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ABSTRACT: More than 90% of the global NH; synthesis is dominated by
the Haber—Bosch process, which consumes 2% of the worldwide energy and

generates 1.44% of the global carbon emission. The electrochemical N, » ¢ — — » ‘e

= NH

»

reduction reaction (NRR) is regarded as an attractive alternative route to Esiecaiion ‘ Desorption -

produce NH; under mild reaction conditions, but the electrocatalysts suffer
from the difficulty of N=N cleavage. In this work, we report a leaf-like MOF-
derived Ni/Zn bimetallic co-doped nitrogen-coordinated porous carbon (Ni/
Zn-NPC) as a cost-effective NH; synthesis electrocatalyst. The resultant
electrocatalyst achieved a high NH; production rate of 22.68 g h™' mg., ™" at
—1.0 V vs a reversible hydrogen electrode (RHE) in a 0.1 M Na,SO,
electrolyte. The Ni/Zn-NPC material can be called a microwave regenerable
catalyst because microwave treatment has proven to be a crucial part of the

multi-field coupling to detoxify and make the catalyst reactive, further
improving its stability. Density functional theory (DFT) was chosen to explore the mechanism of Ni/Zn-NPC for NRR, providing a
profound prediction of the structure of the active site and related reaction pathways and revealing that trace Ni doping optimizes the

local coordination environment and N, adsorption of Zn atoms.

KEYWORDS: electrocatalytic nitrogen reduction, electrocatalyst, microwave regeneration, transient photo-induced voltage,

porous carbon catalyst

1. INTRODUCTION

Electrochemical catalytic N, reduction reaction (NRR) to
NH;, powered by electric energy from renewable sources, is
considered as one of the most promising approaches for N,
fixation.'~* Compared with the traditional Haber—Bosch
process, the nitrogen source in NRR is the N, molecules in
the air, and the protons are supplied by electrical water
splitting. Meanwhile, by applying a suitable voltage, electrons
are continuously driven toward the electrocatalyst reaction
sites for NRR; thus, this procedure requires lower energy.s_7
The grand challenge in NRR is the design of new
electrocatalysts that can ultimately achieve eflicient and
commercial NH; synthesis with high Faraday efliciency and
yield rate. Metal—organic framework (MOF)-derived nitrogen-
coordinated porous carbon (NPC) has emerged as a potential
candidate catalyst for NRR. Since nitrogen element has a
higher electronegativity than carbon element, the electron
density of carbon is considered to possess more positive
charges, which is beneficial to the adsorption of N,.*~'" Many
nitrogen-doped carbon materials are mainly derived from
zeolitic imidazolate framework-8 (ZIF-8)-based MOFs, which
are porous materials with adjustable high porosity, a large
specific surface area, and an excellent gas adsorption
capacity.'' ™' However, a new two-dimensional leaf-like ZIF
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(ZIF-L), a polymorphism of ZIF-8, with higher porosity and
specific surface area than ZIF-8, has not received significant
attention for electrocatalytic NRR application as yet. Notably,
ZIF-L exhibits a higher gas adsorption capacity than ZIF-8
under ambient conditions, which implies its potential as a
precursor for providing catalytic sites."”

Although the atomic-scale reaction process research of NRR
has revealed the high atom utilization efficiency of one metal
active site, such as Mo, Fe, and Ru, there are still challenges
involved due to the multiple reaction intermediates of the
NRR.'>'®"” Bimetallic doping with more flexible sites can
effectively adjust the electronic environment around the
adsorbed N, and synergetic interatomic interactions, thereby
disseminating the polarity of N=N with lower interruption
energy. Compared with the single active site, heteronuclear
bimetallic sites exhibit superior catalytic activity for carbon
dioxide and oxygen reduction reactions, such as Zn/Co—N—-C,
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Figure 1. (a) Schematic illustration of Ni/Zn-NPC preparation. The interior image of ZIF-L shows the structure and approximate shape of the
cavity (yellow). This structure is obtained from the Cambridge Crystallographic Data Centre (CCDC) (https://www.ccdc.cam.ac.uk/) according
to the report from Wang in 2013."> The internal structure diagram of Ni/Zn-NPC is a predictive model to show the doping of Ni in nitrogen-
coordinated porous carbon; SEM images of (b,c) ZIF-L and (d) Ni-ZIF-L; (e,f) TEM images of Ni/Zn-NPC; and (g) EDS elemental mapping of

Ni/Zn-NPC.

Fe/Co—N—C, Ni/Fe—~N—C, and Zn/Fe—N—C."* "' Consid-
ering the different electronegativity of Zn (y = 1.65) and Ni (y
= 1.91), it can be reasonably speculated that it is easier for Ni
to obtain outer electrons from Zn. However, it remains a great
challenge to understand their working mechanisms as NRR
active sites.

Herein, we report a ZIF-L-derived Ni and Zn bimetallic co-
doped nitrogen-coordinated porous carbon (Ni/Zn-NPC) as
an electrocatalyst for nitrogen fixation in a neutral electrolyte.
The experimental results demonstrated that Ni could promote
electron transition from graphitic N to the edge of N active
sites that include pyrrolic and pyridinic N. The edge of
defective N was proven to have a higher nitrogen adsorption
energy than graphitic N, which was more conducive to the
NRR.”> When tested in 0.1 M Na,SO, electrolyte, Ni/Zn-NPC
achieved a high NHj yield of 22.68 ug h™' mg., " at —1.0 V
(vs RHE). Microwave treatment has proved to be a crucial part
of the multi-field coupling to detoxify and regenerate the
catalyst and also improve its stability. Furthermore, density
functional theory (DFT) calculations were employed to
understand the possible structures of active sites and favorable

reaction pathways of the NRR on Ni/Zn-NPC. The
introduction of Ni can optimize the electronic structure
around the Zn site and thus facilitate the adsorption of N, on
the Zn atom.

2. RESULTS AND DISCUSSION

Ni/Zn-NPC was prepared from Ni-ZIF-L precursors by the
pyrolysis process (Figure 1la). First, Ni-ZIF-L (MOF,
consisting of Ni**, Zn**, and 2-methylimidazole) was prepared
by mixing aqueous zinc nitrate, nickel nitrate, and 2-MeIM.
The Ni/Zn atomic ratio was 1:40. Then, Ni-ZIF-L was
calcined at 900 °C with a heating rate of 5 °C min™" under N,
flow for 3 h in a tube furnace to obtain the Ni/Zn-NPC
electrocatalyst. In contrast, Zn-NPC without Ni doping was
synthesized from ZIF-L by the same pyrolysis method. X-ray
diffraction (XRD) was conducted to investigate the structures
and composition of the obtained samples. Figure S1 shows the
XRD patterns of Ni-ZIF-L, ZIF-L, and the simulated ZIF-L,
which prove that the obtained precursors successfully retained
the ZIF-L structures.'> Similar XRD patterns demonstrate that
there is no obvious crystal structure distortion due to the
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Figure 2. (a) XRD patterns of Ni/Zn-NPC and Zn-NPC; (b) XPS survey spectra of Ni/Zn-NPC and Zn-NPC; and (c) XPS spectra of N1s for Zn-

NPC and Ni/Zn-NPC.

doping of Ni. The XRD patterns of Ni/Zn-NPC and Zn-NPC
are displayed in Figure 2a. Both Ni/Zn-NPC and Zn-NPC
exhibited two broad peaks, (002) and (101) facets of graphitic
carbon, which are located at 24.1 and 43.3°, respectively.
These results indicated that the regular MOF structure was
transformed into amorphous graphite carbon after pyrolysis.
Compared with the almost insulated ZIF-L, the conductivity
can be enhanced by the conversion to disordered amorphous
carbon, which is also beneficial for electrocatalysis applica-
tions.”® Structures based on Ni and Zn (such as NiO, Ni, and
ZnO) were not detected.

X-ray photoelectron spectroscopy (XPS) was employed to
further explore the structure and element valences. As shown
in Figure 2b, the Zn 2p, O 1s, N 1s, and C 1s peaks were
detected at 1044.8, 531.8, 398.4, and 285 eV, respectively. A
faint peak of Ni 2p appeared at 852.6 eV only in the Ni/Zn-
NPC curve, which proved the existence of Ni at the surface of
Ni/Zn-NPC. The same electronic orbit peaks also appeared in
the XPS survey spectra of ZIF-L and Ni-ZIF-L (Figure S2),
which illustrated the inheritance of element types during the
pyrolysis. The XPS spectrum of N 1s was considered as the
combination of oxidic N, graphitic N, pyrrolic N, and pyridinic
N at 403.5, 401.1, 400.2, and 398.6 eV, respectively.24 Edge
nitrogen (pyrrolic N and pyridinic N) has been proven to
possess excellent nitrogen adsorption capacity, which provides
an enhanced potential for electrocatalytic nitrogen reduc-
tion.”””> As shown in Figure 2c, compared with the proportion
of marginal N in Zn-NPC, the ratio of that in Ni/Zn-NPC was
reserved, implying the maintenance of lattice distortion due to
introducing Ni and a higher NRR yield rate of Ni/Zn-NPC.
N—-Ni and N—Zn coordination can be found at 399.6 and
400.1 eV,*° respectively, which is similar to the positions for Ni
and Zn sites.”” The presence of N species is further confirmed
by the C—N peak at 285.9 €V in the C 1s spectrum (Figure
S3). A weak peak signal of Ni 2p is located between Ni**
(~857.1 eV) and Ni° (~852.7 V) (Figure S3), indicating the

presence of Ni(I) species, which matched with the N—Ni peak
in N 15,257

According to the previously mentioned synthesis method, a
typical ZIF-L structure in scanning electron microscopy
(SEM) was obtained, as shown in Figure 1b,c. Compared
with the SEM image of Ni-ZIF-L (Figure 1d), ZIF-L modified
by trace Ni element still maintained a leaf-like morphology,
indicating that the modification of Ni may cause lattice
distortion instead of macroscopic morphological changes. The
obtained ZIF-L and Ni-ZIF-L have an elliptical blade
morphology with an average length of 2 ym and a width of
500 nm, while the cross-growing leaves can clearly show their
thickness of around 120 nm (Figure S4). The transmission
electron microscopy (TEM) morphology of Ni/Zn-NPC after
carbonization is shown in Figure lef. The intense high-
temperature carbonization reaction destroyed the regular
structure of Ni-ZIF-L, accompanied by the collapse of
micropores and reconnection of C—C, C—N, and C-Zn
bonds. Part of the Ni atoms would be anchored in the regular
tetrahedron polygon of N instead of Zn. The edges of the
carbonized Ni/Zn-NPC are displayed under HRTEM with
disordered lattice fringes, which is consistent with the result of
XRD for amorphous carbon. The SEM image and the
corresponding energy-dispersive X-ray spectroscopy (EDS)
elemental mapping revealed the distribution of N, Zn, and Ni
elements throughout the whole Ni/Zn-NPC structure (Figure
1g). According to the EDX sum spectrum quant results (Figure
SS), the atomic ratio of metallic elements Ni/Zn is
approximately 1:37.

Raman spectra were employed to analyze the defective
condition of porous carbon. It can be found that in both Zn-
NPC and Ni/Zn-NPC, a slight and gradual peak is observed at
2730 cm™! attributed to the 2D band of graphite, shown in
Figure $6,%° which agreed with the XRD results for graphitic
carbon peaks. Furthermore, D and G bands of graphitic carbon
can be observed clearly at the peaks of 1320 and 1580 cm™,*’
respectively. The intensity ratio of the D/G band (Ip/Ig) is
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Figure 3. (a) LSV curves of Ni/Zn-NPC and Zn-NPC in Ar and N, saturated 0.10 M Na,SO,; (b) NH, formation rates and FE of Ni/Zn-NPC at
different potentials; (c) current density curves of Ni/Zn-NPC from —0.8 V to —1.2 V (vs RHE) during 2 h reaction; (d) time-dependent current
density curve of Ni/Zn-NPC for 10 h NRR at —1.0 V vs RHE; (e) UV—vis absorption spectrum of Ni/Zn-NPC catalyst (—1.0 V vs RHE) and CP;

and (f) comparison of yields under N,, Ar (—0.8 V vs RHE), and OCPT.

considered to represent the graphitization level, while the D/G
band of Ni/Zn-NPC (Ip/I; = 1.125) is higher than that of Zn-
NPC (Ip/Ig = 1.05S5), which implies that more defects are
developed in Ni/Zn-NPC. The active sites provided by the
defects will facilitate electrocatalytic nitrogen reduction.’
Meanwhile, Ni/Zn co-doping may be another reason for the
increase in the disorder of the carbon plane.”’ We also used
BET to investigate the specific surface area and pore width
distribution of Ni/Zn-NPC and Zn-NPC. Figure S7 shows that
type IV curves represented micropores on both NPCs, which
could be confirmed by their pore width distribution curves
(Figure S8). The Brunauer—Emmett—Teller (BET) specific
surface area of Ni/Zn-NPC is 422.99 m? g_l, higher than that
of Zn-NPC with 366.68 m* g~'. The micropore volumes of Ni/
Zn-NPC and Zn-NPC were 0.193 and 0.174 cm® gfl,
respectively. In a porous architecture, a large surface area
could accommodate nitrogen adsorption and provide active
sites, which is beneficial for promoting three-phase contact
between nitrogen, the electrocatalyst, and the aqueous
electrolyte. As per the results of the BJH (Barrett—Joyner—
Halenda) method, Ni/Zn-NPC and Zn-NPC exhibit dominant
micropores concentrated at ~2.2 and ~2.3 nm, respectively.
To preliminarily explore the NRR activity of Ni/Zn-NPC
and Zn-NPC, LSV curves were obtained in Ar- and N,-
saturated 0.1 M Na,SO, electrolytes. The reaction took place
at ambient temperature and used the same H-cell system
(Figures S9 and S10). As shown in Figure 3a, the cathodic
current curves of both Ni/Zn-NPC and Zn-NPC start to rise
from —0.4 V (vs RHE). A more negative current density could
be observed on the N, curve compared with that of Ar, which
could indicate supplementary promotion from NRR. The
violent hydrogen evolution reaction (HER) dominant
electrode has more negative bias voltages when the voltage is
greater than —1.1 V. The polarization current density curves in

N, and Ar gradually coincided. According to the range of
difference between the current density curves, the rational
potential range of NRR is from —0.4 to —1.1 V (vs RHE). As
expected, both Ni/Zn-NPC and Zn-NPC were active for
electrochemical NRR. Meanwhile, the net current density of
Ni/Zn-NPC for NRR (jy,—ja;) was higher than that of Zn-

NPC at the same potential, which implies that Ni/Zn-NPC is
more active than Zn-NPC for the electrochemical reduction of
N,.

The performance of Ni/Zn-NPC for electrocatalytic NRR
was further assessed by electrolyzing N, at a constant potential.
The indophenol blue method was used for the detection of the
produced ammonia (shown in the Supporting Information
with calibration curves, Figures S11 and S12). Figure 3b
demonstrates the NH; formation rates and FE of Ni/Zn-NPC
at different potentials from —0.3 to —1.2 V (vs RHE). The
UV—vis raw data for calculating yield rates are shown in Figure
S12¢,d. The highest NH; yield of 22.68 ug h™ mg., " was
achieved at —1.0 V versus RHE, while the FE at that potential
maintained a relatively low level at 1.24%. Compared with
various N-doped carbon catalysts listed in Table S1, Ni/Zn-
NPC shows higher NH; formation rates. Current density
curves in the 2 h reaction of Ni/Zn-NPC from —0.8 to =12V
(vs RHE) recorded in a N,-saturated electrolyte showed that
the current density remained almost stable at lower potentials.
However, at higher potentials, such as —1.1 and —1.2 V, the
current density decreased as the reaction was carried out; yet
finally, it could still maintain a higher level than the current
density at a lower potential (Figure 3c). As shown in Figure
S§13, the performance of Zn-NPC was also evaluated under N,
as a comparison with Ni/Zn-NPC at the same potential (—1.0
vs RHE). Zn-NPC exhibited an ammonia production rate of
9.93 ug h™' mg_, ", which is lower than that of Ni/Zn-NPC.
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detoxification process.

Ni/Zn-NPC was bathed in a 6 M HCI solution for 30 min to
remove Ni and Zn and to obtain NPC without metal doping.
NPC was proven to have lesser N, Ni, and Zn content through
the XPS survey, as compared with Ni/Zn-NPC (Table S2).
The ammonia yield of NPC under the same conditions was
10.64 ug h™' mg,, ™", suggesting that Zn-NPC and NPC have
no advantage for electrochemical ammonia synthesis, but Ni/
Zn-NPC has a synergistic effect for NRR.

In order to test the stability of the Ni/Zn-NPC catalyst for
NRR, a working electrode prepared with carbon paper loaded
with Ni/Zn-NPC was recycled six times with a 2 h reaction
time for every cycle. As shown in Figure 4, the NH; formation
rate gradually declines after the second cycle and finally
stabilizes at around 13 pg h™' mg.,,~', which is still higher than
the yield of NPC. In contrast, FE does not decrease
significantly and fluctuates at around 1.00%. The decline in
activation might initially be due to poisoning by NH; and
H,O, which could not be ignored for transition-metal nitride
catalysts during the process of NRR.”> To ascertain that the
catalysts are indeed poisoned, the catalyst-supported carbon
paper before and after the electrochemical reaction was
examined by Fourier transform infrared spectroscopy
(FTIR). The resulting spectra showed slightly different
characteristics at 1110—1150 cm™}, corresponding to N—N
stretching””*® (Figure S14a). Thus, it is possible for an
intermediate containing N—N to gradually occupy the reaction
site during the reduction process. Pulsed microwave treatment
is considered to continuously provide strong energy to desorb
toxic molecules from the active sites and reactivate the catalyst
surface (Figure 4c).”* Thus, the recycled carbon paper
electrode was treated in a 250 W high-power microwave for
30 s before the next reaction cycle. Figure 4b shows the cycle
stability yield after alternating microwave reactivation after
cycles 2, 4, and 6, which was the percentage stability compared
with the yield of cycle 1. The reactivated yields represented by
the red column are significantly higher than that of the
corresponding cycle number in Figure 4a, which indicates that
the multi-field coupling mechanism of the microwave
activation treatment can alleviate the poisoning of the catalyst
surface and further reactivate the catalyst. We investigate the
catalyst after microwave treatment, and the resulting FTIR
curve is shown in Figure Sl4a and integrated with curves

obtained after and before the nitrogen reduction reaction. After
microwave treatment, the peak decreases obviously, but there
is still a slight difference and it does not return to the same
level as that before the reaction, which is consistent with the
stability test where performance was always enhanced after
microwave treatment but could not reach the 100% perform-
ance of the first cycle. The stability of the Ni/Zn-NPC catalyst
is investigated by a 10 h electrocatalytic test. As shown in
Figure 3d, a stable current density curve of Ni/Zn-NPC for 10
h at —1.0 V is achieved.

Nitrogen was detected through XPS, which indicates that
Ni/Zn-NPC may provide some nitrogen source that could be
subsequently converted into ammonia. To eliminate the effect
of the nitrogen element in the catalyst, argon instead of
nitrogen was filled in the reaction chamber to detect the yield
of ammonia (Figure 3e). We compared the ammonia yield at
—1.0 V versus RHE, which was 0.87 ug h™' mg_,," in argon. A
slight ammonia yield in argon might exclude the effect of the
nitrogen contained in the catalyst itself. The source of nitrogen
can also be corroborated by N isotope testing.”” From Figure
S14b, the characteristic peaks of '*NH,* and *NH," could be
detected when using the corresponding feeding gas, indicatin:
that the produced ammonia originates from the fed nitrogen.’
Similarly, we carried the catalytic system under open-circuit
potential—time (OCPT) mode to exclude the possibility that
the catalyst could release gas under N,. The ammonia yield
under this condition was 0.47 ug h™' mg., ™', which is much
lower than that in nitrogen and argon, indicating that the
catalyst has no nitrogen reduction performance at the empty
potential. The effect of carbon paper (CP) was also considered
through comparative experiments. Figure 3f exhibits the UV—
vis absorption spectra of the Ni/Zn-NPC catalyst (—1.0 V vs
RHE) and only CP. The acid trap (0.05 M H,SO,) and
electrolyte (0.1 M Na,SO,) were tested separately. There is an
obvious peak of the acid trap after electrocatalytic reduction of
nitrogen with the catalyst, compared with the acid trap
absorbance of CP, which illustrates the obvious performance of
the catalyst in fixing nitrogen and excludes the influence of CP.
Hydrazine is one of the products of electrocatalytic reduction
of nitrogen, the content of which represents the selectivity of
the catalyst. The absorption curve of hydrazine produced by
Ni/Zn-NPC at —1.0 V (vs RHE) is close to the 0 mg L™*
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Figure S. (a) TPV decay curve and the average electron relaxation time of Zn-NPC and Ni/Zn-NPC; (b) TPV curve of Zn-NPC and Ni/Zn-NPC
and their Q and Af; CWT patterns of (c) Ni/Zn-NPC and (d) Zn-NPC; and intensity—time curve of (e) Ni/Zn-NPC and (f) Zn-NPC at §, 10,

and 15 Hz.

standard curve, which means that there is almost no hydrazine
produced by Ni/Zn-NPC (Figures S15 and S16). This catalyst
has excellent selectivity for electrochemical ammonia synthesis.

The electrochemical characteristics of the catalyst were
analyzed to explore the influencing factors on the catalytic
performance. Cyclic voltammetry could be used to measure the
electrochemical active surface area (ECSA) (Figure §17).%7%%
According to the CV curves, the fitting lines of electric layer
capacities could be calculated in Figure S18. With the same
area of 1 cm” of the CP working electrode, the ECSAs of Ni/
Zn-NPC and Zn-NPC were 0.219 and 0.0594 mF, respectively.
Because N-coordinated porous carbon is not a conductor or
semiconductor, their ECSA maintained a low level. Ni/Zn-
NPC shows a higher ESCA than that of Zn-NPC, which
implies the promotion effect of doping Ni. In addition,
electrochemical impedance spectroscopy (EIS) was used to
evaluate the resistance of electron transfer for the electro-
catalyst.”” In Figure S19a, at the high-frequency region, Ni/Zn-
NPC exhibits a smaller arc radius. Then, at the low-frequency
region (Figure S19b), Ni/Zn-NPC has a steeper line,
indicating better conductivity and a smaller impedance
obviously. Thus, Ni doping is an effective strategy to enhance
electron transfer.

Based on the previous stimuli-response method, the
transient photo-induced voltage (TPV) measurement was
carried out for the electron-transfer behavior in the electro-

catalyst interface.*”*’ The typical TPV decay curves of Ni/Zn-

NPC and Zn-NPC are shown in Figure Sa. Both decay sharply
at the initial stage, indicating favorable electrical conductivity.
From the aspect of dynamics, the average electron relaxation
time (7,,.) was obtained according to the TPV decay curve
fitting calculation. The lower decay rate of Ni/Zn-NPC (7, =
0.14085 ms) possesses better electron-transfer performance
than that of Zn-NPC (r,,, = 0.24545 ms). We also calculated
the relative charge-transfer rate ‘v’ of different catalysts
according to v = Q/At, where Q is the total amount of charge
generated during this process from the time when hot
electrons are excited on the surface of the catalyst until the
charge begins to decay, and At is the time for the charge to
decay from the beginning to the complete decay. According to
Q and At values (Figure Sb), the relative charge-transfer rate of
Ni/Zn-NPC is 0.7188, which is higher than that of Zn-NPC,
which is 0.519. To further evaluate the interface charge
transfer, the TPV decay curves were converted to signal
amplitude as a function of frequency (Hz) by the fast Fourier
transform (FFT). The peak amplitude corresponds to the
signal frequency components at different frequencies. Mean-
while, considering the relationship between time and these
frequency components, using the continuous wavelet trans-
form (CWT) process, the TPV decay curves were converted to
a TPV dynamic relaxation curve signal with relevance between
frequency, time, and amplitude. According to the FFT results
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of Ni/Zn-NPC and Zn-NPC (Figure 5c,d), the doping of Ni
broadens the range of interfacial charge transfer with higher
amplitude in the high-frequency region (300—400 Hz), which
is more clearly shown in the 3d CWT spectra (Figure S20).
Thus, Ni could accelerate the charge transfer while maintaining
a good, narrow electron-transfer speed distribution and charge-
transfer intensity, which is conducive to electrochemical
reactions.

The dynamics of the electron transport process could be
understood by the relationship between intensity and time of
peak positions at different frequencies (1, 3, S, 10, and 15
Hz)."' As shown in Figures Se and S20c, the peak positions of
Ni/Zn-NPC (t; X Hz, X represents different frequencies) are
1.614 ms (t; 1 Hz), 1.456 ms (¢t; 3 Hz), 1.018 ms (t; 5 Hz),
0.594 ms (t;, 10 Hz), and 0.447 ms (¢, 15 Hz).
Correspondingly, the peak positions of Zn-NPC (t, X Hz)
are 5.348, 1.904, 1.237, 0.726, and 0.543 ms, shown in Figures
5f and S20d. The time difference (At: t,X — t,X) at the same
frequency could show the charge-transfer velocity of Ni/Zn-
NPC and Zn-NPC, which is shown in Figure S20e. The initial
At is large at 3.734 at 1 Hz, and with increasing frequencies, At
gradually reduces to near zero, while the charge-transfer
velocity of Ni/Zn-NPC is obviously enhanced in the lower
frequency scale region. Ni effectively improves the transfer rate

of slow electrons at the interface of Zn-NPC, thus accelerating
the electron supply rate in the electrocatalytic process.”” The
transfer rate of fast electrons is also enhanced slightly.

The theoretical insight of higher catalytic performance for
Ni/Zn-NPC was further investigated by DFT calculation.”>**
In order to explore the underlying surface reaction mechanism,
we intend to use a two-dimensional graphite surface to explore
the effects of Ni doping on the surface microstructure.
Structures of nitrogen-coordinated porous carbons derived
from MOFs, especially ZIF-8 possessing a similar topology as
ZIF-L, have been widely researched, including Fe—Cu," o
Fe~Zn," Zn—Co,' Fe-Mo,” Cu—Sn,"° Ni—Fe "> Ni-
Cu,”* and Fe—Pt.”* 4-N coordination and 3-N coordination
mainly account for most of the cases in similar models.
Compared with the 4-N-coordinated model in Figure 6a, metal
elements in the 3-N-coordinated model escape from the 2D
carbon surface when we perform the preliminary relaxation
process. Thus, the 4-N coordination model was further
discussed as a more potential surface reaction site. We
calculated the Gibbs free energy (G) for each step involved
in the N, reduction at 0 V versus RHE on the possible
diatomic model (Ni—Zn—Ng) as shown in Figure 6a. For
comparison, the intermediate products and free energy of
single-atom structure models Ni—N, and Zn—N, were also

https://doi.org/10.1021/acsami.3c06037
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06037/suppl_file/am3c06037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06037/suppl_file/am3c06037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06037/suppl_file/am3c06037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06037/suppl_file/am3c06037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06037?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

considered in Figure S21. For the diatomic model, N,
molecules can initially be adsorbed separately on Ni or Zn
atoms until the completion of hydrogenation. Figure S22
shows a stable absorption structure on the Zn and Ni atoms
after one atom hydrogenation at the proximal end. As shown in
Figures 6b,c and S23, the associative alternating pathway is the
optimal response pathway for all absorption models. The only
subtle path difference is that N, will preferentially select the
near-end N atom for third hydrogenation when it is adsorbed
on the Zn atom both in the single-atom model and the
diatomic model. The stable reaction intermediate state models
are shown in Figure 7. After comparing the key reaction
parameters in Table S3, the higher NRR performance of Ni/
Zn-NPC was further revealed. Doping Ni effectively reduces
the N, adsorption energy on the Zn atom from 0.228 eV in
Zn—N, to 0.148 eV in Ni—Zn—Ng, while the hydrogen
evolution performance is simultaneously suppressed from 1.25
to 1.65 eV, shown in Figure S24. According to the DFT
calculations, the formation of diatomic sites by Ni doping
promotes the NRR at Zn sites, while Ni sites are still
maintained inactively. As a control experiment, under the
premise that total metal cations are consistent with Ni-ZIF-L,
we adjusted the atomic ratio of Ni/Zn to 1:9 and 1:3 to obtain
Ni,/Zng-NPC and Ni,/Zn;-NPC, respectively, with the same
crystal structure as Ni/Zn-NPC according to their XRD results
(Figure S25). The highest ammonia yield of these samples is
lower than that of Ni/Zn-NPC (shown in Figure $26).

3. CONCLUSIONS

In summary, we developed a ZIF-L-derived Ni/Zn-NPC
catalyst for cost-effective ammonia synthesis from the electro-
chemical reduction of N,. Ni/Zn-NPC achieved a high
ammonia production rate of 22.68 ug h™' mg., ™' at —1.0 V
versus RHE, while the FE at that potential was maintained at
1.24%. Zn-NPC and NPC without metal doping exhibited
lower yields, which indicated that the activity sites of Ni and
Zn co-doped catalysts had a synergistic effect on enhancing the
NRR. The electrochemical test also illustrated the better NRR
performance of Ni/Zn-NPC. According to the DFT
calculation, the formation of diatomic sites by Ni doping
promotes the NRR at Zn sites with a lower nitrogen
adsorption energy and a higher energy barrier for the HER.
This work provides an optimized solution for low-cost atomic-
level nitrogen-doped carbon catalysis and paves a new avenue
for further research of carbon-based atomic catalysts.

4. EXPERIMENTAL SECTION

4.1. Synthesis of ZIF-L, Zn-NPC, and Ni/Zn-NPC. 4.1.1. Prep-
aration of ZIF-L. In a typical experiment, Zn(NO;),-6H,0 (1.041 g)
was dissolved in 7 mL of DI water. 2-MeIM (4.598 g) was dissolved
in 70 mL of DI water. The above 2-MeIM solution was added to the
Zn(NO;),-6H,0 solution drop by drop in an injection syringe with a
5 mL min' injection rate. The mixed solution was kept under
vigorous stirring at 25 °C for 1 h. The as-obtained precipitate was
separated by centrifugation and washed with DI water and methanol 3
times. Finally, the dried ZIF-L sample was obtained after being kept
overnight at 60 °C under vacuum.

4.1.2. Synthesis of Zn-NPC. The obtained ZIF-L was heated at 900
°C with a heating rate of 5 °C min™" under N, flow for 3 h in a tube
furnace. After the temperature of the tube furnace naturally dropped
to room temperature, Zn-NPC was obtained and it could be used as a
catalyst directly.

4.1.3. Synthesis of Ni/Zn-NPC. Zn(NO,),-6H,0 (4.598 g) and
Ni(NO;),-6H,0 (0.0254 g) were dissolved in 7 mL of DI water. The

molar ratio of Ni** and Zn®>* was kept at 1:40. Then, the obtained
solution was dropwise added to 70 mL of DI water containing 4.597 g
of 2-MeIM. After vigorous stirring at 25 °C for 1 h, the as-obtained
precipitate (denoted as Ni-containing derivative of ZIF-L) was
separated by centrifugation and washed with DI water and methanol 3
times, separately. Then, the Ni-containing derivative of ZIF-L was
dried at 60 °C under vacuum overnight. Finally, the dried derivative
was heated at 900 °C at a heating rate of 5 °C min~" under N, flow
for 3 h in a tube furnace, in which the process was similar to that for
Zn-NPC. The Ni and Zn nanoparticles decorated on nitrogen-doped
carbon (denoted as Ni/Zn-NPC) were obtained as the catalyst
without further treatment after the tube furnace was naturally cooled
to room temperature.

4.2. Structural Characterization. SEM images were obtained on
a JSM-7800F microscope. The XRD patterns were obtained from a
LabX XRD-6100 X-ray diffractometer with Cu Ka radiation (40 kV,
30 mA) of wavelength 0.154 nm (SHIMADZU, Japan). Nitrogen
adsorption/desorption isotherms were recorded on an ASAP 2460
instrument. The absorbance data of the spectrophotometer were
measured on a SHIMADZU UV-2700 ultraviolet—visible (UV—vis)
spectrophotometer. TEM images were obtained on a HITACHI H-
8100 electron microscopy (Hitachi, Tokyo, Japan) operated at 200
kV. XPS data of the samples were collected on an ESCALABMK II X-
ray photoelectron spectrometer using Mg as the exciting source.
Isotope experiments were performed on a 400 MHz nuclear magnetic
resonance (NMR) spectrometer (BRUKERAC-P400, Germany).

4.3. Electrochemical Setup. A CHI 660E electrochemical
workstation (CHI Instruments, Inc.) was used to collect data and
provide catalytic voltage. We used a three-electrode system in the
electrochemical measurement in which Ag/AgCl (saturated KCl
electrolyte) was used as a reference electrode (RE), the prepared CP
loading catalyst (details shown in Supporting Information) was used
as the working electrode (WE), and a graphite rod was used as a
counter electrode (CE). An H-cell system was used as a reactor with
anode and cathode chambers. The H-cell was separated by a Nafion
117 membrane. The potentials were controlled by an electrochemical
station. Due to the usage of Ag/AgCl RE, all potentials that we
measured were related to Ag/AgCl. The results shown by the
standard hydrogen electrode (RHE) were converted from Ag/AgCl
by the Nernst equation

E (vs RHE) = E (vs Ag/AgCl) + 021V + 0.0591 X pH (1)

4.4. Determination of the NH; Yield Rate and Faradaic
Efficiency. The production rate of NH; was calculated by

Cap, X V

V[NH3] - tX mcat (2)

Here, Cyy, is the measured concentration of NH,* ions, V is the

volume of the electrolyte or acid trap, t is the reduction reaction time,
and my,. is the catalyst mass.
Faradaic efficiency can be calculated using the equation

3F X eny, XV
17X Q (3)

where F is the Faraday constant, and Q is the amount of charge
which could be obtained by the integral of the i—t curve from the
electrochemical workstation.

4.5. DFT Calculations. The DFT calculations in this work were
done on the Vienna ab initio simulation package.’® The K-points were
sampled by the Monkhorst—Pack sampling scheme,*® and the number
of K-points along each vector in reciprocal space was set by
VASPKIT® so that the distance between two neighboring K-points
was less than 0.03 A™%. The energy cutoff was 400 eV, and the inter-
atom force was relaxed to less than 0.05 eV/A. The GGA-PBE
(Perdew—Burke—Ernzerhof method of generalized gradient approx-
imation) method®® was adopted as the exchange—correlation
functional, and the projector augmented-wave method®”® was
selected as the pseudopotential.

FE (%) =
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