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iple reaction pathways for the
degradation of antibiotics in water by a self-active
single-atom zinc catalyst on biochar†

Jieming Yuan,a Yunkyoung Han,a Krishnamoorthy Sathiyan, b

Virender K. Sharma, *b Abdol Hadi Mokarizadeh,c Mesfin Tsige, c Jiechao Jiangd

and Xingmao Ma *a

Single-atom catalysts (SACs) have gained notable attention for the degradation of organic contaminants in

water. However, most previous studies focused on the activation of peroxymonosulfate (PMS) or

peroxydisulfate (PDS) for contaminant removal. Herein, we demonstrated for the first time that a Zn

single-atom catalyst supported on biochar (SAZn@BC) alone removed ∼98.0% of trimethoprim (TMP)

within 30 minutes. The catalyst was synthesized via a simple pyrolysis process using oak wood powder

as the feedstock. Detailed characterization of the catalyst demonstrated the single-atom Zn2+ valence

state and the Zn–N4 local coordination structure, as well as abundant redox active oxygen functional

groups on biochar. The coordination between Zn single atoms and the oxygen functional groups

resulted in multiple reaction pathways for TMP degradation, including both reactive oxygen species-

enabled degradation and direct oxidation. The Zn single atom in SAZn@BC was a necessary electron

shuttling bridge for both pathways. Density functional theory (DFT) calculations supported the

spontaneous occurrence of the proposed reactions in the system. Overall, our results showed that

SAZn@BC alone can be a promising catalyst for a healthy and sustainable environment by removing

contaminants in water effectively without any chemical or light energy input.
Sustainability spotlight

Providing adequate accessible clean water is one of the key sustainable development goals of the United Nations due to the widespread water pollution. Catalytic
degradation of environmental pollutants has played a signicant role in addressing the water pollution challenge. As a novel class of catalytic materials, single-
atom metal catalysts have attracted particularly high attention. However, traditional application of single-atom catalysts in water treatment generally relies on
the activation of peroxymonosulfate (PMS) or peroxydisulfate (PDS) to achieve effective degradation, which increases the cost and complexity of the treatment
process and is limited to water having low pH (<8.0). The development of cost-effective and simplied catalytic processes for effective contaminant degradation
remains a pressing need. In this study, a self-active single-atom Zn catalyst supported on biochar (SAZn@BC) was synthesized, which demonstrated efficient
degradation of a common antibiotic via co-occurring radical reactions and direct oxidation without the need for additional oxidants or energy input. The cost-
effectiveness of SAZn@BC, coupled with its facile regeneration, renders it an exceptionally promising and sustainable material for a more economical and
simplied water treatment process, which is critical for a large global population whose health is threatened by prevalent water contamination.
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1. Introduction

The last few decades have witnessed extensive progress in the
use of metal-based nanocatalysts for contaminant removal from
water.1,2 However, metal nanoparticle aggregation and possible
metal ion leaching hindered their broad applications.3 The
emergence of single-atom catalysts (SACs) introduced a new
class of materials that contain atomically dispersed metal sites
and display remarkable performance in contaminant degrada-
tion due to their maximum metal utilization efficiency and
excellent stability and selectivity.4,5 The catalytic degradation of
organic contaminants by SACs is generally achieved via the
activation of peroxymonosulfate or peroxydisulfate.6 However,
they are relatively expensive and unstable at high temperature
© 2023 The Author(s). Published by the Royal Society of Chemistry
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or under light irradiation.7 In addition, their activation is only
effective in the pH range of 2.0–8.0.8 Studies have also explored
light irradiation to strengthen the catalytic activity of SACs.
However, the light-mediated process requires a strong light
source and adds cost and complexity.9 Direct catalytic degra-
dation of environmental contaminants by SACs without any
extra oxidant or energy input is much needed. In the current
paper, we have demonstrated for the rst time the enhance-
ment of the SAC catalytic activity by taking advantage of the
unique features of support materials.

Biochar produced from waste biomass can be a promising
support material for SACs because of its high specic surface
area, tunable surface properties, excellent electrical conduc-
tivity, and low cost.10,11 Numerous oxygen functional groups on
biochar can potentially function as an electron reservoir to
replace external sources.11 Furthermore, biochar produced at
high temperatures (T > 800 °C) contains abundant defects that
provide ideal anchoring sites for single-atom metals.11

Transition metals are commonly used in SACs, however, they
are rare in the earth's crust and are expensive. Zinc (Zn) is the
fourth most produced metal in the world. A N-doped carbon-
supported Zn SAC was reported to have an excellent perfor-
mance in CO2 reduction.12 It also has a more stable electronic
structure because of the completely lled d orbital,13 leading to
an excellent performance in harsh environments. However, the
potential of Zn SAC in environmental remediation is rarely
explored.

Recently, the pervasiveness of antibiotics and the develop-
ment of antibiotic resistance in water have caused serious
concerns.14 Trimethoprim (TMP) is a frequently detected anti-
biotic in natural water bodies with a reported concentration of
up to 0.48 mg L−1.15 A previous study showed that only 22.5% of
orally taken TMP is metabolized in the human body and typical
wastewater treatment plants remove less than 10% of TMP,16

resulting in an average concentration of 2 mg L−1 of TMP in
wastewater effluents.15 Thus, TMP is selected as a representative
contaminant. Our objectives for this study were two-fold: (1)
develop a simple and economical method to produce a Zn
single-atom catalyst supported on biochar (SAZn@BC) and (2)
investigate the mechanisms of SAZn@BC facilitated degrada-
tion of TMP.
2. Materials and methods
2.1. Materials

Detailed information on the sources and purity of chemicals
used in this study are provided in the ESI (Text S1†). All
chemicals were used as received.
2.2. Synthesis of a single-atom Zn catalyst on a biochar
support (SAZn@BC)

Oak wood powder ground from wood pellets in a mortar was
used as the biochar feedstock. For synthesizing the biochar,
10.0 g of wood powder, 5.0 g of dicyandiamide, and 0.29 g of
zinc nitrate (resulting in about 1 wt% Zn by weight in the nal
product) were mixed with 150 mL of ultrapure water at 500 rpm
© 2023 The Author(s). Published by the Royal Society of Chemistry
and 90 °C for one hour. 1 wt% Zn loading rate was chosen based
on our preliminary data (Fig. S1†). The mixture was then dried
in an oven at 85 °C for 20 hours before pyrolysis. The pyrolysis
was carried out in a box furnace (Fisher Scientic, USA) for three
hours with a continuous ow of nitrogen gas. The peak
temperature was set at 800 °C, with a heating rate of 5 °Cmin−1.
The product was ground into ne powder in a mortar and was
acid washed with 100 mL of 2.0 M HCl with a stirring speed of
400 rpm for 2.0 hours at 90 °C on a magnetic stirrer. The
product was then collected by vacuum ltration through a 0.45
mm membrane and washed with 2.0 L ultrapure water. The
collected SAZn@BC was air-dried in a hood for 12 hours and
ground with a pestle and mortar into ne powder before
storage. SAZn@BC with 0 wt% Zn loading was also prepared
with the same method and was named BC. The nal product
had a particle size ranging from 0.5 mm to 8.7 mm, with an
average size of about 2.8 mm. The most dominant sizes were less
than 3 mm.

2.3. Characterization of the single-atom Zn catalyst on
biochar

The crystal structure of SAZn@BC was determined using X-ray
diffraction (XRD, Bruker-AXS D8, Billerica, USA) with an X-ray
source produced by a 2.0 kW Cu X-ray tube (l = 1.5418 Å).
The XRD was operated at 40 kV and 25 mA. The morphology of
the catalyst was determined by transmission electron micros-
copy (TEM, Titan Themis 300 S/TEM, Hillsboro, USA) at 300 kV.
A high-angle annular dark eld (HAADF) detector was applied to
identify single Zn atoms, and a Super-X EDS detector was used
to map the distribution of C, N, O, and Zn elements on
SAZn@BC. X-ray photoelectron spectroscopy (XPS) analysis in
a Phi 560 ESCA/SAM system (PerkinElmer, Waltham, MA, USA)
was conducted to determine the oxygen-containing functional
groups. Survey scans were performed in the 0–1200 eV range in
0.2 eV steps, while high-resolution XPS spectra for C, N, O, and
Zn were acquired in 0.1 eV steps. X-ray absorption spectroscopy
(XAS) was used to conrm the single-atom state of Zn and the
local coordination structure. The XAS spectra were measured in
transmission mode at the Materials Research Collaborative
Access Team (MRCAT) sector 10 bending magnet beamline at
Argonne National Laboratory's Advanced Photon Source using
a double crystal detuned, water-cooled Si (111) monochromator
in continuous scan mode. The data were processed and tted
using the IFEFFIT-based Athena and Artemis soware
packages.17

2.4. Degradation of trimethoprim (TMP)

The initial concentration of TMP was 10.0 mM, and the initial
concentration of SAZn@BC was 0.20–0.4 g L−1. The study was
carried out in 50.0 mL plastic tubes covered with aluminum foil
and mixed on a shaker table at 300 rpm and 25 °C. One mL
sample was withdrawn from each tube at different time inter-
vals (t = 0, 0.5, 1.0, 2.0, 4.0, 7.0, 10.0 hours) and was immedi-
ately ltered with a 0.45 mm syringe lter. The concentration of
TMP was measured using a Dionex UltiMate 3000 high-
performance liquid chromatography (HPLC) instrument
RSC Sustainability, 2023, 1, 2296–2304 | 2297
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(Sunnyvale, USA). The total organic carbon (TOC) before and
aer 10 hours of TMP degradation was measured using a Shi-
madzu TOC analyzer in systems containing SAZn@BC. The
impact of dissolved oxygen on TMP degradation was investi-
gated by purging the mixture with puried N2 gas for 0, 2, 5 and
10 minutes before TMP degradation, resulting in an oxygen
level of 1.86–7.52 mg L−1 in different reactors.
2.5. Quenching study

Three quenchers: 10.0 mM L-His, 0.5 M MeOH, and 50 U mL−1

SOD (superoxide dismutase) were used to quench singlet oxygen
(1O2), hydroxyl radical (cOH) and superoxide radical (O2c

−),
respectively. TMP degradation by SAZn@BC was also performed
in heavy water (D2O) to conrm the possible role of 1O2. O2c

−

and hydrogen peroxide (H2O2) were analyzed followingmethods
reported in the literature,18,19which are summarized in Text S2.†
2.6. Electrochemical measurements

A three-electrode system (CH Instruments) with a 3.0 mm glassy
carbon electrode as the working electrode, Ag/AgCl (3.0 M KCl)
as the reference electrode and graphite rod as the counter
electrode was used. Electrochemical impedance spectroscopy
(EIS) was performed with open circuit voltage (OCV) as the
specic voltage and an AC amplitude of 5.0 mV over the
frequency range from 105 Hz to 0.01 Hz. The chro-
noamperometry I–t curve was measured by xing OCV. The
catalytic current was monitored by adding 1.0 mL of TMP (5.0,
10.0, and 20.0 mM) or oxygen-saturated water (0.5, 1.0 and 2.0
mL) into suspensions containing 10.0 mL deoxygenated water
and 5.0 mg SAZn@BC or BC, with stirring at 300 rpm. In
addition, the change in open circuit potential (OCP) was
measured by adding 1 mL of contaminant (20 mM) solutions
into SAZn@BC suspensions to determine the direct electron
transfer between TMP and SAZn@BC.
2.7. Density functional theory (DFT) calculations

Molecular simulations were performed using DFT in
Gaussian16 utilizing the M06L function.20 The 6-31G* basis set
was chosen for C, N, H, and O, while LANL2DZ was used for Zn
atoms. The implicit solvent model of solvation based on density
(SMD)21 was employed to describe water solvation in all simu-
lations. The initial model of SAZn@BC was built using 10
conjugated six-member rings with four center rings doped with
one N each and coordinated with a zinc atom in the center
(Fig. S2†). Hydroquinone and quinone were attached on the
side as representative oxygen functional groups in the biochar
support. To elucidate the role of Zn single atoms, simulations
were also performed with the BC control containing 0.0 wt% of
Zn. Species O2, cOOH, and H2O2 were optimized on the surface
of the catalyst as higher multiplicities were also investigated to
nd lower energy conguration. Frequency calculation was
performed at T= 298 K and P= 1 atm using harmonic potential
approximation aer optimization of the structures. The pop-
ulation analysis was performed by the Natural Bond Orbital
(NBO) method.
2298 | RSC Sustainability, 2023, 1, 2296–2304
2.8. Recyclability study

Aer each run, the SAZn@BC was collected with a 0.45 mm
membrane lter and washed with 200 mL ultrapure water. It
was then regenerated by heating at either 100 °C or 250 °C for
5.0 hours or dried at room temperature (25 °C) for 48 hours.
Aer drying, the biochar was used directly in TMP degradation
without additional treatments. The heating regeneration was
repeated aer the second cycle to evaluate the long-term reus-
ability of the catalyst. In each cycle, the recovery rate was about
90% due to the incomplete recovery of SAZn@BC adsorbed on
the membrane. However, this did not affect the assessment of
the performance of the regenerated SAZn@BC in our study
because plenty of replicates were prepared so that the regen-
erated SAZn@BC used in each replicate was the same as the
pristine SAZn@BC.
3. Results and discussion
3.1 Characterization of the single-atom Zn catalyst
supported on biochar

The XRD pattern of SAZn@BC in Fig. 1(a) had an almost at
curve indicating the successful removal of ZnO. The tting
result of the N 1s spectrum of XPS analysis in Fig. 1(b) supports
the formation of the Zn–N–C bond by the Zn–N peak at
400.12 eV.22 The peaks at 401.06 eV, 399.11 eV, and 398.02 eV
belong to graphitic N, pyrrolic N and pyridinic N, respectively,22

indicating the formation of N-doped carbon. The strong peak at
284.43 eV in the C 1s spectrum (Fig. 1(c)) indicates the domi-
nance of aromatic carbon in SAZn@BC.23 Strong peaks at
286.51 eV and 288.11 eV in the C 1s spectrum correspond to C–
O/C–N and C]O/C]N peaks,24 respectively, conrmed by the
peaks at 531.18 eV and 533.30 eV in the O 1s spectrum
(Fig. 1(d)).25 The strong C–O peaks could be attributed to the
presence of phenolic and hydroquinone groups26,27 while the
intensive C]O peaks suggest the presence of the quinone
moiety on the catalyst.11,28

HAADF-TEM analysis was also performed (Fig. 1). The pres-
ence of Zn single-atom sites, represented by the bright dots with
a diameter of around 2 Å, can be clearly seen in Fig. 1(e), and no
aggregation was observed. The EDSmapping (Fig. 1(f)–(i)) in the
highlighted area in Fig. 1(e) shows the ultrane distribution of
C, N, Zn, and O atoms with a composition of 80.72, 12.18, 0.83,
and 6.22 wt% in SAZn@BC, respectively. XAFS results that
reveal the local coordination environment of Zn atoms in
SAZn@BC agree with the TEM observation in Fig. 1(j)–(l).
According to the normalized Zn K-edge X-ray absorption near
edge structure (XANES) spectra of SAZn@BC, Znmetal, and ZnO
in Fig. 1(j), the valence state of Zn in SAZn@BC is +2. The EXAFS
spectrum was analyzed to gain information on the coordination
environment of Zn atoms on biochar. The Fourier transformed
EXAFS result (Fig. 1(k)) shows that Zn in SAZn@BC has
a prominent peak at around 1.58 Å, corresponding to the Zn–N
bond.13,30,31 The absence of the Zn–Zn peak at 2.30 Å indicates
that all Zn atoms in SAZn@BC are in single-atom form. To
further reveal the local coordination structure, Fourier-
transformed EXAFS data were tted by Artemis soware,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) X-ray diffraction (XRD) patterns of SAZn@BC and standard ZnO.29 XPS spectra of N 1s (b), C 1s (c), and O 1s (d) of SAZn@BC. (e) High-
angle annular dark field transmission electron microscopy (HAADF-TEM) image of SAZn@BC. Red circles mark the location of zinc single atoms.
(f–i) Elemental mapping images of the SAZn@BC for C, N, Zn, and O, respectively in the highlighted red box region of (e). (j) Normalized Zn K-
edge XANES spectrumof SAZn@BC, Zn foil, and ZnO. (k) Fourier transformed EXAFS spectrum of SAZn@BC and Zn foil. (l) EXAFS fitting with a Zn–
N4 model.
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View Article Online
which indicates that every Zn atom in SAZn@BC is linked to 4 N
(Zn–N4 structure) with a mean bond length of 2.07 Å (Fig. 1(l)).

3.2. Removal of TMP by the single-atom Zn catalyst
supported on biochar

At a dosage of 0.2 g L−1, single-atom Zn biochar (SAZn@BC)
with 1 wt% Zn by weight removed 74.0% TMP in 10 hours
without any additional chemical agents, and an increase of
SAZn@BC at 0.4 g L−1 achieved a remarkable 98.0% removal of
TMP in 30min (Fig. 2(a)). Previous studies on single-atommetal
catalysts almost exclusively focused on activating
Fig. 2 (a) Removal efficiency of TMP by SAZn@BC at different dosages (
quenchers. (c) TOC removal by SAZn@BC and BC in normal or deoxygen
mM, [biochar] = 0.2 g L−1, [L-His] = 10.0 mM, [MeOH] = 0.5 M, [SOD] = 5

© 2023 The Author(s). Published by the Royal Society of Chemistry
peroxymonosulfate/peroxydisulfate in sulfate radical-based
advanced oxidation processes to achieve contaminant
removal.32–34 This is the rst time that it has been shown that
SAZn@BC alone can result in signicant contaminant removal.
While adsorption might play an important role in the begin-
ning, the enabled degradation of TMP by SAZn@BC was likely
the main reason for the excellent performance of SAZn@BC,
which was conrmed by the detection of various TMP metab-
olites from bond cleavage, demethylation and hydrolysis with
an untargeted analysis (Fig. S3†). In addition, the TOC
measurement (Fig. 2(c)) also suggested the increased TOC
BC as control). (b) The degradation of TMP by SAZn@BC with different
ated water. Reaction conditions: running time = 10 hours, [TMP0] = 10
0.0 U mL−1, [pH] = 4.3, T = 25.0 °C.

RSC Sustainability, 2023, 1, 2296–2304 | 2299
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removal from around 30% to 50% with the incorporation of
single-atom Zn into the biochar. Interestingly, the performance
of SAZn@BC depended heavily on the levels of dissolved oxygen
(DO), Fig. S5,† suggesting that DO or reactive oxygen species
(ROS) might play a signicant role in the degradation of TMP by
SAZn@BC. The TOC study also suggested the important role of
DO in the system in that the TOC removal decreased from 50%
to 20% aer the deoxygenation.

3.3 Quenching study and TMP degradation by reactive
species

Based on the results in Fig. 2(b), MeOH did not affect the
degradation of TMP, suggesting that the hydroxyl radical (cOH)
was not involved in TMP degradation by ZnSA@BC. L-His
Fig. 3 The chronoamperometry I–t curves of catalyst suspension. (a an
different volumes of oxygen-saturated water, (c and d) typical deionized
trations of TMP, (e) open circuit potential measurements of SAZn@BC
impedance spectra.

2300 | RSC Sustainability, 2023, 1, 2296–2304
signicantly inhibited the TMP degradation. However, replac-
ing ultrapure water with D2O did not lead to enhanced TMP
removal, suggesting a minimal role of 1O2 because 1O2 has
a longer lifetime in D2O and would lead to a greater TMP
removal if it was involved in TMP degradation.35 Aer the
addition of low-concentration superoxide dismutase (SOD),
TMP degradation dropped from 74.0% to 41.0%. This strong
inhibition implied the critical role of O2c

−, and the generation
was further conrmed by the NBT test (Fig. S6†).

However, O2c
− has a low redox potential of E0 = −0.33 V (vs.

NHE)36 and is unlikely to oxidize TMP (E0 = +1.1 V (vs. NHE)).37

In an acidic environment (pH 4.3), the majority of O2c
− is in the

form of hydroperoxyl radical (cOOH) (E0= +1.44 V (vs.NHE), pKa

= 4.88) which is a much stronger oxidant. cOOH could further
d b) Deoxygenated water with SAZn@BC and BC after the addition of
water with SAZn@BC and BC after the addition of different concen-
after the addition of TMP and (f) Nyquist plots of electrochemical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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produce H2O2 (E
0 = +1.8 V (vs. NHE)), as shown in reactions R1

to R4 (Fig. S7†).35 And reactions between H2O2, cOOH and TMP
were proposed as the main mechanisms leading to the indirect
oxidation of TMP by SAZn@BC. The UV-vis measurements
suggested that H2O2 concentration was about 0.05 mM in our
system at the time of measurement (Fig. S8†). The electron
transfer from SAZn@BC to DO was also conrmed by chro-
noamperometry I–t measurement, Fig. 3(a), with the current
change intensity proportional to the amount of O2 added to the
system. Importantly, this result was not found in the BC system,
Fig. 3(b), indicating the necessity of single-atom Zn as an elec-
tron transfer bridge to facilitate electron transfer.

3.5 Direct TMP oxidation by the single-atom Zn catalyst on
biochar support

Although TMP degradation by ROS was signicant (i.e., 38.0–
41.0%), yet TMP in the system was still removed aer SOD
quenching, suggesting that additional mechanisms might be
occurring. Adsorption on the biochar support material likely
contributed to part of the removal of TMP from solution.
Chronoamperometry measurements revealed the positive and
linear correlation (R2 = 0.93) of the current change intensity
with the concentration of TMP added to the system (Fig. 3(c)),
conrming direct electron transfer between SAZn@BC and
TMP,38,39 which was not found in the BC system, Fig. 3(d), again
emphasizing the important role of single-atom Zn sites for the
direct oxidization of TMP. The direct electron transfer was also
supported by the OCP measurements, Fig. 3(e), that showed
a signal drop aer the addition of TMP, indicating its direct
oxidization.40 The EIS Nyquist plots, Fig. 3(f), revealed different
electron transfer resistance of the SAZn@BC aer TMP addi-
tion, providing further support of direct electron transfer
between TMP and SAZn@BC. Overall, our results demonstrate
a combined radical pathway and direct oxidization for TMP
degradation by SAZn@BC as illustrated in Fig. 4.

3.6 DFT calculations

The lowest energy values of different multiplicities were
employed for binding free energy calculations and the results
Fig. 4 Schematic illustration of the TMP degradation pathways by
SAZn@BC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
are tabulated in Fig. S9.† The negative binding-free energy
indicated that O2 and cOOH can be easily adsorbed on the
catalyst surface to induce reactions to generate O2c

− and H2O2.41

The overall reaction potentials of R1, R3, and R4 (Fig. S7†) are
summarized in Table S1.† The calculation of free energy with
respect to the biased potential was performed using the
computational hydrogen electrode model.42 Here, the bias
potential U (V) denotes the voltage applied to an electrode in an
electrochemical cell relative to a reference electrode. In the
model, the free energy (DG) was dened as eUwith a unit of eV.43

The reactions of O2 and cOOH accepting electrons from
SAZn@BC to generate O2c

− and H2O2 were simulated at U= 0 V,
implying that no voltage was applied to the system, and the
negative free energy of −1.70, −1.91 and −1.4 eV for reactions
R1, R3 and R4 demonstrated that these reactions are sponta-
neous. DFT calculations were also performed for the catalyst
without Zn (Table S2†). Aer eliminating Zn, the free energy of
R1 for the generation of O2c

− turned positive (+0.48 eV), sug-
gesting the necessity of the Zn single-atom sites for the spon-
taneous ROS generation. The results agree with the poor TOC
removal in the reactor with BC control (Fig. 2(c)).

The results of NBO calculations for the catalyst indicate the
direction of electron transfer between reactants and SAZn@BC
(Table S3†). Positive values for SAC/O2 and SAC/cOOH indicate
electron transfer from the hydroquinone to O2 and cOOH. The
negative values for SAC/TMP revealed the opposite electron
transfer. Overall, DFT calculations supported our experimental
studies that O2 and cOOH are reduced while TMP is oxidized by
SAZn@BC, leading to effective degradation of TMP through
both pathways. A comparison of the degradation rate constant
of TMP, Table S4,† showed that even though SAZn@BC did not
display the highest performance among all catalysts, it had
much higher TMP removal efficiency than conventional pho-
tocatalysts or biochar products. However, it is important to
emphasize that this study was performed in deionized water.
Natural water contains a diverse group of constituents such as
inorganic anions which are known to quench some reactive
oxygen species and form secondary radicals. We examined the
impact of several common anions such as PO4

3− and CO3
2− on

the removal of TMP by SAZn@BC (Fig. S10†). All inorganic
anions inhibited the removal of TMP, with CO3

2− demon-
strating the greatest inhibition. These results suggest that the
composition of natural water has a marked impact on the
performance of SAZn@BC and additional studies are needed to
gain more insights into the potential effectiveness of SAZn@BC
in natural water.

4. Reusability

The reusability of a catalyst is an important consideration in
sustainable applications of catalysts. Unfortunately, a signi-
cant drop in performance was noticed for the SAZn@BC air-
dried aer reaction with TMP (Fig. S11(a)†). The change of the
catalyst surface chemical structure could be one of the reasons
for the performance decline. A comparison of the O 1s spectrum
of XPS showed a substantial decrease of the C–O bond at
533.30 eV and an increase of C]O at 531.18 eV aer the
RSC Sustainability, 2023, 1, 2296–2304 | 2301
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reaction (Fig. S12†). This change was also supported by the C 1s
spectrum, likely from the consumption of phenolic groups and
transformation of hydroquinone to quinone moieties.11 The
blockage of micropores and active sites by undegraded TMP
could be another reason for the reduced performance of
SAZn@BC. Interestingly, simple heating at 100 °C and 250 °C
signicantly improved the catalytic performance of SAZn@BC
to a level comparable to the original catalyst. Unfortunately,
aer one cycle of heating, SAZn@BC regenerated at 100 °C
showed poor performance even aer heating at the same
temperature again (Fig. S11(b)†). This may be due to the
carbonization of TMP on the surface. However, SAZn@BC
regenerated at 250 °C roughly maintained its efficacy for TMP
removal aer the second heating, suggesting that high
temperature heating might be a simple but effective approach
to regenerate the catalyst. This is attributed to the fact that the
higher temperature favors the formation of redox active
phenolic and hydroquinone moieties on biochar,15 a critical
factor in the catalytic function of SAZn@BC as discussed above.
Further studies on the stability of single atom sites during
chemical reactions and their regeneration mechanisms are
needed to advance the applications of single atom metal cata-
lysts on a biochar support in environmental applications.

5. Conclusions

Our study demonstrated the successful synthesis of a single-
atom Zn catalyst supported on biochar with a Zn–N4 coordina-
tion structure. The catalyst alone led to signicant TMP degra-
dation via co-occurring radical reaction and direct oxidation,
which could lead to more efficient environmental applications
of SACs. The electrocatalytic performance of the catalyst could
be attributed to the coordination between redox active func-
tional groups and zinc single-atom sites. Direct TMP oxidation
was enabled by the electron transfer from TMP to SAZn@BC.
And the electron transfer from the SAZn@BC to dissolved
oxygen generates H2O2 and $OOH, leading to the radical
pathway of TMP degradation. All these reactions and electron
transfer pathways were mediated by single-atom Zn sites and
veried by DFT calculations. The cost-effectiveness of SAZn@BC
and its simple regeneration makes SAZn@BC alone a highly
effective and sustainable material in environmental remedia-
tion. Notably, tremendous amounts of natural biomass contain
transition heavy metals, and the disposal of this biomass has
been a main environmental challenge. Our research offers an
appealing approach to upcycle metal-bearing biomass by con-
verting it into effective metal catalysts on a carbon support.
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