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The electrochemical CO, reduction reaction (CO,RR) to HCOOH offers a promising strategy for a carbon-
neutral cycle. Sn-Based materials have been demonstrated as applicable in extensive studies of CO,RR to
HCOOH, but great challenges still remain, including the weak CO, adsorption and narrow potential
window as well as low stability. Herein, we developed ultrasmall Sn nanoparticles inlaid on N/P-doped
carbon (Sn@NPC) composites by an upcycling design using Sn electroplating sludge. The obtained
Sn@NPC electrode exhibited a higher Faradaic efficiency of 87.93% for HCOOH at 1.05 V vs. RHE and an
FE over 80% within a 500 mV broad potential window. Moreover, the Sn@NPC electrode achieved
excellent long-term stability up to 105 h, which was superior to that of most Sn-based catalysts in similar
systems. Density functional theory calculations demonstrated that Sn@NPC could enhance CO,
adsorption, which led to stronger *OCHO adsorption, weaker *HCOOH adsorption and faster electron/
mass transport. This work may provide a promising lead for recycling metal from electroplating sludge and
for the design of efficient and stable catalysts for the CO,RR.
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Environmental significance

Excess greenhouse gases have a serious impact on climate and environmental issues. Tin-based materials represent a good electrocatalytic carbon dioxide
reduction material. The declining trend in the reserves of global tin resources and the low resource-guarantee years indicate that tin production is difficult
to sustain growth. However, the current tin-containing electroplating sludge is mainly landfilled, and it is not well used. In this study, the ultrasmall Sn
nanoparticles inlaid on N/P-doped carbon (Sn@NPC) composite were successfully synthesized by a design involving the upcycling of Sn electroplating
sludge, using bacteria as the support. The as-synthesized Sn@NPC showed excellent selectivity and stability for electrochemical reduction CO, to formic
acid. This “killing two birds with one stone” strategy provides a facile approach for carbon neutrality, environmental protection and sustainable economic

development.

1. Introduction

Since the 21st century, with the intensification of the
greenhouse effect and energy crisis, converting CO, into
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carbohydrates through electrocatalysis, photocatalysis and
thermo-catalysis has attracted widespread attention.’™ In
particular, the electrochemical CO, reduction reaction (CO,-
RR) is a promising strategy for converting CO, to high-value-
added chemicals.®” However, CO, electroreduction faces two
general challenges. One is that the CO, molecule is
thermodynamically stable, leading to a large application
potential required during the reduction process. The other is
that CO,RR involves multi-electron-transfer pathways, which
limits the selectivity of the product and is accompanied by a
competitive process of the hydrogen evolution reaction
(HER).>® Among these CO, reduction products, HCOOH, as
one of the high-value-added chemicals produced, possesses
potential applications in industrial synthesis. Importantly,
the electrochemical reduction of CO, to HCOOH is a two-
electron process with high product selectivity, compared to
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other conversion ways aiming for high-value-added
chemicals, and is considered one of the most promising and
economically viable reactions.'®™"?

The core of the CO,RR to HCOOH lies in the design of
high-efficiency electrocatalysts. Among those electrocatalysts,
noble metals, such as Au,"'* Ag,">'® and even some single-
atom catalysts'”'® are wusually preferred for the high
selectivity of CO. For the CO,RR to HCOOH, Sn,"**° Bi,>"**
Pb,>*?* In,>>*® Pd (ref. 27 and 28) and some heteroatom-
doped carbon-based materials>**° have better catalytic
performance. In particular, Sn-based materials are the most
attractive electrocatalysts due to their good activity, high
selectivity and non-toxicity. In 1994, Hori et al. first reported
a high HCOOH selectivity (88.4%) for the electrochemical
CO, reduction of monolithic Sn in 0.1 M KHCO; solution.**
Spurgeon and co-workers showed that a SnO, porous
nanowire catalyst could attain a maximum FEycoon value of
80% at -0.8 V vs. RHE.*> Wang et al. prepared Sn-based
catalysts by an electrodeposition method, and demonstrated
the maximum Faradaic efficiency for HCOOH of 91% at -1.4
V vs. SCE.** However, these individual materials have a
narrow potential window for relatively high HCOOH
selectivity, and the stability of CO,RR is typically a bitter
disappointment with a significant decrease in activity after a
few hours.>*>* To overcome these difficulties, measures such
as reducing the catalysts size, doping, introducing vacancies,
and binding with a carbon support have been used to
increase the active sites and enhance the electron-transfer
ability or CO, adsorption capacity, thus further effectively
improving the CO,RR selectivity and stability. For example,
Xie et al. demonstrated that metallic Sn quantum sheets
confined in graphene was conducive to enhancing the CO,RR
to HCOOH activity and stability, with a maximum Faradaic
efficiency of 89% and long-term stability over 50 h.*®
Interestingly, Ohto et al. recently reported that the oxidized
functional groups on the reduced graphene oxide could
provide CO, adsorption sites for adjacent Sn surfaces and
thus promote the *OCHO intermediate generation, and the
Faradaic efficiency of HCOOH was as high as 98 + 0.7% at
-820 mV vs. RHE.*® These studies showed that carbon
materials could serve as a kind of ideal support, which can
assist in enhancing the CO,RR performance of Sn-based
catalysts in different aspects.

Given the foregoing discussion and the resource scarcity
of Sn, recovering Sn metal from solid waste to construct Sn-
based catalysts is an economically feasible method with
significant environmental importance and great potential for
industrial commercialization. Herein, ultrasmall Sn
nanoparticles were inlaid on N/P-doped carbon (Sn@NPC)
electrocatalytic material by recycling the Sn metal from
electroplating sludge, using bacteria as the support, which
allowed constructing a special structure followed by in situ
heteroatom doping. The prepared Sn@NPC electrode
exhibited a high Faradaic efficiency of 87.93% for HCOOH at
1.05 V vs. RHE and the FE was over 80% within a 500 mV
potential window. More importantly, the electrode had a
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satisfactory electrochemical stability of over 105 h with a
relatively high FEgcoon (~85%) and reduction current
density (~8.0 mA cm™). Density functional theory (DFT)
calculations and in situ Raman spectroscopic studies
demonstrated that N/P-doped carbon could enhance the
adsorption of CO,, which then supplied sufficient feedstock
for the neighbouring Sn surface to efficiently promote the
*OCHO intermediate generation. In addition, the strong
binding strength of *OCHO and weak adsorption energies
for *HCOOH further explained the reason why Sn@NPC
favoured HCOOH production in a wide potential window and
the long-term stability. These encouraging results provide a
new idea for the high-value utilization of waste and the
design of high-efficiency CO,RR electrocatalysts.

2. Experimental section
2.1 Samples preparation

Culture of bacteria. Sodium chloride (0.5 g), yeast powder
(0.5 g), tryptone (1 g) and glucose (1 g) were added to 100 mL
deionized water, with consecutive stirring until the solution
was clear. Subsequently, Bacillus subtilis (BS) were cultured in
the above medium solution at 35 °C for 20 h. Next, the
obtained BS was collected by centrifugation and washed three
times with deionized water for subsequent use.

Pretreatment of the electroplating sludge. The Sn
electroplating sludge (Sn, 58.75 wt%, from Fujian Zhongrida
Metal Co., Ltd., Table S21) was first dried at 90 °C overnight
and then ground to fine powder. Next, 0.5 g powder was
added into 5 mL hydrochloric acid solution, and then the Sn
electroplating sludge extracting solution was obtained after
ultrasonic stirring for 1 hour and filtration.

Synthesis of Sn@NPC composites. First, the sludge
extracting solution was diluted into 100 mL. Then, 10 g
Bacillus subtilis was put into the diluted solution and stirred
at room temperature for 24 h. After that, the mixed solution
was centrifugally washed to obtain the Sn@BS precursor.
Finally, the lyophilized precursor was annealed at 700 °C for
30 min under 5% H,/Ar condition with a heating rate of 10
°C min™* to obtain the Sn@NPC composites. The pristine N/
P-doped carbon (NPC) was prepared using the same method
without Sn electroplating sludge extracting solution. The
Sn@BS precursor was calcined to synthesize the control
samples of Sn@NPC (700 °C) at different temperatures of 500
°C, 600 °C, and 800 °C (Fig. S1 and S27). The adsorption of
Sn by Bacillus subtilis directly affected the content of Sn in
the Sn@NPC composites, and samples with different masses
of Sn electroplating sludge (0.3 g named as Sn@NPC-A, 0.4 g
named as Sn@NPC-B) were also synthesized. According to
the inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis (Table S37), the adsorption capacity of
Bacillus subtilis for Sn ions was basically saturated at 0.4-0.5
g. Subsequent linear sweep voltammetry (LSV) and Faraday
efficiency tests showed that there was no significant
improvement in the activity of CO, reduction when the
concentration of Sn was over 2350 ppm (Fig. S37).

This journal is © The Royal Society of Chemistry 2022
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Preparation of Sn particles. Typically, 50 mL 0.1 M tin(IV)
chloride pentahydrate (SnCl,-5H,0, 98%, Aladdin) solution
was prepared. Next, excess 0.2 M sodium borohydride
(NaHB,, 98%, Aladdin) solution was slowly added and
continuously stirred for 5 min. The grey precipitate was
obtained, filtered, washed three times with deionized water
and finally dried out at 70 °C under vacuum. The morphology
and crystalline structure were characterized, as shown in Fig.
S4.F

2.2 Material characterization

The morphology of the as-prepared samples was observed by
field emission scanning electron microscopy (FE-SEM,
SU8100, Hitachi) with a 10 kV accelerating voltage. The
detailed microstructure and element analysis were
characterized by a high-resolution transmission electron
microscopy instrument (HR-TEM, JEOL-2100F) equipped with
an energy dispersive X-ray spectroscopy (EDS) system. The
crystal structure of the samples was examined by powder
X-ray diffraction (XRD) on a Bruker D8 Advance Powder
diffractometer with Cu-Ko radiation (40 kV, 40 mA). The
surface chemical compositions of the composites were
analyzed using X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, K-alphat) with the reference Cis
peak (284.8 eV). Raman spectra (in situ Raman) were obtained
using a laser Raman spectrometer (LabRamHR, HORIBA
Jobin Yvon. Co., France) with a 532 nm excitation laser. The
Sn content of Sn@NPC composites was determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES, Avio 200, PerkinElmer). The Fourier transform
infrared (FTIR) spectra were recorded on a NICOLET FTIR
spectrometer with KBr pellets (Thermo Scientific, USA). The
CO, adsorption isotherms were collected by an automatic
microporous physical and chemical gas adsorption analyzer
(ASAP 2020) at 298 K.

2.3 Electrochemical measurements

All the electrochemical measurements were carried out on a
typical three-electrode H-type cell system using an
electrochemical workstation (CHI 660E). A saturated calomel
electrode (Hg/Hg,Cl,/KCl, SCE) and a platinum net (1 x 1
cm?, 99.99%) were used as the reference electrode and the
counter electrode, respectively. The working electrode was
prepared in the typical procedure with 200 pL of the
homogeneous ink, which was prepared by dispersing 3 mg
sample in 1 mL water-ethanol solution (v/v = 1:1) with 40 uL
5 wt% Nafion solution, then dropped on carbon cloth (~1
cm x 1 cm). All the measured SCE reference electrode
potentials were calibrated to the reversible hydrogen
electrode (RHE) by using the Nernst equation:

ERHE = ESCE + 0.0591 x pH +0.241 (1)
The CO,-saturated or Ar-saturated 0.1 M KHCOj; aqueous

solution (pH = 6.76 for CO,-saturation and pH = 8.40 for Ar-
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saturation) was used as the electrolyte for the CO,RR
measurements. The pH of the electrolyte was checked using
a benchtop pH meter (PHS-3C, Shanghai INESA Scientific
Instrument). The CO, gas flow was controlled at 20 sccm
using a mass flow controller. All the linear sweep
voltammetry (LSV) measurements were recorded at a 10 mV
s ' scan rate to examine the electrochemical activity in CO,-
or Ar-saturated 0.1 M KHCO; aqueous solution, and the Tafel
slopes were based on an analysis of these data.
Electrochemical impedance spectroscopy (EIS) was carried
out at 1.0 V vs. RHE in a frequency range of 100 000-0.1 Hz
with an amplitude of 5 mV. To calculate the electrochemically
active surface area (ECSA) of the working electrodes, the
double-layer capacitance (Cq) was determined by cyclic
voltammograms (CV) in a non-Faradaic current response
region of -0.05-0.5 V vs. SCE at scan rates of 2, 4, 6, 8, and
10 mV s . The current difference (A7) between the anodic
current (j,) and cathodic current (j.) at 0 V vs. SCE was
plotted against the scan rate, and the linear slope was twice
that of Cq.>”*® The ECSA was calculated according to the
equation:

ECSA = RS (2)
Ca

Ry =— 3

=, 3)

where Ry is the roughness factor, S is the real geometric area
of the working electrode (In this work, S = 1 ecm?), and C; is
the specific capacitance of the sample. Considering the
practical problems in this system, it is not practical for the
electrodes to measure the Cg.*° Therefore, the Cs of the
carbon cloth substrate in the same electrolyte was measured
to replace the Cs of the sample.

The turnover frequency (TOF) is defined as the number of
turnovers per active sites per second. The TOF for the CO,RR
to HCOOH was calculated based on the 2-electron pathway
using the following equation:*°

TOF(h™) :J}‘;""# x 3600 (4)
w

where Jycoon is the current density of HCOOH (A), F is the
Faraday constant (96 485 C/mol), m is the mass of the loaded
Sn@NPC (or Sn particles) in the electrode (g), @ is the mass
fraction of tin in the as-prepared samples, and M is the
atomic mass of Sn.

2.4 Products analysis

The gas products were detected and quantified by a gas
chromatograph (Shimadzu, GC-2014) equipped with a
thermal conductivity detector (TCD) for H, and a flame
ionization detector (FID) for CO quantification. High-purity
argon (99.9999%) was applied as the carrier gas. The Faradaic
efficiency (FE) of the gas products was calculated as follows
equation:
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. Qproduct _ Cproduct X Vco, Xnx FXP

FE(%)
Qtotal RXT X.]

®)

where Cproduct is the volume concentration of CO or H,
product (ppm), Vo, is the flow rate of CO, (20 sccm), n is the
number of transferred electrons for product, F is the Faraday
constant (96485 C/mol), P is the standard atmospheric
pressure (101325 Pa), R is the gas constant (8.314), T is the
temperature for testing (K), and J is the reduction current at
a specific applied potential.

The liquid products were identified by 1 H nuclear
magnetic resonance (‘H-NMR, Bruker BioSpin GmbH) in
which 500 pL electrolyte was mixed with 100 pL deuterated
water (D,0) and 5 mg phenol (Sigma, 99.99%) was added as
an internal standard. The 1H spectrum peak of HCOOH was
at ~8.3 and that of phenol was at ~7.2. The Faradaic

efficiency of HCOOH can be calculated as follows:
2% C, XVxF
FE(%) — Qncoon _ HCOOH ©)
Qtotal Jxt

where Cycoon stands for the concentration of HCOOH after
electrolysis (ppm), V is the volume of electrolyte on the side
of the working cell (mL), F is the Faraday constant (96 485 C/
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mol), and J and t are the reduction current and electrolysis
time at a specific applied potential.

2.5 DFT calculations

All the first-principles calculations were performed within the
Vienna ab initio simulation package (VASP) based on density
functional theory (DFT). The projector augmented wave (PAW)
potentials were used to deal with the electronic exchange-
correlation interaction along with the GGA functional in the
parameterization of the Perdew, Burke, and Ernzerhof (PBE)
pseudopotential. A plane wave representation for the wave
function with a cut off energy of 450 eV was applied.
Geometry optimizations were performed using conjugate
gradient minimization until all the forces acting on the ions
were less than 0.02 eV/A per atom. A 15 A vacuum in the z
direction was used to separate the slabs. In the calculations, a
k-point mesh with a spacing of ca. 0.03 A~ was adopted.

3. Results and discussion
3.1 Morphology and microstructure

The Sn@NPC composites were synthesized by annealing the
obtained precursors of Sn@BS at high temperature, as

HCl
leaching

plating sludge

Sn leachate

Bacillus subtilis

—

® Sn nanoparticles

Freeze-drying
—_—
@ Calcination

17

Sn@NPC

Fig. 1 (A) Schematic description of the synthesis process for Sn@NPC composites; FE-SEM images of (B) BS, (C) Sn@BS and (D) Sn@NPC; cross-
sectional TEM image at (E) lower magnification and (F) higher magnification; (G) TEM image and the corresponding EDS mapping profiles for the

Sn, N, and P of the Sn@NPC composites.
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presented in Fig. 1A (full details given in the Experimental
section). The morphology and microstructure of the Bacillus
subtilis, Sn@BS and Sn@NPC were observed by FE-SEM and
TEM. The bacteria and Sn@BS showed a rod-like structure,
with a length of ~2.5 um and an average diameter of about
500 nm (Fig. 1B and C). After calcination, the morphology of
the obtained Sn@NPC composites showed obvious shrinkage
in comparison to the original rod-like structure, indicating
that the high-temperature treatment resulted in dehydration
and carbonization of the bacteria (Fig. 1D). To gain insights
into the internal information on the Shn@NPC, TEM analysis
was performed and clearly manifested that the ultrasmall Sn
nanoparticles were homogeneously distributed on the
composites (Fig. 1E). Meanwhile, the HR-TEM image revealed
a set of regular lattice fringes with spacings of ~0.278 nm
and ~0.291 nm, respectively, corresponding to the (101) and
(200) crystal planes of Sn (Fig. 1F). The TEM-EDS mapping
analysis of Sn, N and P further confirmed the uniform
dispersion of each element in the Sn@NPC composites
(Fig. 1G). These results indicated that the bacteria could be
used as an exceptional substrate to prevent the
agglomeration of Sn nanoparticles during the high-
temperature calcination.

3.2 Physical and chemical properties

The crystalline structure and composition of Sn@NPC
composites were confirmed by XRD and XPS. As shown in
Fig. 2A, there were no obvious peaks in the XRD pattern of
Sn@BS, indicating that Sn existed in the amorphous form
after adsorption by Bacillus subtilis. After calcination, all the
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diffraction peaks were perfectly assigned to the monolithic
Sn (JCPDS 01-086-2264), with the two strongest peaks at 30.7°
and 32.0° attributed to the exposure of (200) and (101)
facets.*' XPS study also revealed the presence of Sn in the
Sn@NPC composites (Fig. 2B), with the asymmetry of the Sn
3ds, binding energy values (~484.97 and ~485.86 eV)
indicating the existence of Sn® and Sn*', in which the weak
signal of Sn** might be due to the partial oxidation.** Also,
in the XPS survey spectrum of Sn@NPC (Fig. S5%), the
characteristic peaks of C, O, P and N were clearly observed.
The two peaks located in the P 2p region were attributed to
the characteristic peaks of phosphates and metaphosphates
(Fig. 2C).* Besides, the N 1 s spectrum could be deconvolved
into three peaks belonging to pyridinic N (398.42 eV), pyrrolic
N (399.68 eV) and graphitic N (400.94 eV), respectively
(Fig. 2D).** The appearance of N 1s and P 2p peaks proved
that the N and P elements were successfully doped after
carbonization. Such heteroatom doping may improve
electron transfer and thus promote the electrochemical
activity of Sn@NPC.

To further understand the origin of N and P elemental
doping, FTIR was used to verify the interaction between the
functional groups of Bacillus subtilis and Sn metal ions
during the adsorption process. In Fig. 2E, peaks related to
protein could be clearly observed at ~1650, ~1500 and
~1248 ecm™" (amide I, II and 111, respectively), with additional
peaks related to phosphates observed at around 960 cm™’,
which provided a source for the N and P elements.*>"*® After
adsorption and subsequent calcination, a new peak around
580 cm™' appeared for Sn@NPC composites, which belonged
to the stretching vibration of the Sn-O bond.*>*” Meanwhile,

A gs — snanec | B[ ¢34 C P2p
T — Sn@BS
[} 3 || T T
g 3 2 Metaphosphate Phosphate
£ z =
2 Z =
= = =
I | | JCPDS No. 01-086-2264)
L il N K rI T L X " " N . N . 2
20 30 40 50 60 70 490 488 486 484 482 480 138 136 134 132 130
2 Theta (degree) Binding Energy (eV) Binding Energy (eV)
D Nl1s E F D G
Pure bacteria
- z -
g Graphitic N SR 2 W Y v e:
& g 5 Vit N £ Sn@NPC
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Fig. 2 (A) XRD pattern of Sn@BS and Sn@NPC; high-resolution XPS spectra of (B) Sn 3d, (C) P 2p and (D) N 1s collected from the Sn@NPC
composites; (E) FTIR spectra of pure bacteria, Sn@BS and Sn@NPC; (F) Raman spectra of NPC and Sn@NPC.
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the disappearance of the protein band indicated the bacteria
had been completely carbonized. The carbonization of the as-
prepared sample was further confirmed by Raman analysis
(Fig. 2F). The characteristic peaks of carbon material
appeared at ~1330 cm™' (D band) and ~1584 cm ™" (G band)
for SN@NPC and pristine NPC.***° The intensity ratio of I/
I for Sn@NPC was calculated to be 0.97, possibly by virtue
of the local deformation of the carbon material originating
from Sn introduction, which was the reason for the increased
Ip/Is value of Sn@NPC compared to NPC (Ip/Ig = 0.86). From
the above results, it was verified that the Sn@NPC
composites had been successfully synthesized on the
bacterial template.

3.3 CO,RR activity and stability

The CO, electroreduction performances on NPC, Sn@NPC
and Sn particles were systematically evaluated in a three-
electrode H-type cell. Linear sweep voltammetry was first
performed in 0.1 M KHCO; solution saturated with Ar or
CO,. As shown in Fig. 3A, Sn particles and Sn@NPC obtained
higher geometric current densities in CO,-saturated
electrolyte than those in Ar-saturated electrolyte. The current
density of SNn@NPC reached 19.31 mA cm > at 1.43 V vs. RHE
and was higher than that of Sn particles (16.07 mA cm?),
which demonstrated that Sn@NPC exhibited higher
selectivity for CO,RR. In contrast, there was no momentous
diversity in the electrocatalytic activity of NPC under either Ar
or CO,, indicating that the HER competition reaction
dominated during the process. The main product of CO,
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electrolysis was HCOOH as well as a small amount of CO.
Clearly, the Shn@NPC displayed a higher current density for
HCOOH production (fucoorn) over the whole potential range
when compared with Sn particles and NPC, and a large value
of 15.89 mA em™” could be obtained at 1.43 V vs. RHE
(Fig. 3B). To confirm the HCOOH was from CO, reduction,
the liquid products in the Ar-purged system were analyzed,
where a zero yield of HCOOH was detected (Fig. S61). The
distinct difference was that the new peak of HCOOH could
be seen in CO,-saturated system, proving that the carbon
source indeed originated from the purged CO, source.>
Moreover, we further quantified the reduction products at
the selected potentials to assess the selectivity of these
catalysts for CO,RR. As seen in Fig. 3C, the FEycoon of the
Sn@NPC electrode could reach 61.46% even at a low applied
potential of -0.6 V vs. RHE. As the potential increased to
-1.05 V vs. RHE, the FEycoon reached as high as 87.93% and
was associated with a stable jycoon of —8.05 mA em 2, while
the Sn particles revealed a maximum FEycoon of only
56.57% at a high bias of ~1.1 V vs. RHE (Fig. 3D). Noteworthy,
the FEycoon of SN@NPC was stabilized at 85 + 3% over the
wide potential range of —0.8 to —1.3 V vs. RHE. In addition,
when NPC was used as an electrocatalyst, the reduction
products were mainly H, and a small amount of CO, and no
HCOOH was detected (Fig. 3E). The above results confirmed
that the Sn@NPC composites possessed outstanding activity
and selectivity for CO,RR. For better figuring out the CO,RR
performance difference, the ECSA-normalized current density
of HCOOH was first calculated based on ECSA (Fig. S77),
which showed the highest current density of 0.41 mA cm™ at
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—-1.4 V vs. RHE for the Sn@NPC electrode, almost 1.4 times
higher than that of the Sn particles (0.3 mA cm™>). Turnover
frequencies were further calculated and the results are
displayed in Fig. S8.f The Sn@NPC catalyst attained a TOF of
419 h™" at -1.4 V vs. RHE, which was 13.5 times higher than
that of the Sn particles (31 h™"). These results showed that
the Sn sites on the N/P-doped carbon had high efficiency for
converting CO, into HCOOH.

Stability is also critical for CO,RR catalysts in practical
application for evaluating the technical and economic
feasibility. Therefore, a long-time electrolysis at -1.0 V vs.
RHE was performed to evaluate the stability of the
Sn@NPC electrode (Fig. 3F). Encouragingly, the Sn@NPC
electrode exhibited a sustained FEycoon of ~85% together
with a current density of 8 mA cm™ after operating for
105 h, which was superior to that of most Sn-based
catalysts in similar systems (Table S4f). Moreover, there
were no obvious changes in the morphology and crystal
structure before and after the 105 h continuous testing
(Fig. S971), proving the excellent stability of the electrode.
Also, the LSV curves of Sn@NPC also showed negligible
changes after the stability test (Fig. S107). In contrast, the
CO,RR activity of Sn particles showed an obvious
degradation after 27 h electrolysis (Fig. S11f). All these
results demonstrated that the Sn@NPC composites
exhibited high activity and excellent stability for CO,
electroreduction to HCOOH, which could be ascribed to
the uniform dispersion of the ultrafine Sn nanoparticles
in the N/P-doped carbon (Fig. 1E).

A 0ISE Sn@NPC —
= Sn particles Lo
0.12} ¢ NPC N o
o -
o~ ot -
NE =‘.\\“ 'ffc
5 o0op B
E o
S 006F o . "
gl .
S 26 -
0.03 - ST e
- 0.45 mF/cm’ R*=0.998
------- P Siriainh 4
0.00 —2-=""" * . .
2 5 6 8 10
Scan rate (mV/s)
C s Sn@NPC T wec
0.8 F 04

& Sn particles

98 mV dec”’

Overpotential (V)
P
>

0.6f — T
log jy, (mA/em’)

228 mV dec™! =

04

Overpotential (V)

124 mV dec’!
0.2

1 L 1

25 20 -15 -1.0 -0.25 0.0 0.5
log jycoon (MA/em®)

1

View Article Online

Paper
3.4 Reaction kinetics and the role of N/P-doped carbon

To gain an insight into why Sn@NPC had such high CO,RR
performance, the electrochemical surface areas of the
samples were first measured. The increase in ECSAs is one of
the main reasons for the increased CO,RR performance since
a larger ECSA can provide more catalytically active sites.*”>"
Based on cyclic voltammetry at different scan rates (Fig. S12
and S13t), the ECSAs were estimated from the double-layer
capacitance (Cq)). As expected, Fig. 4A revealed a much larger
value of 38.9 cm” for SNn@NPC in comparison to those of the
Sn particles (8.4 cm?) and the bare NPC (2.9 cm?), implying
that the co-existence of Sn and N/P-doped carbon enhanced
the electrochemically active sites. The reaction kinetic
mechanism for the CO,RR to HCOOH process was further
elucidated by electrochemical impedance spectroscopy
measurements and Tafel plots. As shown in Fig. 4B, the
semicircle arc of the Sn@NPC electrode was much smaller
than that of the Sn particles and NPC electrodes, implying
that Sn@NPC had faster CO,RR kinetics. The CO,RR to
HCOOH transfer kinetics was further quantitatively analyzed
via fitting the EIS plots into an equivalent circuit model (Fig.
S14t). Compared with the Sn particles (47.48 Q) and NPC
electrodes (101.56 Q), the Sn@NPC electrode had a visibly
reduced R, of 36.04 Q (Table S1}), evidencing the
enhancement in charge transport during the CO,RR, which
was in agreement with its CO,RR performance (ie. the
previous LSV curves). The Tafel analysis plots for CO,
reduction are shown in Fig. 4C, the Tafel slope of H, at the
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Fig. 4 (A) Charging current density differences plotted against scan rates; (B) Nyquist plots of the NPC, Sn@NPC and Sn particles catalysts; (C)

Tafel plots and (D) CO, adsorption isotherms.
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NPC electrode was as low as 98 mV dec™*, which was due to
the fast kinetics towards H, evolution on bare NPC metal. In
contrast, the Tafel slope of CO,RR to HCOOH was 124 mV
dec™ for the Sn@NPC electrode and was close to 118 mV
dec™, suggesting the rate-limiting step is a single-electron-
transfer process.”>> While the Tafel slope of Sn particles was
228 mV dec ™, much higher than that of Sn@NPC, indicating
a slower initial electron-transfer rate. Clearly, the above
results demonstrated that the Sn@NPC electrocatalyst could
kinetically promote the conversion of CO, and enhance
HCOOH selectivity.

The CO,-adsorption capacity of the as-synthesized samples
was also evaluated. It is generally accepted that a high CO,-
adsorption capacity on an electrocatalyst surface can supply
sufficient base material to sustain the following reaction.”
The results in Fig. 4D showed that the CO,-adsorption
capacity of NPC and Sn@NPC could reach 17.6 and 15.3

View Article Online
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em® g™ at 1.0 atm, respectively. In comparison with Sn
particles (5.9 ecm® g™* at 1.0 atm), the CO,-adsorption capacity
was increased by about two times, indicating that N/P-doped
carbon could promote CO, adsorption. Further, we calculated
the adsorption energies of CO, on N/P-doped graphene, and
bare Sn sites of (101), (200) and the adsorption structures are
given in Fig. S15 and S165 Compared to bare graphene
(-0.245 eV), the doped system showed a significantly
enhanced adsorption of CO, (pyridine nitrogen, graphite
nitrogen, pyrrole nitrogen were -1.79, -1.85 and -1.83 eV,
respectively), indicating that the introduction of N could
intensify the adsorption of CO,. In other words, the vicinity
or surface of Sn in Sn@NPC could construct a CO,-rich
condition, which can then continuously provide raw
materials for subsequent CO,RR. According to the major Sn
surfaces (Fig. 2A), the adsorption energies of CO, for Sn(101)
and Sn(200) surfaces were —0.28 and -0.33 eV, respectively.
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Fig. 5 DFT calculations: (A-E) DFT investigation results of the calculated free-energy diagram; (F) adsorption energy of *OCHO and *HCOOH

species.
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When under CO,-enriched conditions, the adsorption of CO,
by Sn(101) and Sn(200) surfaces (-0.29 eV and —0.45 eV) was
significantly enhanced. This was consistent with the
experimental results, in which Sn@NPC had the best CO,RR
to HCOOH activity, superior to Sn particles and NPC under
the same conditions.

3.5 DFT calculation and reaction mechanism

According to the above studies, the excellent CO,RR
performance of Sn@NPC composites could be attributed to
the co-existence of ultrafine Sn nanoparticles and N/P-doped
carbon. DFT calculations were then performed to further
elucidate the key to the outstanding CO,RR performance of
Sn@NPC. As presented in Fig. 5, the CO,-reduction process
involved three competing reactions in our experiment, with
the potential-limiting steps being the formation of *OCHO,
*COOH and *H. Compared to Fig. 5A and C, the Gibbs free
energies of the *OCHO intermediate on the CO,-rich Sn(101)
and Sn(200) surfaces were 0.18 and 0.06 eV higher than those
without any molecular CO,, proving that the CO,-rich Sn(101)
and Sn(200) surfaces could accelerate the formation of
*OCHO. Noteworthy, the free energy of the *COOH
intermediate also decreased significantly when enriched with
CO, on the Sn(101) and Sn(200) surfaces (Fig. 5B and D and
S17%), which was regarded as the indispensable step for CO
formation. However, the free energy of the *CO intermediate
was higher than that of the *COOH and *HCOOH
intermediates for both Sn(101) and Sn(200) (Fig. S187). Thus,
CO formation would be suppressed at the Sn surface. The
*COOH intermediate has the possibility to generate the
*HCOOH intermediate because of the lower free energy of
*HCOOH. In fact, the Gibbs free energy of formation for
*OCHO was lower than that of *COOH and *H. Therefore,
the CO,RR to HCOOH reaction occurring on the Sn surface
could be attributed to the energetic feasibility of *OCHO
rather than *COOH, and this conclusion was also confirmed
by the subsequent in situ Raman spectra. On the other hand,
we noted that the free energy of the *H intermediate
increased instead of that on the CO,-rich Sn(101) and Sn(200)
surfaces, indicating the further inhibition of H, production
(Fig. 5E). As a result, the best CO,RR to HCOOH performance
could be achieved on Sn@NPC due to the rich CO, content.
Furthermore, the adsorption energies of the *OCHO and
*HCOOH intermediates under various conditions were
calculated. As displayed in Fig. 5F, the adsorption energy of
*OCHO became stronger on the CO,-rich Sn(101) surface
(-3.06 eV) than on the Sn(101) surface (-2.79 eV), and a
similar result was presented for the Sn(200) surface (Fig.
S197). Satisfyingly, the adsorption energies of *HCOOH on
the CO,-rich Sn(101) and Sn(200) surfaces (-0.11 and -0.47
eV) were clearly lower than those without CO, (-0.40 and
-0.58 eV) (Fig. S207). The weaker *HCOOH adsorption energy
demonstrated that HCOOH was more easily desorbed from
the surface of the Shn@NPC electrode. Reviewing the above
electrochemical studies, the broader potential window

This journal is © The Royal Society of Chemistry 2022
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selectivity and the long-time durability for CO,RR to HCOOH
could be interpreted as due to the enriched CO,
concentration, the enhanced *OCHO adsorption and the
weakened *HCOOH adsorption on the Sn@NPC electrode.

To verify the above experimental and DFT calculation
results, we further performed in situ electrochemical Raman
characterization in CO,-saturated 0.1 M KHCO; electrolyte,
which is known to be an effective tool to real-time monitor
the intermediate species adsorbed on a catalyst surface
during the CO, reduction process.”*>* From Fig. 6, strong-
band and weak-band peaks arising at ~1390 and ~1440 cm™"
were observed on Sn@NPC electrode, which could be
attributed to the symmetric stretching vibration of O-bound
bidentate *OCHO species (an intermediate to HCOOH).>***
The intensity of the peak at ~1390 cm™ increased with the
increment of the applied cathode potential, implying an
increasing surface coverage of *OCHO species. In contrast,
no signals belonging to *OCHO intermediates was found at
the open circuit potential (OCP). This result demonstrated
the superior *OCHO binding ability on the Sn@NPC
electrode surface, thus boosting the performance of the CO,-
RR to HCOOH, which was in agreement with the obtained
DFT calculations as well the experimental results above.

4. Conclusions

In summary, we put forward an ideal material model of
ultrafine Sn nanoparticles homogeneously distributed on N/
P-doped carbon, by upcycling the Sn metal from
electroplating sludge using bacteria. CO,-adsorption analysis
and DFT calculations demonstrated that the N/P-doped
carbon could enhance CO, adsorption, which could provide
sufficient CO, to the catalyst, which then efficiently promoted
the *OCHO intermediate generation and prevented the
association of protons for the hydrogen evolution. Moreover,
DFT calculations and in situ Raman characterization proved
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that there were stronger adsorption of the *OCHO
intermediate and weaker adsorption of *HCOOH on the CO,-
rich Sn(101) and Sn(200) surfaces. Thus, a maximum HCOOH
selectivity of 87.93% at 1.05 V vs. RHE was observed on the
Sn@NPC electrode, which kept an FEycoon of over 80%
within a 500 mV wide potential window. In addition, the
outstanding CO,RR-to-HCOOH performance of the Sn@NPC
electrode was also reflected in the strong stability with a
stable FEycoon (~85%) and current density (~8.0 mA/cm?)
over 105 h at 1.0 V vs. RHE. This study may offer a strategy
for recycling the metal from electroplating sludge, allowing
the large-scale preparation  of  high-performance
electrocatalysts with wide applications in the CO,RR.
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