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High Faradaic efficiency and appreciable current density are essential
for future applications of the electrochemical CO, reduction reac-
tion (CO,RR). However, these goals are difficult to achieve simulta-
neously due to the severe side reaction — the hydrogen evolution
reaction (HER). Herein, we successfully synthesized coordinatively
unsaturated nickel—nitrogen (Ni—N) sites doped within porous
carbon with a nickel loading as high as 5.44 wt% by pyrolysis of
Zn/Ni bimetallic zeolitic imidazolate framework-8. Over the Ni—N
composite catalysts, the CO current density increases with the
overpotential and reaches 71.5 + 2.9 mA cm 2 at —1.03 V (vs. a
reversible hydrogen electrode, RHE), while maintaining a high CO
Faradaic efficiency of 92.0—-98.0% over a wide potential range of
—0.53 to —1.03 V (vs. the RHE). Density functional theory calcula-
tions suggest that the CO,RR occurs more easily than the HER over
the coordinatively unsaturated Ni—N site. Therefore, highly doped
and coordinatively unsaturated Ni—N sites achieve high current
density and Faradaic efficiency of the CO,RR simultaneously, breaking
current limits in metal—nitrogen composite catalysts.

The electrochemical CO, reduction reaction (CO,RR) is a poten-
tially effective approach to achieve intermittent renewable electri-
city storage and CO, conversion simultaneously."® An efficient
catalyst must inhibit the hydrogen evolution reaction (HER) while
enhancing CO,RR activity.* ® Recently, metal-nitrogen active sites
embedded in carbon have demonstrated impressive Faradaic
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efficiencies for the CO,RR.”**> However, the partial current
densities of the CO,RR over these metal-nitrogen composite
catalysts are usually limited. Typically, the Faradaic efficiencies
of the CO,RR drop rapidly, accompanying an increase in the
overpotential in order to achieve high current densities.””*?
So far, metal-nitrogen composite catalysts have suffered the
problem of achieving high current density while maintaining
high Faradaic efficiency for the CO,RR, which is essential for
the requirements of fast reaction rate and high reaction selectivity
in future applications of the CO,RR.

Herein, we propose a strategy to facilitate the CO,RR through
the construction of coordinatively unsaturated nickel-nitrogen
(Ni-N) active sites within porous carbon, derived from the
pyrolysis of Zn/Ni bimetallic zeolitic imidazolate framework-8
(Z1IF-8), with a Ni loading as high as 5.44 wt%. The CO Faradaic
efficiency is maintained between 92.0% and 98.0% over a wide
potential range of —0.53 V to —1.03 V (vs. the reversible hydrogen
electrode, RHE), while the CO current density increases with
the overpotential and reaches an unprecedentedly high value of
71.5 £ 2.9 mA cm™ > at —1.03 V (vs. RHE). Density functional
theory (DFT) calculations suggest that the CO,RR occurs more
easily than the HER over the coordinatively unsaturated Ni-N
site. Thus, both high Faradaic efficiency and current density of
the CO,RR are achieved simultaneously.

Fig. 1a shows the preparation scheme of Zn/Ni bimetallic
ZIF-8 and its subsequent pyrolysis product (synthesis procedures
are detailed in the experimental section)."® Zn/Ni bimetallic ZIF-8
with different ratios of Zn to Ni was prepared by varying the
concentration of Zn(NOj3), and Ni(NO;), in methanol, denoted as
Zn,Ni, ZIF-8, according to the molar ratio of Zn to Ni in the
precursor solution. With an increase in the percentage of Ni, the
Zn,Ni, ZIF-8 nanoparticles (NPs) retain a similar crystalline
structure (Fig. S1, ESIT), while the color gradually changes from
white to dark violet (Fig. S2, ESIt). The content of Ni in the Zn,Ni,
ZIF-8 NPs increases with the concentration of Ni in the precursor
solution as measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Table S1, ESI{). ZIF-8, Zn,Ni,
ZIF-8 and Zn;Ni; ZIF-8 NPs were then pyrolyzed under an

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Schematic illustration of the synthesis of C-Zn,Ni, ZIF-8,
(b) low-resolution HAADF-STEM image of C-Zn;Ni4 ZIF-8 and the corres-
ponding EDS images for C, N, Ni, and Zn in C-Zn3Ni4 ZIF-8, (c) HRTEM and
(d) high-resolution HAADF-STEM images of C-Zn;Ni4 ZIF-8.

Ar atmosphere at 1000 °C for 4 h, and the pyrolysis products
were denoted as C-ZIF-8, C-Zn,Ni, ZIF-8 and C-Zn;Ni, ZIF-8,
respectively. To prevent the formation of Ni NPs for a high Ni
content during pyrolysis, Zn;Ni, ZIF-8 was pyrolyzed under an
Ar atmosphere at 900 °C for 10 h, and the pyrolysis product was
denoted as C-Zn;Ni, ZIF-8. Low-resolution high-angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) images with the corresponding energy dispersive X-ray
spectroscopy (EDS) images show that the elements of Ni, Zn, N
and C are uniformly distributed in C-Zn;Ni, ZIF-8 (Fig. 1b).
Backscattered scanning electron microscopy images of the pyro-
lysis products (C-Zn,Ni; ZIF-8, C-Zn;Ni; ZIF-8 and C-Zn;Ni,
ZIF-8) in Fig. S3, ESIt show no bright spots, thus excluding the
existence of metal NPs."* High-resolution TEM (HRTEM) images
in different regions of C-Zn;Ni, ZIF-8 (Fig. 1c and Fig. S4, ESIt)
show porous graphitic carbon in the absence of metal NPs.
And the corresponding selected area electron diffraction (SAED)
patterns show mere characteristic diffraction of carbon.'>'®
Furthermore, high-resolution HAADF-STEM images in Fig. 1d
and Fig. S5, ESIt show the atomic dispersion of metal species
and no existence of metal NPs in C-Zn,Ni, ZIF-8. C-Zn,Ni; ZIF-8
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and C-Zn;Ni; ZIF-8 also show similar morphologies and atomic
dispersions of metal species in the absence of metal NPs
(Fig. S6, ESIY).

The pyrolysis products derived from Zn,Ni, ZIF-8 show
similar XRD patterns and no diffraction peaks, which indicates
the absence of Ni and Zn NPs (Fig. 2a), in agreement with the
SEM, HRTEM and HAADF-STEM results. The Ni 2p XPS spectra
of the pyrolysis products and nickel phthalocyanine (NiPc) are
displayed in Fig. 2b. All binding energies of the Ni 2p;/, peak in
the pyrolysis products are around 855.0 €V, higher than that of
metallic Ni° (~853.0 eV)'” and lower than that of Ni*" in NiPc¢
(~855.7 eV),"® indicative of a valence of Ni species between
0 and +2. The Ni 2p intensity increases from C-Zn,Ni, ZIF-8 to
C-Zn,Ni, ZIF-8 due to enhanced Ni loading (Table S2, ESIT). The
N 1s signal band (Fig. S7, ESIt) of all the pyrolysis products
is split into five nitrogen configurations, originating from
pyridinic-N (398.3 £ 0.2 €V), metal-N (399.6 + 0.2 eV), pyrrolic-N
(400.8 £ 0.2 eV), graphitic-N (402.2 £ 0.2 eV) and oxidized-N
(>404.0 eV), respectively.®'**° Table S3, ESIt shows the ratio
of different nitrogen configurations. The presence of metal-N
suggests that these nitrogen atoms bind to Ni or Zn atoms
directly, and the binding energy of metal-N is similar to that of
Ni-N in NiPc.”* The Ni K edge X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) of C-Zn,Ni, ZIF-8 compared with those of standard Ni
foil and NiPc are shown in Fig. 2¢ and d. Both the Ni absorption
edge and main transition energies of C-Zn,Ni; ZIF-8, C-Zn;Ni,
ZIF-8 and C-Zn,Ni, ZIF-8 are between those of Ni foil and NiPc,
suggesting that Ni in the pyrolysis products is in intermediate
valence states. Fourier transformed EXAFS analysis also con-
firms the presence of Ni-N bonds and the absence of Ni-Ni
bonds in the pyrolysis products, indicating that the Ni atoms are
atomically dispersed and bonded with N atoms in the samples,
in agreement with the HAADF-STEM results (Fig. 1d).”>*® The
fitting results from EXAFS analysis in Fig. 2d and Table S4, ESI}
show that the coordination numbers of Ni species in C-Zn,Ni,
ZIF-8, C-Zn,Ni, ZIF-8 and C-Zn,Ni, ZIF-8 are 2.6 + 0.4, 2.7 £+ 0.4,
and 2.4 £ 0.4, respectively, revealing the coordinatively unsatu-
rated state of the Ni species. Similar to the characterization of
the Ni species, XANES and EXAFS results (Fig. S8, ESIt) also
indicate that the Zn species are atomically dispersed and
bonded with N atoms. The coordination numbers of Zn species
in C-ZIF-8, C-Zn,Ni, ZIF-8, C-Zn,Ni, ZIF-8 and C-Zn,Ni, ZIF-8
are fitted to be 3.6 + 0.6, 3.5 + 0.7, 3.4 £+ 0.8 and 3.5 £ 0.9,
respectively (Table S5, ESIT). During the pyrolysis, 2-MeIm was
carbonized, while most Zn species were evaporated and the
residual coordinated Ni and Zn species were proposed to be
anchored into the carbon matrix with N sites. Thus the mixing
of Zn not only acts as a spacer to prevent the aggregation of Ni
species but also plays an important role in the construction of
the porous structure.’® Notably, different from the commonly-
used post-synthetic modification strategy,®'* in our work Ni**
ions were doped into the ZIF-8 skeleton by partially replacing
Zn>" in the crystallization process as confirmed by the consis-
tency of the XPS and ICP-OES results (Table S2, ESIt), which
maximizes the density of atomically dispersed Ni-N, sites to an
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Fig. 2 Characterization of C-Zn,Ni, ZIF-8. (a) XRD patterns, (b) Ni 2p high-resolution XPS surveys of C-Zn,Ni, ZIF-8 and NiPc, (c) XANES spectra and
(d) Fourier transformed EXAFS spectra of the Ni K-edge for C-Zn,Ni, ZIF-8 and the corresponding reference samples (solid lines stand for the as obtained

data and dotted lines denote the fitting curves).

exceptionally high Ni loading of 5.44 wt%. The specific surface
area of the pyrolysis product was measured via N, adsorption—
desorption. All of the pyrolysis products possess high surface
areas, despite a small decrease on increasing the Ni concen-
tration in the Zn,Ni, ZIF-8 precursor and the pore size distribu-
tion remains unchanged (Fig. S9 and Table S6, ESIT). Besides,
the CO, adsorption isotherms of these pyrolysis products show
considerable capacity for CO, adsorption at room temperature
(Fig. s10, ESIY).

The selectivity and reaction rate of the pyrolysis products
towards the CO,RR were evaluated by controlled-potential electro-
lysis in an H-cell filled with a CO,-saturated KHCOj; solution (see
the Experimental section for details, Fig. S11, ESIT). The catalysts
show stable time-dependent total current densities at different
applied potentials (Fig. S12, ESIt). CO and H, are the only two
detected gas products (Fig. S13, ESIt), quantified by on-line micro
gas chromatography, and no liquid products in the cathodic
electrolyte after the CO,RR measurements were detected by
nuclear magnetic resonance spectroscopy (Fig. S14, ESIT). In the
CO,-saturated 1 M KHCOj; solution, C-ZIF-8 shows the poorest
CO,RR activity, with a maximum CO Faradaic efficiency of 20.0%
and low current density at even high overpotentials, indicating
that the Zn-N sites have poor selectivity and activity for the
CO,RR. C-Zn,Ni, ZIF-8, C-Zn,Ni, ZIF-8 and C-Zn,Ni, ZIF-8 show
much enhanced CO Faradaic efficiencies compared with C-ZIF-8,

1206 | Energy Environ. Sci., 2018, 11, 1204-1210

as shown in Fig. 3a. In particular, the CO Faradaic efficiencies
over C-Zn;Ni; ZIF-8 and C-Zn,Ni, ZIF-8 exceed 92.0% over the
potential range of —0.53 to —1.03 V (vs. the RHE) and the HER was
severely inhibited as shown in Fig. S15 and Table S7, ESL} For
comparison, NiPc was also used to catalyze the CO,RR, and CO
was generated over NiPc at —0.63 V (vs. the RHE) with a Faradaic
efficiency of 77.0%, but decreased sharply with increasing over-
potentials. Fig. 3b shows the dependence of the CO current
density on applied potential. C-ZIF-8 and NiPc demonstrate a very
low CO current density, probably due to the lack of coordinatively
unsaturated Ni-N sites. All C-Zn,Ni, ZIF-8 catalysts show a high
CO current density, which increases with the applied potential
and reaches 71.5 + 2.9 mA cm > at —1.03 V (vs. the RHE) over
C-Zn,;Ni, ZIF-8.

In CO,-saturated 0.1 M and 0.5 M KHCOj; solutions (Fig. S16,
ESIt), the CO Faradaic efficiencies over C-Zn;Ni, ZIF-8 also remain
stable between 90.0-98.0% and the current density increases with
the overpotential over the potential range of —0.63 V to —1.03 V
(vs. the RHE). Thus, C-Zn;Ni, ZIF-8 achieves a high current
density and Faradaic efficiency of the CO,RR simultaneously,
distinguished from those of the CO,RR over the reported Fe-N
and Ni-N composite catalysts.”*> As shown in Fig. S17, ESI,}
C-Zn;Ni, ZIF-8 shows a high CO Faradaic efficiency and CO
current density among recently reported representative noble
metal catalysts and metal-nitrogen composite catalysts.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Electrocatalytic performances of the CO,RR over the catalysts. (a) Applied potential dependence of CO Faradaic efficiency, (b) CO partial current
density measured in CO,-saturated 1 M KHCOs solution with a catalyst loading of 2.0 + 0.1 mg cm~2 for C-Zn,Ni, ZIF-8 and 1.06 mg cm~2 for NiPc.
(c) Applied potential dependence of CO Faradaic efficiency, and (d) calculated TOF at different potentials measured in CO,-saturated 0.5 M KHCOg3
solution with a catalyst loading of 0.088 mg cm™2 for C-Zn;Ni4 ZIF-8 and 0.226 mg cm™2 for C-Zn,Ni; ZIF-8.

Furthermore, we quantified the specific activities of the
pyrolysis products according to the calculated value of turnover
frequency (TOF, calculation details in the Experimental section,
ESIT). The C-Zn;Ni, ZIF-8 and C-Zn;Ni; ZIF-8 electrodes with a
lower catalyst loading (0.088 mg cm 2 and 0.226 mg cm 2,
respectively, to guarantee the same Ni loading on the electrode)
were used to make sure that all of the painted catalysts were
involved in the CO,RR. For comparison with other atomically
dispersed Ni catalysts, CO,RR tests were carried out in CO,-
saturated 0.5 M KHCO; solution and the results are shown in
Fig. 3c, d and Fig. S15, S18, Table S7 ESL.{ At the low catalyst
loading, the CO Faradaic efficiency still remains between 90.0%
and 98.0% over a wide potential range between —0.53 V and
—1.13 V (vs. the RHE). C-Zn;Ni, ZIF-8 and C-Zn;Ni, ZIF-8 exhibit
similar TOF and the same uptrend in the whole potential range,
suggesting the same active sites for the CO,RR in the pyrolysis
products. The TOF increases with the overpotential and reaches
an extremely high value of 10087 & 216 h™" for C-Zn,Ni, ZIF-8 at
—1.13 V vs. the RHE, which is among the top values as listed in
Table S8 (ESIT).

C-Zn,Ni, ZIF-8 remains highly stable and shows a CO Faradaic
efficiency of around 97.8% at —0.63 V (vs. the RHE) for 720 min in
the CO,-saturated 1 M KHCOj; solution (Fig. 4a). The HRTEM
images and XPS spectra of C-Zn;Ni, ZIF-8 after the stability test
(Fig. S19, ESIt) show that there is neither changes in morphology

This journal is © The Royal Society of Chemistry 2018

and chemical states, nor the formation of metal NPs. The
X-ray absorption spectroscopy (XAS) measurements of the used
electrode also reveal that the structure and the coordination
state of the Ni species in C-Zn;Ni, ZIF-8 remain unchanged
(Fig. S20, ESIY). There were no dissolved nickel or zinc ions
in the cathodic electrolyte after the stability test detected by
ICP-OES analysis, confirming the high stability of C-Zn;Ni, ZIF-8
under the CO,RR conditions.

The critical role of Ni species towards the CO,RR is high-
lighted by more C-Zn,Ni, ZIF-8 samples prepared via pyrolysis
in Ar at 900 °C for 4 h (Fig. S21-S24 and Tables S9-S13, ESIt) with
a similar morphology and structure. High CO Faradaic efficien-
cies and current densities are also obtained over the pyrolysis
products at 900 °C (Fig. S25, ESIt). In order to clarify the effect of
Ni and Zn loadings in the catalysts on the CO current density, the
six catalysts are divided into two groups. The Zn loadings in
group 1 and 2 are 6.20-8.81 wt% and 2.91-3.29 wt%, respectively
(Tables S2 and S9, ESIt). As shown in Fig. 4b, the CO current
density increases with Ni loading in both groups. Compared
with group 2 catalysts, a higher Zn loading results in a lower CO
current density for group 1 catalysts even with a higher Ni
loading, indicating the blocking of active sites by Zn species.
When pyrolyzed at 900 °C for 4 h, less Zn species was evapo-
rated thus resulting in a lower surface area (Table S13, ESIt)
compared with their counterparts pyrolyzed at 1000 °C for 4 h

Energy Environ. Sci., 2018, 11, 1204-1210 | 1207
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or at 900 °C for 10 h. Therefore, it is proposed that the DFT calculations are performed to further understand the
coordinatively unsaturated Ni-N, sites are the active sites for catalytic selectivity of the CO,RR and the HER over Ni-N and
the CO,RR and that the CO,RR performance is strongly depen- Zn-N sites. Based on our XANES and EXAFS experimental char-
dent on the exposure of active sites. acterization results for the Ni-N coordination number, we built
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Fig. 5 DFT calculations. (a) Optimized atomic structures of different Ni—N structures with Ni atoms coordinated with 4 N atoms (NiN4), 3 N atoms
(NiN3 and NiNsV), 2 N atoms (NiN,V5). (b and c) Free energy diagrams with implicit (solid lines) and explicit (dashed lines) solvation effect corrections for
the CO,RR (b) and the HER (c) pathways on Ni sites of different Ni—N structures at 0 V. Optimized atomic structures for *COOH and *H intermediates
adsorbed on Ni sites are shown at the top. Inset: *COOH and *H intermediates adsorbed on the NiN,V; site with one water molecule layer to simulate the
solvent environment. The white, grey, red, blue, and purple balls represent H, C, O, N, and Ni atoms, respectively.
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a Ni-N-C embedded in the graphene plane model to simulate
the active site structure. As shown in Fig. 5a, four Ni-N struc-
tures with Ni atoms coordinated with 4 N atoms (NiN,), 3 N
atoms (NiN; and NiN3V) and 2 N atoms (NiN,V,) have been
considered to represent different Ni-N coordination conditions,
where V stands for coordination vacancy. The electroreduction of
CO, into CO on metal active sites is generally considered as three
elementary steps, consisting of the initial state (CO, molecule),
adsorbed intermediate states (*COOH, *CO) and the terminal
state (CO molecule).>**> Among these intermediates, the most
important one is *COOH, the free energy of which reflects the
CO,RR activity from the point of view of limiting potential, while
in addition, the desorption of *CO into the gas phase also affects
the reactivity performance. As shown in Fig. 5b, the free energies
of *COOH (G~coon) on coordinatively unsaturated NiN3, NiN3V
and NiN,V, are significantly lower than those on NiN,, suggesting
that the high CO,RR activity originates from those coordi-
natively unsaturated Ni-N sites. After considering the effect of
the applied electric potential, the thermodynamic reduction
potential will be further decreased at the applied potential of
—0.43 V (Fig. S26, ESIT).

The competition between the CO,RR and the HER at the
active sites can be investigated by comparing the free energies
of *COOH (Gcoon) and *H (G.).*® From Fig. 5c, it can be
inferred that *H blockage is relatively weak on NiN;V and NiN,V,
structures. Especially for NiN,V,, G«coou (0.62 €V) is lower than
G« (0.69 eV), which shows high selectivity for the CO,RR. In
contrast, *H is quite preferred to adsorb on NiNj; (Fig. 5¢), which
leads to a predominantly HER process, and the desorption of
*CO on NiNj; is the most difficult among the four structures
(Fig. 5b). In addition, the DFT calculations on Zn-N sites with
the same structures (ZnN,, ZnN3, ZnN3V and ZnN,V,) show that
they have low selectivity for the CO,RR (Fig. S27, ESI), consis-
tent with the inferior CO,RR performance over C-ZIF-8 (Fig. 3a
and b). Therefore, the structure of the active site is most likely
NiN,V, with a Ni-N coordination of 2, agreeing well with the
XANES and EXAFS results (Fig. 2c and d, Table S4, ESIt).
Moreover, the effect of the electrolyte has also been taken into
consideration both by implicit correction (solid line in Fig. 5b
and c) in the literature** and by adding solvent water molecules
onto the surface as an explicit correction (dashed line in Fig. 5b
and c). Taking the NiN,V, structure as an example, G«coon and
G+ decrease to 0.43 eV and 0.57 eV by explicit correction,
respectively, which is consistent with the result by implicit
correction. A recent investigation proposes the active site
structure to be NiN;C, and a maximum CO Faradaic efficiency
of 71.9% is reported.8 Our DFT calculations show that NiN,V, is
much more active and selective for the CO,RR than NiN;C (Fig. S28,
ESIY). Correspondingly, a maximum CO Faradaic efficiency of
98.0% is achieved over our Ni-N composite catalysts.

In summary, highly doped and coordinatively unsaturated
Ni-N active sites within porous carbon demonstrate high selec-
tivity and activity for the CO,RR. CO Faradaic efficiencies of
92.0-98.0% have been achieved over a wide potential range of
—0.53 to —1.03 V (vs. the RHE). The coordinatively unsaturated
Ni-N sites exhibit a high intrinsic activity towards the CO,RR,

This journal is © The Royal Society of Chemistry 2018

View Article Online

Energy & Environmental Science

as confirmed by a high TOF of 10087 + 216 h™" for C-Zn,Ni,
ZIF-8. Besides, a maximum current density of 71.5 & 2.9 mA cm >
has been obtained at —1.03 V (vs. the RHE) over C-Zn;Ni, ZIF-8.
DFT calculations reveal that the CO,RR occurs more easily
than the HER over coordinatively unsaturated Ni-N sites, thus
surmounting the constraints between the Faradaic efficiency
and current density of the CO,RR.
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