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A B S T R A C T   

Transition metal and nitrogen doped carbon catalysts (M–N–C) are effective in electrochemical reduction of CO2 to CO with a high selectivity. However, scalable 
and cost-effective synthesis of active metal-nitrogen catalysts is yet to be developed. Herein, we report a simple and sustainable method that utilizes commercial 
carbon nanotubes (CNTs) to adsorb a pharmaceutical waste, sulfamethoxazole (SMX), followed by moderate pyrolysis to prepare an efficient M–N–C catalyst. The 
intrinsic metal impurities from CNTs are essential to form active metal sites, and it requires significantly less nitrogen precursor than methods using most widely 
nitrogen precursors such as melamine and urea. The CNT-SMX catalyst delivers high CO2RR performance with 91.5 % CO Faradaic efficiency and 14 mA/cm2 CO 
partial current density at −0.76 V vs RHE in a traditional H-Cell. The catalyst is also efficient in a scalable flow cell, exhibiting 97.5 % CO selectivity at 300 mA/cm2, 
plus stable CO2RR performance for more than 24 h at 100 mA/cm2. The scanning transmission electron microscopy (STEM) and X-ray absorption spectroscopy (XAS) 
analyses confirm the existence of single atomic sites primarily in the form of Fe-N bonds that are active sites for CO2RR. Density functional theory (DFT) calculations 
suggest a synergy between the single atomic Fe–N–C sites and Ni nanoparticles embedded in the CNTs, which enhances CO production rate and selectivity by 
lowering the desorption energy of *CO intermediate. To the best of our knowledge, the results in this work are among the top performing carbon-based catalysts. 
Furthermore, catalysts developed in this work are synthesized at a moderate temperature without pre-oxidation or post-acid-washing and utilize cheap or waste 
materials, presenting a simple, sustainable, and cost-effective way to synthesize highly active catalysts.   

1. Introduction 

The electrochemical CO2 reduction reaction (CO2RR) is a promising 
solution to mitigate excess CO2 concentration in the atmosphere that 
results in global warming [1,2]. Utilizing renewable energy such as solar 
and wind as the electricity source, CO2RR can produce value-added 
chemicals at mild reaction conditions with significant scale-up poten
tials of the entire process. However, CO2RR normally suffers from 
sluggish reaction rates due to the stable nature of CO2 molecules. Thus, 
the reaction requires highly efficient catalysts to reduce the reaction 
barrier and boost the activity to a practical level. 

Among the many catalysts researched, metal and nitrogen co-doped 
carbon (M–N–C) has attracted increasing attention because of its ad
vantageous properties including cost-effectiveness, abundance of pre
cursor materials, and potential for large-scale application [3,4]. Two 

types of carbon precursors are typically used to synthesize M–N–C 
catalysts. One starts from functionalized pristine carbon such as gra
phene oxide, carbon nanotubes (CNT), or carbon black, followed by 
doping nitrogen and metal sources at high temperature [5–7]. The other 
route begins with carbon/nitrogen/metal-containing organic-based 
precursors, which are subjected to the high-temperature pyrolysis 
[8–10]. Typically, multiple pre-treatments, namely strong acid/oxidant 
activations, are used in order to provide high carbon surface area and 
achieve effective nitrogen/metal doping [6,11,12]. In terms of the metal 
precursor, metal salts (e.g., metal nitrates) are normally used for metal 
doping. Since the aggregation of metal sites, which forms metal nano
particle on the carbon matrix during pyrolysis, decreases CO2RR per
formance because of favoring competing hydrogen evolution reaction 
(HER) [13], post-pyrolysis acid washing is typically applied to achieve a 
uniform distribution of M−N sites [8,14,15]. These treatments not only 
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hinder the scale-up potential of the synthesis, but also produce pollut
ants, further adding the burden of downstream waste treatment to the 
CO2RR life cycle. 

Furthermore, in order to anchor nitrogen onto the carbon matrix, 
extensive amounts of nitrogen sources (such as urea, melamine, etc.) are 
typically used at quantities more than ten times the weight of the carbon 
source. However, the poor interaction between these precursors and 
carbon precursors results in a majority of the nitrogen elements escaping 
as gasses instead of being doped onto the carbon [5–7,16]. This leads to 
a low product yield considering the carbon/nitrogen quantity ratio, thus 
significantly reducing the scale-up potential and cost-effectiveness of the 
M–N–C catalyst synthesis. As a result, low-cost carbon, metal, and 
nitrogen sources requiring fewer treatment steps while still being 
effective for constructing M−N active sites are needed for future large- 
scale applications of CO2RR catalyst synthesis. 

Multi-walled carbon nanotubes (CNTs) are one of the most popular 
carbon precursors researched [11,17–19]. It has been synthesized in an 
industrial scale and is more cost-effective than the other synthesized 
carbon precursors, such as graphene or metal–organic-frameworks 
(MOFs). CNTs also have a larger surface area, better conductivity, and 
greater strength than the natural carbon sources, such as graphite 
[20–22]. However, the majority of the literature reports using CNTs 
solely as the carbon precursor suffer from multiple aforementioned 
disadvantages due to pre-/post-pyrolysis treatments [19,23,24]. As 
demonstrated in our previous work, the metal impurities often found in 
CNTs from the industrial synthesis can be utilized as the metal pre
cursors for the M–N–C catalyst, eliminating the additional metal 
requirement and post-pyrolysis acid-washing [7]. This makes the com
mercial CNTs a potential candidate to be directly applied in a ‘greener’ 
synthesis with fewer pollutant treating steps when given the suitable 
nitrogen precursors. 

Regarding nitrogen precursor selection, the use of traditional nitro
gen sources such as urea and melamine requires an excessive amount to 
guarantee sufficient doping, making it a less sustainable synthesis. In 
contrast, common pharmaceutical products (e.g., sulfamethoxazole 
(SMX)), which also contain nitrogen elements, have been demonstrated 
to have a strong interaction with carbon materials in water due to π-π 
bonding [25–28]. This would make these materials a better candidate as 
M–N–C nitrogen precursors than traditional smaller nitrogen- 
containing molecule (e.g., urea, melamine, etc.) because they uni
formly bond throughout the carbon surface, thus having a larger chance 
during pyrolysis to react with the metal impurities found in CNT and 
form M−N active sites. In addition, the over treatment of live-stock with 
these antibiotics has led to an increase of pharmaceutical wastes in 
water sources as well as existing as solid wastes [29]. Notably, these 
organics also contain elements such as S, Cl, or F, which were demon
strated to boost the activity of M–N–C catalysts further [8,30,31]. The 

utilization of these organics as heteroatom dopants could not only 
enhance the cost-effectiveness of M–N–C synthesis, but also poten
tially contributes to the waste treatment of water or landfills. 

In this work, a simple and sustainable method of M–N–C catalyst 
synthesis was developed as illustrated in Fig. 1. First, commercial CNTs 
were used to adsorb SMX from a solution. Then, the organics adsorbed 
CNTs were collected and underwent a moderate temperature pyrolysis 
to prepare atom-level dispersed M–N–C catalysts. The CO2RR perfor
mance of the prepared catalysts was comprehensively characterized and 
evaluated in both an H-Cell and a flow cell. The results show a top-level 
catalytic performance while the amount of nitrogen precursors for the 
catalyst preparation is significantly reduced, and the procedures are 
simplified compared to other methods reported in the literature. 

2. Experiment section 

2.1. Materials 

SMX (Tokyo Chemical Industry, > 98 %) and melamine (Acros Or
ganics, > 99 %) were purchased from VWR. All chemicals were used 
directly without any treatment. 

2.2. SMX adsorption 

In this work, we dissolved SMX in water to simulate an SMX 
wastewater in the concentration range of 20–250 ppm (or mg/L). 
Typically, 50 mg of commercial CNT were dispersed into 50 mL of a SMX 
solution (20–250 ppm) under stirring at 300 rpm and room temperature. 
At certain time intervals, 1 mL of solution was taken out for analysis. 
CNT powders with adsorbed SMX were filtered out by a 45 nm PTFE 
filter. The liquid samples were diluted by 100 times for HPLC detection 
of SMX. The adsorption capacity was calculated based on the following 
equation: 

Qe = VO*
CO − CC

mCNT
(1) 

In this equation, VO represents the volume of the organic solution, CO 
is the original organic concentration, CC is the current SMX concentra
tion at the time the 1 mL sample was removed, and mCNT is the mass of 
CNT. 

The organic adsorption isotherm was plotted using the equilibrium 
organic concentration (Ce) as the x-axis and the adsorbed quantity (Qe) 
as the y-axis. 

Fig. 1. The process of fabricating M–N–C catalysts using commercial CNTs and organic wastes for the application of CO2RR.  
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2.3. Synthesis of catalysts 

2.3.1. CNT-SMX-x 
To begin 50 mg of commercial CNTs without treatment (denoted as 

CNT) was added to 50 mL of an X ppm SMX solution (X = 20–250) and 
stirred at 300 rpm for 24 h. The CNT adsorbed with SMX was collected 
by centrifuging, pouring off the supernatant, and then dry at the 60 ◦C 
oven overnight. The dried powders were then pyrolyzed at 650 ◦C for 3 h 
under an Ar environment. The as-prepared powder was denoted as CNT- 
SMX-X. 

2.3.2. CNT-HT 
The control sample CNT-HT was synthesized by pyrolyzing 50 mg of 

CNT at 650 ◦C for 3 h under an Ar environment. 

2.3.3. CNT-Mel-250 
To compare the nitrogen doping level on CNT between SMX and the 

traditional precursor (melamine is selected in this work), CNT-Mel-250 
was prepared using the same method except replacing 250 ppm of SMX 
solution by 250 ppm of melamine. 

2.3.4. CNT-Mel-excessive 
In order to achieve a similar nitrogen doping level and CO2RR per

formance using melamine as the nitrogen precursor to that from SMX, 
excessive amount of melamine was used with similar carbon/nitrogen 
precursor weight ratio to the literature (at least 1:10) [7,32]. Typically, 
50 mg of CNT and 500 mg of melamine were dispersed in 20 mL DI 
water. The water was then fully evaporated on a hotplate at 60 ◦C. The 
as-mixed power was then transferred to a tube furnace and pyrolyzed at 
650 ◦C for 3 h under an Ar environment. The as-synthesized sample is 
denoted as CNT-Mel-excessive. 

2.4. Characterizations 

2.4.1. Morphology, structure, and composition of the catalysts 
Morphology, structure, and composition of the catalysts were char

acterized by scanning electron microscopy (SEM, JEOL JSM7500F), 
transmission electron microscopy (TEM, FEI Tecnai G2 F20 ST), 
Brunauer-Emmett-Teller (Micromeritics ASAP 2420 physisorption 
analyzer), high-angle angular dark-field scanning transmission electron 
microscopy (FEI 200 kV Titan Themis), X-ray diffraction (XRD, BURKER 
D8), and X-ray photoelectron spectroscopy (XPS, Omicron). The X-ray 
absorption spectroscopy (XAS) measurements were performed at the 12- 
BM beamline of the Advanced Photon Source (APS) at the Argonne 
National Laboratory (ANL). 

2.4.2. Measurement of the SMX concentration 
The concentration of SMX was measured by high-performance liquid 

chromatography (HPLC-2030C, Shimadzu) equipped with a reversed- 
phase C18 column in the low-pressure gradient mode. A mixture of 
deionized water, acetonitrile, and 25 mM of formic acid was used as the 
mobile phase at a flow rate of 1 mL/min. 

2.5. Electrochemical CO2RR activity measurements 

Two types of cells were used in this work to evaluate the CO2RR 
performance. A traditional H-Cell was used to conduct electrochemical 
characterizations and study fundamental catalytic performance- 
structure correlations. A flow cell setup was used to analyze the scale- 
up potentials of the catalyst while operating at higher current densities. 

2.5.1. H-Cell 
The traditional H-Cell contains two compartments, separated by a 

proton exchange membrane (Nafion 115 membrane, Beantown Chemi
cal, 0.125 mm thick). It is a three-electrode system, consisting of a 
working electrode and a reference electrode (Ag/AgCl, 3 M KCl) in the 

cathode chamber, and a counter electrode (1 cm × 1 cm Pt foil) in the 
anode chamber. The electrolyte is the CO2-saturated 0.5 M KHCO3 so
lution. The measured potentials after iR compensation are rescaled to 
the reversible hydrogen electrode by E (RHE) = E (Ag/AgCl) + 0.210 V 
+ 0.0591 V × pH. The working electrode is prepared by drop-casting the 
catalyst onto a Toray carbon paper with an active catalytic geometric 
area of 1 cm2. The catalyst ink is prepared by dispersing 3 mg of catalysts 
in a mixture of 370 µL of ethanol, 200 µL of water, and 30 µL of 5 % 
Nafion solution under sonication for 3 h. High-purity CO2 (99.999 %, 
Airgas) at a flow rate of 30 standard cubic centimeters per minute (sccm) 
is introduced in the cathode chamber for 30 min to fully saturate the 
catholyte and the flow rate is maintained throughout the test. The 
products are analyzed via an online gas chromatograph (GC, Fuel Cell 
GC-2014ATF, Shimadzu) equipped with a thermal conductivity detector 
(TCD) and a methanizer-assisted flame ionization detector (FID). 

2.5.2. Flow Cell 
Similar to our previous work, a customized flow cell electrolyzer is 

used to evaluate the feasibility of applying the catalyst at commercially 
viable current densities [33]. The flow cell has two compartments 
separated by an anion exchange membrane (Fumasep PK 130, Fuel Cell 
Stores). Nickel foam is used as the anode for oxygen evolution reaction 
(OER) with an active geometric area of 1 cm2, and the anolyte (1 M 
KOH) is circulated in the anode chamber (flow rate 10 mL/min) and 
remove the oxygen generated at the anode. The catholyte (1 M KOH) is 
circulated in the cathode chamber between the membrane and cathode 
at a flow rate of 1.5 mL/min. The cathode is prepared by airbrushing the 
catalyst ink (10 mg catalyst, 3 mL ethanol, 300 µL of 5 % Nafion solu
tion) onto the gas diffusion layer (GDL) (Sigracet 39 BC, Fuel Cell Store) 
with an active geometric area of 1 cm2. The catalyst loading is about 1 
mg/cm2 based on the electrode weight gain after airbrushing. The CO2 
gas, circulated at the backside of the GDL, diffuses into the GDL, and 
reacts at the catalyst-electrolyte interface. A Hg/HgO electrode (1 M 
KOH) is used as the reference. The flow cell tests were powered by a DC 
power supply (Agilent E3633A) and the potential between the reference 
and cathode is measured by a multimeter (AidoTek VC97 + ). All the 
measured potentials were reported without iR compensation. The 
products in the flow cell systems are analyzed via an online gas chro
matograph (GC, GC-2010, Shimadzu) equipped with a thermal con
ductivity detector (TCD) and flame ionization detector (FID). Both CO 
and H2 are detected by the TCD, and methane and hydrocarbons are 
measured by the FID detector. 

3. Results and discussions 

3.1. Adsorption kinetics and isotherm 

Detailed analysis of different organic adsorption characteristics by 
CNT was investigated. The adsorption kinetics were determined by the 
adsorption capacity of organics onto CNT via time. The adsorption ca
pacity of CNT rapidly reached its maximum within 10 min as shown in 
Figure S1 indicating the efficient and fast adsorption capability on 
commercial raw CNT [34]. 

To further understand the interactions between organics and CNT, 
adsorption isotherms were carried out and fitted with multiple isotherm 
models. As revealed in Fig. 2 and Table S1, different models are fitted 
well to the experimental data. In particular, the Freundlich model was 
better fitted to the experimental results than Langmuir model, indicating 
a multilayer adsorption of SMX molecules onto the heterogeneous CNT 
surface [35,36]. The efficient adsorption of SMX by CNT provides a good 
interaction between CNT and SMX, benefiting the following nitrogen 
doping step during pyrolysis. 

3.2. Material characterization 

Inductively coupled plasma mass spectrometry (ICP-MS) was first 

Y. Gang et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 453 (2023) 139712

4

conducted to understand the concentrations of residual Fe and Ni 
remained from the industrial synthesis process in CNT, CNT-HT, and 
CNT-SMX-250. As revealed in Table S2, the precursor CNT has 0.4 wt% 
and 1.0 wt% of Fe and Ni, respectively. After adsorption and pyrolysis, 
the catalyst CNT-SMX-250 has 0.4 wt% of Fe and 1.5 wt% of Ni. The 
control CNT-HT has 0.3 wt% of Fe and 1.7 wt% of Ni, respectively. These 

results indicate that metals are preserved after the adsorption/pyrolysis 
processes. 

Multiple characterization techniques are used to further understand 
the material structure, morphology, and element composition. Firstly, 
scanning electron microscope (SEM) was carried out to determine the 
structure differences between CNT and CNT-SMX-250. From Figure S2, 
all samples depict tube structures with similar diameters and lengths, 
indicating the structure of CNT well preserved after the pyrolysis. 
Transmission electron microscope (TEM) of CNT-SMX-250 (Fig. 3a) and 
CNT (Figure S3) reveal a similar tube structure with nanoparticles being 
encapsulated at the joint of tubes. In Figure S4, the encapsulation of a Ni 
nanoparticle by carbon layers is revealed by high-resolution TEM in 
CNT-SMX-250. As shown in Fig. 3b, high angle annular dark-field ab
erration-corrected scanning transmission electron microscopy (HAADF- 
STEM) reveals scattered bright spots, indicating the single atomic metal 
sites. Further energy dispersive spectroscopy (EDS) mapping (Fig. 3c–g) 
reveals uniform distribution of Fe elements, while Ni elements concen
trated inside the tubes, forming nanoparticles. This indicates that the Fe 
sites more likely form smaller atomic sites while Ni elements exist in the 
system as nanoparticles. In particular, small nanoparticles could also be 
observed in the high-resolution STEM image (Fig. 3b). From the EDS 
spectrum to the red-square area of Fig. 3b, it is revealed that the 
nanoparticles consist of Ni elements primarily (Figure S5). The STEM 
and EDS images of commercial CNTs are revealed in Figure S6. Bright 
dots are also observed from the precursor CNT indicating the existence 
of single atomic sites in the raw CNTs without treatment. As demon
strated by the literature, Fe elements could form stable sites as isolated 
atoms on the defects of CNT surface while Ni elements are more likely to 
diffuse instantaneously and form aggregates [37]. This is consistent to 

Fig. 2. SMX adsorption isotherm with different fitting models (Qe: adsorption 
capacity; Ce: solution concentration at equilibrium). 

Fig. 3. (a) TEM and (b-g) HAADF-STEM/EDS images of CNT-SMX-250.  
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the EDS observation (Fig. 3c) where majority of Ni exist as nanoparticles 
in the system. 

Brunauer-Emmett-Teller (BET) was conducted to determine the 
porosity and pore size distribution of CNT and CNT-SMX-250. As shown 
in Figure S7, both CNT and CNT-SMX-250 reveal a distinct hysteresis 
loop in the larger pressure range (P/P0 greater than 0.5), corresponding 
to mesopores [38]. CNT-SMX-250 also has a stronger absorption in the 
low relative pressure range (P/P0 = 0–0.1), indicating the existence of 
micropores [38]. The BET specific surface area of CNT-SMX-250 is 
170.6 m2/g, larger than that of CNT, 81.1 m2/g. It is likely due to the 
formation of metal and nitrogen doped sites on the CNT surface pro
vided by the introduction of SMX, creating rough defects and more 
porous surfaces than the pristine CNTs, agreeing with the literature 
finding [39]. The pore size distributions of the two samples are similar 
with a major pore size in the mesopore range at around 3 nm. 

To better understand the surface metal composition and distribution, 
X-ray photoelectron spectroscopy (XPS) was further conducted. 
Differing from the results of ICP, the surface concentrations of Ni and Fe 
do not show a similar trend. As depicted in Table S3, the Ni contents in 
all samples are extremely low, less than 0.05 at.%, indicating the Ni 
contents exist mostly as nanoparticles that are encapsulated by the 
carbon layers other than exposed on the surface, consistent with the 
STEM/EDS observation. The surface Fe content in the CNT is much 
larger than that of Ni, around 0.5 at.% vs 0.05 at.%. This indicates that 
after the industrial process, larger quantities of Fe elements distribute on 
the surface, while Ni elements exist as nanoparticles encapsulated by 
graphitic carbon layers. This observation is consistent to the literatures, 
where Fe elements could form isolated atoms on the CNT surface while 
Ni elements tend to instantaneously form aggregates [7,37,40]. This 
leads to a higher Fe concentration than that of Ni on the surfaces of CNT 
and CNT-SMX-250 even if Ni has higher bulk concentrations as detected 
by ICP-MS (Table S2). The surface Ni contents in both CNT and CNT- 
SMX-250 are less than 0.05 at.%, indicating Ni nanoparticles are 
encapsulated after pyrolysis, agreeing with the STEM/EDS observations. 
Combining TEM/ICP/XPS observations, the surface metal elements that 
exist in the system are primarily single atomic Fe while Ni elements 
mostly exist as nanoparticles encapsulated by the graphitic carbon 
layers. 

Furthermore, surface element concentrations of heteroatoms are 
revealed in Table S3. CNT has a larger surface O concentration, 9.4 at. 
%, as compared to CNT-SMX-250, 3.7 at.%. This is possibly due to the 
adsorption of O-containing species or the oxidation of surface iron 
species in CNT during storage. No obvious N or S could be detected from 
CNT, while 0.8 and 0.2 at.% of N and S are detected in CNT-SMX-250, 
respectively, indicating the successful heteroatom doping by intro
ducing SMX. 

High-resolution N 1 s spectra of CNT-SMX-250 (Figure S8) reveals 
the presence of five different N species, including pyridinic N (398.2 eV), 
metal-N (M−N) (399.5 eV), pyrrolic N (400.3 eV), graphitic N (401.2 
eV), and N-oxides (403.7 eV) [6]. The presence of the M−N content 
reveals the formation of metal-nitrogen bond. Particularly, the M−N 
species dominate the N contents, indicating the effectiveness of forming 
M−N bonds using SMX as the N precursor. The formation of a large 
amount of M−N bonds is possibly because the surface Fe atoms have 
already been stabilized as isolated sites by the industrial fabrication 
process, while the uniform distribution of SMX molecules on the CNT 
surfaces provides effective formation of Fe-N bonds. As revealed in 
Figure S9, the S 2p spectra of CNT-SMX-250 at lower binding energy can 
be assigned to C–S–C (2p3/2 at 164.1 and 2p1/2 at 165.3 eV), and the 
peaks centered at 167.6 and 168.8 eV correspond to oxidized species (C- 
SOx-C) [41–43]. Our previous work has demonstrated that the incor
poration of S atoms could boost the CO2RR activity in the nitrogen 
doped carbon catalyst system by decreasing the reaction barrier of in
termediate formation and promoting the active nitrogen species [41]. 
This further demonstrates the advantages of using SMX and CNT as raw 
precursors for M–N–C synthesis. In contrast, the commercial CNTs 

reveals no N peak (Figure S10), indicating no N exists in the raw 
materials. 

In addition, high-resolution XPS analysis of metal species in CNT and 
CNT-SMX-250 are shown in Figure S11. Both samples reveal similar Fe 
spectra, indicating no significant changes of Fe after pyrolysis. As shown 
in Figure S11, both Fe peaks show a shift towards higher binding energy 
compared to the standard Fe0 value, suggesting a positive oxidation 
state [44–46]. In contrast, the XPS of Ni spectrum of raw CNTs does not 
show any obvious peak due to the extremely low concentration (less 
than 0.05 at.%, Table S3) on the surface, because Ni NPs are wrapped by 
carbon layers. After pyrolysis with SMX, a small Ni peak occurs at 
around 855 eV, likely due to the formation of Ni-N sites, with an 
oxidation state larger than 0 [47]. 

To further understand the local arrangement of metal atoms, X-ray 
absorption spectroscopy (XAS) was conducted on CNT-SMX-250. Fe foil, 
Fe2O3, Ni foil, iron phthalocyanine (FePc), and nickel phthalocyanine 
(NiPc) were used as the standards. The X-ray absorption near edge 
structure (XANES) spectra of Ni (Fig. 4a) in CNT-SMX-250 are all close 
to Ni foil, indicating a dominating Ni0 state. Notably, the edge of Ni in 
CNT-SMX-250 is slightly larger than 0, indicating some Ni elements 
possibly form Ni-N or Ni-O bonds. As shown in Fig. 4b, extended X-ray 
absorption fine structure (EXAFS) spectra of Ni atoms reveal a single 
peak at around 2 Å, close to Ni-Ni peak in Ni foil. No other Ni peaks are 
found, indicating the dominating Ni structure in CNT-SMX-250 being Ni 
nanoparticles, consistent with the STEM results (Fig. 3c). This is 
consistent with the XRD observation (Figure S12) where a metal 
nanoparticle peak appears at around 45◦. 

In contrast, the XANES spectra of Fe (Fig. 4c) shows different Fe 
oxidation state in CNT-SMX-250. CNT-SMX-250 reveals an adsorption 
edge profile between Fe foil and Fe2O3, indicating a Fe oxidation state in 
CNT-SMX-250 between 0 and 3+, in consistent to the XPS results (Fig
ure S11) [48,49]. This is possibly due to the formation of Fe-N bonds as 
revealed by literature, where the Fe oxidation state is found to be close 
to 2 + in the Fe–N–C materials [7,50,51]. 

Moreover, as shown in Fig. 4d, CNT-SMX-250 exhibits a peak at 
around 1.5 Å, corresponding to either Fe-N in FePc or Fe-O in Fe2O3. 
Notably, CNT-SMX-250 also shows a peak at around 2.2 Å, possibly 
corresponding to Fe-Fe peak in Fe foil or bimetallic Ni-Fe peak [52]. This 
is consistent to the observation of STEM/EDS (Figure S5) where Fe peak 
intensity can be observed, indicating a small quantity of Fe element in 
the Ni nanoparticles. 

Since Ni and Fe elements exist in the system based on the ICP/EDS/ 
XPS results, it is impossible to exclusively exclude Ni atomic site for
mation. As a result, it is hypothesized that the nanoparticle structure 
primarily consists of Ni elements with small quantities of Fe while the 
atomic sites primarily consist of Fe-N sites with small quantities of Ni 
[3,8,53]. These nanoparticles are encapsulated in the CNT branch/tip 
and are preserved even after an industrial acid purification process that 
removes the exposed metal nanoparticles. 

3.3. CO2RR performance evaluation 

3.3.1. Traditional H-Cell 
The CO2RR performance of the as-prepared catalysts was firstly 

evaluated in a traditional H-Cell. The Faradaic efficiency of CO (FE(CO)) 
of CNT-SMX-X and CNT-HT at different applied potentials are depicted 
in Fig. 5a. The highest FE(CO) of CNT-SMX-X is achieved at −0.76 V vs 
RHE of 91.5 % with a partial CO current density of 14 mA/cm2 (Fig. 5b- 
c) by CNT-SMX-250. As concentration of precursor SMX solution in
creases, FE(CO) and current density of CNT-SMX-X increase. FE(CO) and 
current density in all CNT-SMX-X are significantly larger than that of 
CNT-HT, 1.6 % of FE(CO) with a CO current density of 0.02 mA/cm2. 
This demonstrates the significance of Fe-N active sites formed by SMX 
adsorption/pyrolysis process. Since the physical properties of CNT-SMX- 
X samples and pristine CNTs (e.g., BET surface area, structure, etc.) are 
similar, the differences are more likely due to the nitrogen doping level 
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resulted from different SMX adsorption quantities. As shown in Fig. 2, 
the SMX equilibrium adsorption capacity (Qe) by CNTs in the 250-ppm 
SMX solution (corresponds to CNT-SMX-250 in Fig. 5) is about 1.5 times 
of that in the 100-ppm solution (CNT-SMX-100), and 5 times of that in 
the 20-ppm solution (CNT-SMX-20). In comparison, CNT-HT (i.e., CNT- 
SMX-0) shows almost no activity. The different amount of adsorbed SMX 
on CNTs correlates to the nitrogen doping level after pyrolysis and is 
believed to be a major contributor to the different CO2RR performance 
as observed in Fig. 5. As the adsorbed SMX amount increases, the CO2RR 
performance increases. Further increase of SMX adsorption on the CNTs 
is limited according to the adsorption equilibrium isotherm (Fig. 2) and 
the low SMX solubility in water at room temperature [54]. 

Specifically, the FE(CO) of CNT-SMX-250 remains at above 90 % 
from −0.7 to −0.9 V vs RHE even if metal nanoparticles co-exist with 
atomic sites, as shown in Fig. 3a, 3d. Literature has revealed that 
exposed transition metal nanoparticles normally have a negative effect 
on the CO2RR as they promote competing hydrogen evolution reaction 

(HER) due to their strong bonding with *H [55]. The coverage of the Ni 
NPs by graphitic carbon layers during the CVD synthesis could help 
block bulk Ni from interacting with the reactants to suppress HER[33]. 
The utilization of the commercial CNT derived catalyst may greatly 
benefit from the encapsulation advantage because the CNTs have been 
purified by the industrial process to move bulk metal particles, thus the 
metal NPs left are mostly encapsulated by the CNT carbon layers, as 
revealed by Fig. 3a. Thus, such materials are excellent to suppress HER 
on the nanoparticles, indicating the commercial CNT an excellent 
CO2RR carbon precursor candidate. 

Electrochemistry characterizations were carried out to further 
investigate the electrochemical properties of each sample. The Nyquist 
plots by electrochemical impedance spectroscopy (EIS) are obtained as 
in Figure S13a, and the equivalent circuit model in the cathode 
compartment is defined in Figure S13b [56]. The equivalent circuit 
model contains solution resistance (RS), Ohmic resistance (RΩ), and 
charge-transfer resistance (RCT). The charge-transfer resistance 

Fig. 4. (a) Ni XANES, (b) Fourier transform of the Ni EXAFS spectra, (c) Fe XANES, and (d) Fourier transform of the Fe EXAFS spectra of CNT-SMX-250 and 
standard references. 

Fig. 5. (a) CO Faradaic efficiency, (b) total current density, and (c) CO partial current density on CNT-SMX-X and CNT-HT in 0.5 M KHCO3.  
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represents the resistance for the electrons to transfer from the catalyst to 
the reactants. CPE1 and CPE2 represent the constant phase element, 
corresponding to the capacitance [41,57]. The fitting results shown in 
Table S4 reveal that CNT-SMX-250 and CNT-HT have similar solution 
resistance (RS) and ohmic resistance (RΩ), while CNT-SMX-250 has 
significantly higher charge-transfer resistance (RCT), 14 Ω versus 6 Ω, 
suggesting a more favorable electron transfer process at CNT-SMX-250 
surface than that at CNT-HT when CO2 reduction occurs. This is due 
to the heteroatom doping that is present in CNT-SMX-250 while absent 
in CNT-HT. 

The double-layer capacitances (Cdl) of the samples are compared in 
Figure S14. The Cdl is obtained and calculated by cyclic voltammetry 
(CV) in a non-Faradaic potential range from 0 to 0.3 V vs RHE (Fig
ure S15) using the slope of the plots of current density differences as a 
function of applied potential scanning rates. CNT-SMX-250 has a larger 
Cdl, 11.1 mF/cm2, than that of CNT-HT, 7.9 mF/cm2. Cdl is proportional 
to the electrochemical surface area (ECSA), indicating a larger ECSA of 
CNT-SMX-250. To further analyze CO2RR activity of the electrochemical 
sites, the partial current density of CO divided by ECSA (JCO/ECSA) has 
been calculated for both samples at −0.76 V vs RHE, where maximum 
Faradaic efficiency of CO is achieved. CNT-SMX-250 shows a JCO/ECSA 
of 1.3 mA/mF, while CNT-HT only has 0.002 mA/mF. This indicates that 
with the incorporation of SMX adsorption for N doping, CNT-SMX-250 
has a significant enhancement on the activity of the electrochemical 
sites. 

3.3.2. Flow Cell 
As revealed in Fig. 6a, the CO selectivity remains above 95 % at a 

wide range of current densities, from 50 to 300 mA/cm2 with good 
repeatability. In specific, the average CO selectivity is 97.5 % at 300 
mA/cm2 and −1.4 V vs RHE, as revealed in Fig. 6a. This indicates an 
excellent CO2RR performance suitable at commercially viable produc
tion rates. The CO concentration in the flow cell effluent increases with 
current density while the H2 concentration remains less than 1 %, as 
shown in Figure S16, indicating that the catalyst could suppress HER in 
a wide current density range. 

The stability test of CO2RR was evaluated at 100 mA/cm2 for 24 h. 
The CO selectivity, as revealed in Fig. 6b, decreases slightly during the 
24-h stability test from 99 % to 98 % due to the slight increase of HER 
which competes with the CO generation [58]. The stability result is 
among the most stable performances reported in the literature at similar 
conditions [59–63]. Moreover, as revealed in Figure S16, at 300 mA/ 
cm2, the CO concentration in the effluent of cathode chamber could 

reach 12 %, indicating a high CO2 conversion comparable to the state-of- 
the-art works operated at similar reaction conditions [6,64,65]. 

3.4. Nitrogen element usage 

To further demonstrate the effects on nitrogen doping by the organic 
wastes, melamine is used as a control sample to replace SMX as the ni
trogen precursor as it is a widely applied agent for nitrogen doping on 
the CNT surface [33,66]. Firstly, melamine at the same quantity of ni
trogen element as SMX was adsorbed onto CNTs to generate CNT-Mel- 
250 catalyst. The as-synthesized CNT-Mel-250 in Figure S17 reveals 
much worse CO2RR performance than that of CNT-SMX-250. The 
maximum Faradaic efficiency of CO in CNT-Mel-250 is 60.8 % compared 
to 91.5 % in CNT-SMX-250 at −0.76 V with a CO current density of −1 
vs −14 mA/cm2. The high-resolution N XPS spectrum of CNT-Mel-250 
reveals no obvious N peak, indicating no N doping (Figure S10). This 
is possibly due to the weak π-π interaction between traditional short- 
chain nitrogen precursors (e.g., melamine, urea, etc.) and CNTs, lead
ing to a very small amount of melamine being adsorbed on CNT surfaces. 

To increase the loading of melamine on CNTs, CNT-Mel-excessive 
was synthesized by using a 10:1 melamine/carbon mass ratio for py
rolysis, and this ratio is within the range reported in literature to ensure 
sufficient nitrogen doping [7]. As revealed in the Figure S17, CNT-Mel- 
excessive shows similar performance to that of CNT-SMX-250, indi
cating a successful nitrogen doping by melamine. The XPS spectra 
revealed that the nitrogen atomic concentration in CNT-Mel-excessive, 
0.77 at.%, is close to that of CNT-SMX-250, 0.80 at.%. However, the 
total nitrogen amount used in CNT-Mel-excessive synthesis is 100 times 
larger than that in CNT-SMX-250, indicating a significantly higher uti
lization efficiency of nitrogen using SMX as the precursor, and even 
more sustainable when adsorbing it from a pharmaceutical waste. Since 
SMX and melamine has a similar decomposition temperature [67], it is 
probable that the nitrogen doping difference is due to SMX being 
adsorbed to the CNT surface by π-π interaction with multi-layers thus the 
metal elements on CNTs have a larger chance to form M−N bonds with 
the decomposed N-containing intermediates. In contrast, melamine does 
not fully cover the CNT surface, requiring much more melamine in the 
process to achieve a similar level of nitrogen doping. 

We further compared the nitrogen usage in our catalyst to the liter
ature. As shown in Table S5, CNT-SMX-250 shows significantly less (2 to 
4 orders of magnitude less) nitrogen precursor usage than those in the 
literature, indicating an efficient and cost-effective synthesis. We also 
compared the CO2RR performance of CNT-SMX-250 with those of Fe- 

Fig. 6. (a) CO selectivity and measured potential between the cathode and reference electrode at varied current densities, (b) product selectivity of CNT-SMX-250 in 
the flow cell at 100 mA/cm2. 
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based catalysts reported in the literature, as shown in Table S6. Our 
catalyst ranked among the top ones in terms of both FE(CO) and CO 
current density. 

3.5. Additional experimental investigation of the active sites 

In order to investigate the active sites, multiple experiments were 
further conducted. Firstly, ethylenediaminetetraacetic acid (EDTA) and 
potassium thiocyanate (KSCN), two most widely used poisoning agents 
to metal sites in electrolysis, were used to investigate the active site 
distribution in H-Cell testing. As shown in Figure S18, CNT-SMX-250 
poisoned by EDTA and KSCN has a reduced CO2RR performance, indi
cating the poisoning of active sites to certain extent, although not 
completely deactivating the catalyst. As revealed in the literature, KSCN 
has a higher poisoning effect to metal NP than EDTA [68,69]. As a result, 
the different performance between EDTA- and KSCN-poisoned samples 
is usually an indicator of the metal NP contribution. As shown in 
Figure S18, both EDTA- and KSCN-poisoned samples show similar 
performance, suggesting no major contribution from metal NPs alone 
and the poisoning effects mainly occur on the single atomic Fe-N sites. 
This is reasonable as Ni NPs are wrapped by several carbon layers and 
thus are not accessible to poisons. The similar performance of CNT-SMX- 
250 and CNT-SMX-250-Acid (with post acid washing) also confirms no 
obvious metal NP contribution to CO2RR (Figure S19). 

In the literature regarding single atomic Fe–N–C or Ni–N–C cat
alysts, the typical metal content is around 0.2–2 wt% [70–73], which is 
in line with the Fe content is this work, 0.4 wt%. Nevertheless, we have 
conducted the experiment of introducing additional metal precursors (1 
wt% of Fe to the weight of carbon by wet impregnation) along with 
extensive amount of melamine. As shown in Figure S20, CNT-Mel- 
addFe reveals even lower Faradaic efficiency and current density of 
CO, suggesting no additional active sites are created. This may be 

because of the lower pyrolysis temperature used in this work (i.e., 
650 ◦C) than those in the literature (typically above 800 ◦C as shown in 
Table S6) to introduce metal doping from precursors such as metal ni
trates. We have also conducted an extensive-nitrogen precursor experi
ment, as shown in Figure S17, where CNT-Mel-extensive shows similar 
performance to that of CNT-SMX-250, indicating the N dopant in CNT- 
SMX-250 is sufficient. All the above experiments suggest that the sin
gle atomic Fe-N sites derived from intrinsic metal impurities from raw 
CNTs are the main active sites. 

3.6. DFT investigation on the synergy between single atomic Fe-N sites 
and Ni NPs 

Our STEM/EDS/XAS result (Fig. 3 and Fig. 4) indicates that CNT- 
SMX-250 catalyst is composed with Ni nanoparticles wrapped by car
bon layers containing Fe and N dopants. We further performed density 
functional theory (DFT) calculations to gain understanding whether 
there exists a synergy between Ni nanoparticles and Fe–N–C that could 
affect CO2RR performance. In this study, a FeN4 moiety embedded in a 
graphene layer was used to model the Fe, N doped carbon because FeN4 
site was recognized as the most common site in Fe–N–C catalyst active 
for CO2RR[74–76]. For comparison, we constructed atomistic models 
containing a FeN4 moiety doped graphene layer with a Ni NP under
neath as the support (denoted as FeN4@Ni in Fig. 7a) and without Ni NP 
support (denoted as FeN4). We employed the computational hydrogen 
electrode (CHE) method [77] to predict the free energy evolution along 
the 2e- CO2RR pathway (Fig. 7b), which involves the well-accepted 
*COOH and *CO as reaction intermediates. The optimized adsorption 
configurations of COOH and CO on FeN4@Ni site were shown in 
Figure S21. The limiting potential of CO2RR, defined as the highest 
potential to make each electrochemical step involved exothermic, was 
predicted to be −0.82 V on FeN4@Ni site and −0.61 V on FeN4 site, 

Fig. 7. (a) Atomistic structure of proposed FeN4@Ni model. In the figure, the yellow dash line represents the periodic boundary of the model, whereas the gray, blue, 
black, orange balls represent Ni, N, C, and Fe atoms, respectively. Calculated free energy evolution of (b) CO2RR at the electrode potential of 0 V and (c) HER at the 
electrode potential of 0 V on the modeled FeN4 sites. 
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respectively. In addition, the CO desorption energies were predicted to 
be 0.38 eV and 0.92 eV on FeN4@Ni and FeN4 site, respectively. Our 
previous study suggests that a more negative limiting potential corre
sponds to a more negative onset potential, and a higher CO desorption 
energy leads to a lower current density of CO [11]. Therefore, we pre
dicted that FeN4@Ni site required a more negative potential to promote 
CO2RR but could generate a higher current density than FeN4 site, in 
agreement with our experimental results which show that CNT-SMX- 
250 has the maximum FE(CO) achieved at around −0.7 ~ -0.8 V and 
CO partial current density of −14 mA/cm2 at −0.76 V, while most of the 
state-of-the-art Fe-based catalysts having the largest FE(CO) at around 
−0.5 ~ -0.6 V [78,79]. The CO partial current density achieved by CNT- 
SMX-250 at around −0.8 V is larger than most of the literature at a 
similar applied potential, as revealed in Table S6, agreeing with the 
above DFT calculation. 

Moreover, we predicted the free energy evolution of hydrogen evo
lution reaction (HER), which is a major side reaction competitive with 
CO2RR, on FeN4 sites (Fig. 7c). The limiting potential of HER was 
calculated to be −1.08 V on FeN4@Ni and −0.72 V on FeN4 site, 
respectively. The limiting potential difference between CO2RR and HER, 
denoted as UL(CO2RR)-UL(HER), is used as a descriptor to gauge the 
selectivity of a catalyst for CO2 reduction, and a large, positive value of 
UL(CO2RR)-UL(HER) indicates a high selectivity toward CO2 reduction 
[80]. We calculated the value of UL(CO2RR)-UL(HER) to be 0.26 V on 
FeN4@Ni site and 0.11 V on FeN4 site, respectively, implying that both 
FeN4 sites on the two structures show good selectivity of CO2RR over 
HER while the hybrid structure Fe-N4@Ni shows slightly higher CO 
selectivity than that of FeN4 alone. These DFT predictions are consistent 
with the experimental observation that CNT-SMX-250 shows a high CO 
Faradaic efficiency of 91.5 %. Overall, the DFT calculations predict that 
FeN4 sites containing carbon layers on Ni nanoparticles as the substrate 
could boost the production rate of CO2RR with a high CO selectivity 
compared with FeN4 sites alone, despite a small sacrifice on the applied 
potential, a slight increase in energy consumption. 

In summary, the experimental and theoretical investigations have 
revealed that the high performance of CNT-SMX-250 in this work is 
contributed by two major factors. The first major contribution is the 
existence of single atomic sites (primarily Fe). Secondly, the synergetic 
effect between Ni NP and Fe–N–C also promotes the CO2RR reaction 
rate and CO selectivity by lowering the CO* desorption energy barrier as 
predicted by the DFT calculations. The multiple contributions to 
enhanced CO2RR performance suggest the advantage of using com
mercial CNTs and their intrinsic metal impurities to generate active 
metal active sites. A possible reason is that the commercial CNTs have 
gone through industrial process of removing the majority of exposed 
metal nanoparticles and unstable metal phases, leaving the most rigid 
and stable metal sites on the CNT surfaces. These metal sites are efficient 
in adsorbing SMX from the solution and form active M–N–C sites at a 
lower pyrolysis temperature. Based on the results in this work, this 
method shows a much higher nitrogen precursor utilization than in the 
literature (Table S5). 

4. Conclusion 

In summary, we directly utilized commercial multi-walled carbon 
nanotubes to adsorb pharmaceutical wastes such as SMX and trans
formed the mixture to an efficient CO2RR catalyst through a simple 
synthesis process. The metal impurities in commercial CNTs bond with 
nitrogen from SMX to form single atomic M–N–C sites that are active 
for CO2RR. These single atomic sites were dominated by Fe, while Ni 
nanoparticles also exist but are generally not active due to encapsulation 
by carbon layers. Interestingly, DFT calculations suggest the existence of 
a synergetic effect between Fe atomic sites and Ni NPs that promote the 
CO2RR performance by lowering the *CO desorption energy, thus 
increasing the CO partial current density. The CNT-SMX-250 catalyst 
achieved excellent H-Cell performance that is among top ones reported 

in the leading literature. In a flow cell testing, the CNT-SMX-250 catalyst 
reached 300 mA/cm2 of total current density with a CO selectivity larger 
than 97.5 %. The catalyst also delivers a stable performance at a fixed 
current density of 100 mA/cm2 for 24 h. Furthermore, the nitrogen 
utilization rate of SMX in this synthesis method is significantly higher 
than that using conventional nitrogen precursor, melamine, to achieve a 
similar level of nitrogen doping and CO2RR performance. More impor
tantly, this synthesis method converts a waste to a useful product, and it 
does not require any metal precursors or additional pre- or post- 
treatment to produce the efficient catalyst, thus a truly environmen
tally benign and cost-effective method. 
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