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Abstract: The uptake of precious metals from electronic waste
is of environmental significance and potential commercial
value. A facile bioreductive synthesis is described for Au
nanoparticles (ca. 20 nm) supported on N-doped carbon
(Au@NC), which was derived from Au/Pycnoporus sangui-
neus cells. The interface and charge transport between Au and
N-doped carbon were confirmed by HRTEM and XPS.
Au@NC was employed as an electrocatalyst for the hydrogen
evolution reaction (HER), exhibiting a small onset potential of
—54.1 mV (vs. RHE), a Tafel slope of 76.8 mV dec™', as well as
robust stability in acidic medium. Au@NC is a multifunctional
electrocatalyst, which demonstrates high catalytic activity in the
oxygen reduction reaction (ORR), as evidenced by an onset
potential of +0.97 V, excellent tolerance toward methanol, and
long-term stability. This work exemplifies dual recovery of
precious Au and fabrication of multifunctional electrocatalysts
in an environmentally benign and application-oriented
manner.

Over the past decade, hydrogen has attracted attention as
a clean and renewable energy because of its high calorific
value and eco-friendliness. The electrocatalytic hydrogen
evolution reaction (HER) is one of the most important
methods for hydrogen production that may efficiently store
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energy from renewable sources in large scale, thereby meet-
ing the massive global demand for clean energy.!! Transition
metal carbides,” sulfides,””! phosphides,”! and composites,”!
have been intensively investigated as HER catalysts. Recent
studies show that active carbon-based materials (for example,
metal@carbon) are efficient hydrogen evolving catalysts.
Bao etal. reported that CoNi metal particles wrapped in
ultrathin graphene layers significantly promoted electron
penetration and enhanced the activity of the HER. The
catalytically active sites were primarily located at the carbon
atoms, and it was possible to modulate the electronic state
density of these sites with the adjacent transition-metal
elements.”

Au nanoparticles as electrocatalysts for the oxygen
reduction reaction (ORR)® and the oxygen evolution
reaction (OER)”! have been widely studied. Yan etal.
reported that Au nanoparticles occupying the core of
Au@Co;0, core-shell nanocrystals with uniform particle
size and shell thickness, exhibited enhanced OER activity
because of the synergistic effect between the core and the
shell. However, to the best of our knowledge, Au nano-
particles as HER electrocatalysts are rare.'”’ More impor-
tantly, recovery and reuse of precious metals (such as Au and
Ag) derived from waste electronic equipment (such as mobile
phones) is of environmental significance, and holds great
potential for industrial commercialization.'! Das and Marsili
et al. successfully prepared Au nanoparticles by bioreductive
synthesis in R. oryzae cells; the biosynthetic process was
considered economically viable and environmentally
friendly.!"™")

Herein, we describe a fusion of the concepts of precious
metal recovery and fabrication of metal@carbon core—shell
structures: from waste (Au/microorganism) to wealth
(Au@NC as electrocatalysts for HER and ORR), as shown
in Figure 1. Firstly, an Au’" aqueous solution (used to
simulate the Au®" leachate of electronic equipment) was
mixed with Pycnoporus sanguineus cells (Supporting Infor-
mation, Figure Sla,b). The hue of the solution gradually
became yellow upon diffusion of Au*" into the microorganism
(Supporting Information, Figure S2). Subsequently, blue
aggregates of the Au/microorganism composite formed at
the bottom of the solution, indicating the reduction of Au*"
into Au  nanoparticles  (Supporting  Information,
Figure Slc,d). The Au®" ions were either trapped on the cell
wall by electrostatic interactions, or fully diffused and
penetrated into the cytoplasm. Subsequently, the ions were
reduced by proteins/enzyme to form Au nanoparticles.'"
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Figure 1. Electrocatalyst preparation by adsorption of gold ions, in situ
bioreduction by microorganism, and conversion into Au@NC by
calcination under Ar atmosphere.

Finally, the Au/microorganism composite was calcined under
Ar atmosphere to obtain Au@NC, which was employed as an
efficient electrocatalyst for HER and ORR. The TEM image
and a photo of the precious Au reclaimed from Au@NC are
shown in Figure S3 (Supporting Information). The purifica-
tion temperature under air atmosphere was identified as
550°C by differential thermal analyzer and thermal gravi-
metric analysis (DTA/TG; Supporting Information,
Figure S4).

The fibrous morphology of Au@NC (Figure 2a) was
examined by SEM, showing Au nanoparticles as bright dots
on the carbon support (Figure 2a,b). TEM was employed to
further characterize the strong interactions between Au and
NC. Au nanoparticles 10-40 nm in diameter were loaded on
the carbon substrate with different contrasts (Figure 2c;
Supporting Information, Figure S5). The nanoparticles exhib-
ited clearly defined lattice fringes with a spacing of 0.235 nm
that was consistent with the (111) crystalline planes of Au
(Figure 2d). Meanwhile, the carbon layer on the surface of
the Au core exhibited apparent lattice fringes with a spacing
of 0.34 nm, which can be attributed to graphite (002) planes.
Notably, an intimate contact was observed between the Au
core and carbon shell, which is possibly due to chemical
interactions between elements (Supporting Information, Fig-
ure S6). Furthermore, as presented in EDX elemental map-
ping (Figure 2e¢), nitrogen was evenly distributed throughout
the carbon substrate, and Au nanoparticles were well-
dispersed as discrete dots within the N-doped carbon.

The successful incorporation of Au into a carbon support
derived from a microorganism was confirmed by XRD
(Figure 3a). Notably, a broad peak associated with the
carbon support shifted positively from 28° (NC) to 30.2°
(Au@NCQC), implying Au-promoted graphitization of carbon.
Additionally, the large I/l apparent in the Raman spectra
indicate that a variety of defects are present in the carbon
support of Au@NC (Figure 3b). XPS measurements were
carried out to determine the elemental compositions and
valence states of Au@NC. Deconvolution of the high
resolution scanning peak of the N 1s electrons yielded three
peaks at 398.5, 400.5, and 401.3 eV (Figure 3c), which were
assigned to pyridinic-N, pyrollic-N, and graphitic-N,
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Figure 2. a) and b) SEM images; c) and d) TEM images; e) EDX
elemental mapping images of Au, C, and N in Au@NC. Scale:

200 nm.
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Figure 3. a) XRD patterns; b) Raman spectra; c) and d) XPS survey
spectrum of N (c) and Au (d) in Au@NC.

respectively, indicating the successful incorporation of N
into the carbon support. Figure 3d displays the Au 4f spectra
for Au@NC, where two peaks at 83.7 and 87.5eV can be
assigned to Au’4f,, and 4f5, photoelectrons, respectively.
However, this binding energy shifted about 0.88 ¢V in the
positive direction compared to pure Au nanoparticles,
suggesting that electron transfer occurs from the Au core to
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the NC shell. This observation is consistent with a previous
report describing the enhanced catalytic activity promoted by
gold nanoparticles.'” Based on the integrated peak areas, the
Au and N atomic content in Au@NC were estimated to be
0.47 at% (7.8 wt%) and 3.2 at% (3.6 wt %), respectively.
The HER electrocatalytic activities of Au@NC were then
examined by electrochemical measurements in 0.5mM H,SO,.
Au@NC possesses apparent non-zero cathodic currents (Fig-
ure 4a) as demonstrated by a small onset potential of
—54.1 mV (vs. RHE, current density of 1 mA cm™2; Support-
ing Information, Figure S7). In contrast, pure Au nano-

particles (SEM  images;  Supporting Information,
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Figure 4. a) Polarization curves for HER in 0.5m H,SO, on glassy
carbon electrodes modified with Au nanoparticles, NC, Au nano-
particles loaded on NC (Au/NC), Au@NC, and 20 wt % Pt/C. b) Corre-
sponding Tafel plots derived from (a). c) Nyquist plots of Au@NC at
various overpotentials. d) Cyclic voltammograms without faradaic
reactions of Au@NC. e) Variation of double-layer charging currents at
+0.05 V with potential scan rate. f) HER polarization curves for
Au@NC before and after 1000 cycles. Inset: current-time plots with an
overpotential of 300 mV.

Figure S8a,b), NC (XPS results; Supporting Information,
Figure S9), and Au/NC (Supporting Information,
Figure S8c,d) possessed much larger onset potentials of
—306, —322.4, and —168 mV versus RHE, respectively.
Au/NC samples post-treated at 300 and 900°C under Ar
atmosphere demonstrated lower HER activity than Au@NCs
(Supporting Information, Figure S10). The improved HER
reactivity from Au@NC might account for the synergetic
effect between the Au core and the N-doped carbon shell.
However, Au@NC was still inferior to 20wt% Pt/C
(=16 mV). The effects of calcination temperature (700, 800,
900, and 1000°C; Supporting Information, Figures S11-S13)
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and Au content (Supporting Information, Figures S14 and
S15) on the HER activity were also probed. The findings
imply that N-doping and an increased Au core and NC shell
interface play an important role in enhancing the HER
activity of Au@NC.

As shown in Figure 4b, the Tafel slope of Au@NC is
76.8mVdec!, much smaller than that of NC
(1229 mVdec™') but larger than that of 20wt% Pt/C
(312mVdec '), which proceeded through a Volmer—
Heyrovsky mechanism. Consequently, the electrochemical
desorption process is probably the rate-limiting step. The
Tafel slope of Au@NC is slightly larger than that of Au/NC
(71.6 mV dec "), suggesting that the electrochemical desorp-
tion process is suppressed by the carbon shell. In general,
Au@NC possesses enhanced HER performance (—130 mV
vs. RHE @10mAcm™?) compared to that of Au/NC
(=242 mV). Additionally, the exchange current density
determined from the Tafel plot of Au@NC is
0.186 mA cm 2, which is much larger than that of Au/NC
(0.005 mA cm?; Supporting Information, Figure S16). The
typical Nyquist plots obtained from the electrochemical
impedance spectroscopic (EIS) response of Au@NC show
that the diameter of the semicircles decreased with an
increase of overpotential, from 892.4 Q at 100 mV to 168 Q
at 200 mV (Figure 4c¢). The remarkable HER performance of
Au@NC (onset potential of —541mV vs. RHE,
76.8 mVdec') was better than, or at least comparable to,
those of leading carbon and transition metal-based HER
catalysts in 0.5M H,SO,, such as FeCo@NCNTs-NH
(=70mV, 74mVdec), N/Co-doped PCP/NRGO
(-=58mV, 126 mVdec ),  CoNi@NC (-30mV,
104 mVdec™),” bacteriorhodopsin/Ag nanoparticle
(=63 mV, 170 mV dec '), atomic Co on N-doped graphene
(=30 mV, 82 mVdec '), and MoS,/dealloyed nanoporous
gold (=125 mV, 41 mVdec™).™) A detailed comparison of
electrocatalysts is provided in Table S1 (see the Supporting
Information).

Cyclic voltammetry (CV) was employed to measure the
electric double-layer capacitance of Au@NC and
Au/NC-modified electrodes at the solid-liquid interface,
which is an important parameter for estimating the electro-
chemically active surface area (Figure 4d). The double-layer
capacitance of Au@NC (18.65 mF cm ?) was similar to that of
Au/NC (14.32 mFcm™?), as exhibited in Figure 4e. Even after
application of corrections that take electrochemical surface
area into account, the HER performance of Au@NC was still
much better than that of Au/NC (Supporting Information,
Figure S17), implying that electrochemical surface area is not
the dominant factor responsible for enhanced HER activity.
Notably, the Au in Au@NC possessed much higher activity
than that in Au/NC and Au (Supporting Information,
Figure S18), leading to enhanced catalytic activity.

Figure 4 f displays the polarization curves before and after
1000 cycles of continuous CV scans, and chronopotentiometry
measurement of Au@NC. The current density was nearly
constant after 20 h of testing at an operating overpotential of
300 mV, indicating good durability of the catalyst in acidic
electrolyte. Bubbles observed on the electrode surface were
confirmed to be H, by gas chromatography. The production
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rate of H, was determined to be 961.6 mmolg 'h™' after
linear fitting of the experimental data (Supporting Informa-
tion, Figure S19).

Interestingly, as a multifunctional electrocatalyst, Au@NC
also exhibited electrocatalytic activity for ORR in alkaline
media (Supporting Information, Figures S20-S22). Au@NC
displayed superior ORR performance (+0.97 V vs. RHE,
n=3.86 at 0.7 V) compared to Au nanoparticles (+0.71V,
n=3.54), NC (+0.83V, n~3.62), and Au/NC (+0.87V,
n=3.77); Au@NC performed similarly when compared to
20 wt % Pt/C catalysts (4 0.97 V, n~3.94). Generally speak-
ing, ORR and HER performances followed the same trend.
More importantly, Au@NC also showed excellent durability
and tolerance toward methanol crossover. The ORR perfor-
mance of Au@NC was better than those of reported Au-based
ORR catalysts, such as Au cluster/graphene (—0.08 V vs.
Ag/AgCl, n~3.6),%" and gold nanodendrites on graphene
oxide nanosheets (half-wave potential of +0.61 V vs. RHE,
n=23.7).11

The aforementioned results reveal a simple and straight-
forward strategy for recovering precious metals using a micro-
organism to fabricate valuable electrocatalysts with HER and
ORR functionality. The remarkable catalytic activity of
Au@NC may be attributed to the following factors. Firstly,
the carbon derived from microorganism cells exhibits a large
electrochemically active area. Moreover, N-doping within the
graphitic matrix led to the formation of active sites for proton
and oxygen adsorption.'”! Secondly, the in situ bioreduction
of Au inside microorganism cells, and the subsequent
calcination process, produced strong interactions between
Au and the carbon substrate, which was advantageous for
charge transfer. Herein, we describe our observations of
chemical reactions (Supporting Information, Figure S6) and
electron transfer (Figure 3 d) between the Au core and carbon
shell. In general, it is difficult to chemically bond the inert Au
atom with other atoms. Theoretical calculations reveal that
defects caused by N-doped carbon promote bonding between
Au and carbon atoms (Supporting Information, Figure S23).
Finally, the electronic density states of N-doped carbon
substrate were modulated by Au nanoparticles, which pro-
moted additional catalytic activity.'® Note that similar
mechanisms are extensively reported in transition
metal@carbon systems for HER, such as Co@NC and
FeCo@NC.I""}

In summary, evenly dispersed gold nanoparticles (ca.
20 nm) embedded in N-doped carbon (Au@NC) were derived
after bioreduction of precious metals by microorganism cells.
The obtained Au@NC was employed as an efficient and
multifunctional electrocatalyst for HER and ORR. HRTEM
images and XPS results confirm the strong interaction and
charge transport between the Au core and N-doped carbon
generated by the in situ bioreduction and calcination process.
Electrochemical measurements indicate that Au@NC dis-
plays efficient HER activity with a small onset potential of
only —54.1mV (vs. RHE), a Tafel slope of 76.8 mVdec™',
a large catalytic current density, and electrochemical dura-
bility. Moreover, Au@NC displayed efficient catalytic activity
for ORR (0.97 V vs. RHE, n~3.86) and tolerance toward
methanol crossover. The results presented herein may offer
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a simple and effective method for the reclamation of precious
metals from waste electronic equipment, allowing large scale
preparation of efficient and multifunctional electrocatalysts
for HER and ORR.
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