 6. LSV curves (a,c,e) and the Koutecky-Levich plots (b,d,f) at different potentials of PHTG
(a,b), FHTG (c,d), and DHTG(e,f).

The stability of the catalyst was closely related to its service life, which affected the cost
of PEMEC. To test the stability of the three catalysts, 2000 cycles of accelerated degradation
testing (ADT) were performed in an O,-saturated alkaline solution (0.1 M KOH). After
2000 cycles, the limiting current densities were 2.89 mA-cm~2 for PHTG, 3.23 mA-cm 2
for FHTG, and 2.92 mA-cm~2 for DHTG, which decreased by 9.69%, 4.44%, and 4.26%,
respectively. The oxygen-reduction peaks were at 0.8106 V, 0.8136 V, and 0.7426 V (vs.
RHE), which decreased by 1.58%, 0.69%, and 3.01%, respectively (Figure 7). It was obvious
that FHTG showed outstanding stability compared with the other two groups in this work.
The best stability of FHTG could be attributed to its high pyrrolic N, pyridinic N content,
and intact support structure [56]. The results confirmed that maintaining the structural
integrity of the carrier was also beneficial to improving the activity and corrosion resistance
of the catalyst.
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Figure 7. CV curves (a,c,e) and LSV curves (b,d f) for initial state and after 2000 cycles of PHTG (a,b),
FHTG (c,d), and DHTG (e, f).

4. Conclusions

Well-dispersed nanoparticles could be easily deposited on the surface of Shewanella
oneidensis MR-1, with strong interfacial interaction, and Pd-based electrocatalysts with
improved activity and stability could be obtained. The reductive and thermal history has a
close relationship with the size/distribution of PANPs and the surface morphology of the
carbon support. Prior carbonization can effectively reduce aggregation, and electrochemical
tests showed that FHTG had the best ORR activity and stability under alkaline conditions.
The enhanced catalytic performance of FHTG could be attributed to its highest structural
integrity and N content, the best uniform distribution of PANPs, and the finest particle size.
Herein, it was proposed that the amorphous carbon layer formed by carbonization can
effectively separate PANPs and prevent Ostwald ripening and the migration—coalescence
process. In addition, PANPs produced by prior reduction can catalyze the rupture of
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the C-N bond, which leads to a decrease in N content. Moreover, additional hydrogen
reduction could yield more Pd(0) through a reduction in PdO, but the enlarged PANPs
were not preferable for catalytic activity due to the decreased contact area with reactants.
The bacterium with multiple reductions showed an extremely high degree of disorder,
causing structure defect, serious agglomeration, and decreased stability.
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