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Electrocatalytic hydrogenation of CO3 has become particularly promising to address the grand issues of global
warming and energy crisis. Herein, we report simultaneous increase of conductivity, active sites and structural
strain of copper selenide nanosheets by nitrogen (N)-injection (N-CuSe), resulting in significant improvement in
CO;, electroreduction. At the applied potential of —1.1 V vs. reversible hydrogen electrode in CO5-saturated 0.5
mol L~! KHCO3, the N-CuSe delivers a current density of ~46.7 mA cm™2, 3.1-folds as that of the pristine CuSe. A
high production yield of liquid products containing formate (~22.1 mg h™! ecm™2), acetate (~1.2 mg h™! cm™2)

and ethanol (~1.0 mg h™! ecm~2) is achieved by N-CuSe, which is over 11-folds as that produced by the pristine
CuSe. Such a facile strategy simultaneously enhancing conductivity, active sites and structural strain holds great
promise on promoting catalysts for a big variety of reactions, not limited to CO; electroreduction.

1. Introduction

As an effective strategy for carbon neutrality, electrocatalytic hy-
drogenation of carbon dioxide (CO-) to produce high value-added fuels
and carbonaceous feedstock has sparked enormous interest in recent
years [1-4]. Nevertheless, due to the symmetrical linear structure and
stable C=0 bonding of CO, molecules, inefficient conversion from CO,
to the target products remains the bottleneck for CO2 hydrogenation [5].
To boost the conversion efficiency, considerable efforts have been
devoted to the design and manufacture of high-performance electro-
catalysts [6-9]. Despite the major success achieved from the developed
catalysts, the limited production yield and current density upon CO;
conversion are the major challenges for CO5 electroreduction.

To accelerate the electrocatalytic rate and yield in CO5 reduction
reaction (CO2RR), various strategies have been proposed to design
advanced electrocatalysts [10-12]. Like in most catalytic reactions, the
establishment of active sites (e.g. heteroatom doping, creating vacan-
cies/grain boundaries) is an effective route to induce local accumulation
of electrons/holes hence promote the catalytic rate/path and adsorption
capacity in CO2RR [13-17]. Enhancement of catalysts’ conductivity has
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been acknowledged to be another effective approach [18]: by intro-
ducing a defect level in the band structure [19], utilizing the
electron-cloud spin splitting [20], or triggering structural
re-arrangement/phase transition [21,22], the increased charge trans-
port capability can largely benefit the current density in electrocatalysis
towards a bumper harvest of carbon products from CO2RR. In addition,
engineering structural strain also holds great promise on upgrading the
electrocatalytic capability [23,24]. Theoretical studies suggested that
surface strain as low as 1% can already change the adsorption energy of
reaction intermediates significantly [25,26]. So far, facile approaches
that simultaneously address the active sites, conductivity and structural
strain of electrocatalysts remain scarce and highly desirable.

Herein, we report simultaneous enhancement of conductivity, active
sites and structural strain of cubic-phase copper selenide (CuSe) via ni-
trogen (N) injection for high-yield CO2 electrohydrogenation. The
strategy was evaluated by density functional theory (DFT) calculations
prior to synthesis: the introduction of N to the parent catalyst was found
to effectively modulate its inherent electronic structure to be more
metallic, with abundant delocalized electrons accumulated around the
injected N atoms, meanwhile induce a small structural distortion around
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N. We then engineered ultrathin CuSe nanosheets with N atoms delib-
erately injected in their lattice (N-CuSe). Thanks to the enhanced con-
ductivity, local charge re-distribution and structural strain induced by N
injection, significant improvement in the electrocatalytic activity for
CO2RR has been achieved. Typically, at the applied potential of —1.1 V
vs. reversible hydrogen electrode (RHE) in COj-saturated 0.5 mol i
KHCO3 aqueous solution, the N-CuSe delivered a current density of
CO2RR as high as ~46.7 mA cm™2, 3.1-folds as that of the pristine CuSe.
The selectivity of carbonous products increased from ~39.8% for the
pristine CuSe to ~81.4% for N-CuSe, and the proportion of liquid
products increased from ~15.4% to ~78.9%. The products converted by
N-CuSe contained 23.5% C; products (acetate and ethanol), which were
not detected in the case of CuSe. Especially, a remarkably high pro-
duction yield of liquid products containing ~22.1 mg of formate (over
11-folds as that produced by the parent catalyst), ~1.2 mg of acetate,
and ~1.0 mg of ethanol [per hour and per unit area of the electrode
(cm?)] was achieved by N-CuSe. This work not only proposes a powerful
new catalyst, but also opens up a rapid route to boost the yield and
current density for CO; electroreduction efficiently.

2. Experimental section
2.1. Calculation methods

The Vienna ab initio simulation package (VASP) [27,28] was used to
carry out the DFT calculations. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation density functional [29] and projector augmented
wave (PAW) potentials were used to describe the interaction of ionic
cores and electrons. The force convergence criterion used for the ge-
ometry relaxation was 0.02 eV A, For the density of states (DOS) cal-
culations, a plane-wave cutoff energy of 480 eV and Gamma k-point
mesh of 19 x 19 x 19 in the Brillouin zone were sampled.

2.2. Synthesis of CuSe nanosheets

The hexagonal-phase CuSe nanosheets were fabricated according to
the reported method with minor adjustments [30]. Typically, NaOH (50
mmol) was added into a round-bottom flask (50 mL) containing deion-
ized water (20 mL) to form a clear solution by magnetic agitation for 10
min. After adding Se powder (1 mmol), the solution was heated to 90 °C
in oil bath for 30 min until it turned to uniform dark red solution.
Subsequently, Cu(NO3)2.3 H20 ethanol solution (0.1 mol L’l, 5mL) was
injected immediately into the flask. Five minutes later, the product was
collected by centrifugation at 5000 rpm for 5 min and washed for several
times, and finally dried in vacuum overnight.

2.3. N-injection to the CuSe nanosheets

The as-prepared hexagonal-phase CuSe nanosheets (100 mg) was
placed in a quartz tube and heated to 400 °C at a rate of 10 °C min~?
under a mixed gas flow of 10%NH3/90%Ar. After reacted at 400 °C for
different duration (1-5 h), the products (N-CuSe-a, o = 1, 2, 3, 5) were
cooled to the ambient temperature. In the same way, hexagonal-phase
CuSe nanosheets were heated in a quartz tube at 400 °C but in pure
Ny atmosphere, the pristine CuSe sample was produced.

2.4. Characterization

The morphology and structure of the samples were characterized by
field emission scanning electron microscope (SEM, ZEISS SUPRAS55),
high-resolution field emission transmission electron microscopy (TEM,
Tecnai G2 F30), and atomic force microscope (AFM, Bruker Multi-
Mode8). The composition was analyzed by X-ray diffraction (XRD,
PANalytical X'Pert Pro) and X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, ESCALAB250Xi). The Cu K-edge X-ray ab-
sorption fine structure spectroscopy (XAFS) was measured at the
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National Synchrotron Radiation Laboratory (NSRL) and the Beijing
Synchrotron Radiation Factory (BSRF). The Raman spectra was
collected using Alpha 300 R Laser Raman Spectroscopy (Raman, Horiba
HR). The liquid products were quantified by !NMR (Bruker ADVANCEIII
400 MHZ). The gas products were monitored by gas chromatography
analyzer (TECHCOMP GC-7900).

2.5. Evaluation of the electrocatalytic performance

To prepare the working electrode, catalyst (1 mg), active carbon (4
mg), and Nafion solution (5 wt%, 30 pL) were added in ethanol (2 mL) to
form a homogeneous ink via ultrasonic for 1 h. The ink (1 mL) was then
spread on 1 x 1 cm? carbon paper and dried natually to obtain the
working electrode. The test of CO3 electrochemical reduction was con-
ducted by using an electrochemical station (CHI660E) with three-
electrode system in an H-cell (separated by Nafion 115) containing
KHCOs electrolyte (0.5 mol L_l, 80 mL) under ambient conditions. Ag/
AgCl electrode (in saturated KCl solution) and platinum electrode were
chosen as the reference and counter electrodes, respectively. All applied
potentials against the Ag/AgCl electrode were converted to that against
the reversible hydrogen electrode (RHE) according to: E (vs. RHE) = E
(vs. Ag/AgCl) + 0.21 V + 0.0591 x pH.

3. Results and discussion
3.1. DFT calculations for the N-injected CuSe nanosheet

Due to the moderate affinity with the intermediates (e.g. * COOH, *
CHO, etc.), Cu-based catalysts (e.g copper oxides/sulfides) have been
widely employed in CO; electroreduction [3]. Copper selenide is a
typical p-type semiconductor with high stability, having demonstrated
great promise in thermoelectric conversion [31,32], catalysis of oxygen
evolution reaction [33] and plasma techniques [34], but scarcely been
applied in CO2RR [35]. Promisingly, the nonstoichiometric phases
Cuy_4Se showed excellent electrochemical properties [32]; the Se atoms
at the edges of metal selenides can easily adsorb the intermediates to
enhance the CO2RR activity [36]; the combination of electron-rich sites
(Se atoms) and electron-deficient sites (Cu atoms) was suggested to
benefit the formation of carbonaceous products synergistically [37].
N-doping is a facile method to improve the current density in electro-
catalyzed CO2RR [38], whilst its influence on the electronic structure of
the parent catalysts remains vague.

We first investigated the effect of N injection on the electronic
structure of CuSe using DFT calculations. As shown in Fig. 1a, the parent
catalyst we used was a two-dimensional cubic-phase CuSe sheet con-
taining five atomic-layers (three layers of Se and two layers of Cu be-
tween two adjacent Se layers) with a 3 x 3 unit cell. One N atom was
introduced into each unit cell and placed in the cell center. According to
the calculated DOS, the introduction of N can modify the CuSe from a
narrow-bandgap semiconductor to a semi-metal (Fig. 1b): the pristine
CuSe showed a narrow gap between the bottom of the conduction band
and the top of the valence band (enlarged in the red square), whilst a
defect energy level was induced near the Fermi level for N-CuSe, which
significantly increased the DOS and eliminated the bandgap.

Next, we analyzed the contribution of each element’s orbitals to the
total DOS (Fig. 1c). It was found that the p orbital of N and Se primarily
accounted for the increased DOS near the Fermi level of N-CuSe; the
overlap of the p orbital of N with the d orbital of Cu and the p orbital of
Se (marked by the grey area) suggested the N — Cuand N — Cu bonding
in N-CuSe. To classify the bonding type, electron localization function
(ELF) mapping of N-CuSe was calculated (Fig. 1d), where the color
represented the electron localization status. The ELF values of the re-
gions between N and Cu and those between N and Se were of 0.2-0.3
(charge delocalization), suggesting weak metallic bonding of N with Cu
and Se [39]. The charge accumulation and depletion were then analyzed
by the charge density difference plot (Fig. le), showing abundant
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Fig. 1. The effect of N injection on the electronic structure of CuSe based on DFT calculations. (a) Fully-relaxed structural model of the pristine and N-injected CuSe
nanosheet (N-CuSe), where Cu, Se and N atoms are in golden brown, aqua and blue, respectively. (b) The calculated total and partial DOS of CuSe and N-CuSe, where
the Fermi level is pointed out by the vertical dash line. (c) The distribution of DOS contributed from the electrons in the different orbitals of Cu, Se, and N atoms. (d)
ELF mapping and (e) plot of charge density difference of N-CuSe. In e, the isosurface value is 0.002 e A~3; the cyan and yellow-green colors indicate charge depletion
and accumulation, respectively. DFT optimized structural model of two unit cells of (f) the pristine CuSe and (g) N-CuSe, showing the lattice variation.

electrons accumulated around the N sites that donated from the Cu
atoms. Moreover, the interlayer spacing of N-CuSe was enlarged
compared with the pristine CuSe, with a small contraction of Cu atoms
towards the N atoms and a small expansion of Se atoms moved away
(Fig. 1f and g). These results indicate that N injection can increase
conductivity meanwhile generate active sites and structural strain for
CuSe.

3.2. Synthesis and characterization of the N-injected CuSe nanosheets

We subsegently fabricated the pristine and N-injected CuSe nano-
sheets. As shown in Fig. 2a, with Se powder and Cu(NOs3)2.3 Ho0 as
precursors, hexagonal CuSe nanosheets were first self-assembled under
alkaline conditions (Fig. S1) and then annealed at 400 °C in N3 atmo-
sphere (Pristine CuSe). Upon N-injection, the hexagonal nanosheets
were heated to 400 °C and reacted under NH3/Ar flow for various
duration. Under the given conditions, NH3 molecule can first adsorb on
the surface of the parent material, and then the adsorbed NH3 molecules
are dehydrogenated so that the N atoms diffuse into the lattice of the
sample [40,41]. The obtained products were denoted as N-CuSe-a,
where o represented the reaction hours. Note that both the pristine and
N-injected samples converted from hexagonal phase to cubic phase
during annealing. The cubic phase is preferred as it has a higher
stability.

Seen from the SEM images, the morphology of N-CuSe-3 was not
varied significantly compared with that of the pristine CuSe (Fig. S2).
The TEM image further revealed the lamellar structural nature of N-
CuSe-3, where the nearly transparent sheets indicated their ultrathin
thickness (Fig. 2b). High-resolution TEM (HRTEM) image of N-CuSe-3
exhibited that the interplanar spacing of the lattice along the two close-
packed directions was ~0.20 nm (Fig. 2c¢), attributed to (220) planes of
cubic-phase CuSe [35]. The energy dispersive X-ray (EDX) elemental

mapping images of N-CuSe-3 showed even distribution of Cu, Se, and N
elements over the entire nanosheets (Fig. 2d). Deduced from the AFM
image (Fig. 2e), the typical thickness of N-CuSe-3 nanosheets was
~4.5 nm. XRD patterns of N-CuSe-3 and the pristine nanosheets (Fig. 2f)
were both well indexed to the non-stoichiometric cubic phase of copper
selenide, i.e. Cuy_xSe (JCPDS No. 06-0680). Consistent with the HRTEM
results, the (220) diffraction peak was the primary one, suggesting that
(220) planes were dominant for the lateral structure of the nanosheets.
The diffraction peaks of N-CuSe-3 shifted to lower angles relative to
those of the prisine sample, indicating lattice expansion induced by N
insertion and consistent with the DFT calculation results. The structural
distortion was associated with the content of N doping. Upon excessive
reaction with NH3, N-CuSe-5 presented umangite structure similar to
that CusSey (Fig. S3).

The chemical structure of the samples was further explored by XPS,
Raman spectroscopy, X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analysis. The Cu 2p XP
spectrum of N-CuSe-3 (Fig. 3a) showed two components for Cu 2ps,2 and
two for 2p;/2, where the peaks located at 932.6 and 952.4 eV are asso-
ciated with Cu(I) and those at 934.7 and 954.8 eV are assigned to Cu(Il),
respectively [42]. Consistent with the XRD and HRTEM results, the
combination of Cu(I) and Cu(Il) further indicated the non-stoichiometry
of the nanosheets as Cu,_xSe, where X was estimated to be ~0.28 based
on the atomic percentage (i.e. Cuj 72Se). The nanosheets’ names main-
tained as ‘CuSe’ for simplification. Compared with that in the pristine
sample, the intensity of the Cu(II) component in N-CuSe-3 was reduced,
which is attributed to the partial reduction of Cu(II) when reacted with
NHj [43]. Moreover, a red shift of these peaks was observed for
N-CuSe-3; this is attributed to the increased electron donation of Cu
when the more electronegative N atoms (than Se) were introduced. The
Se 3d XP spectra of both samples (Fig. 3b) presented two peaks at 53.9
and 54.7 eV for 3ds/2 and 3d3,2, respectively, suggesting the existence of
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Fig. 2. Morphology and structure of the CuSe nanosheets. (a) Schematic illustration for synthesis of the pristine and N-injected CuSe nanosheets. (b) TEM image, (c)
HRTEM image, (d) STEM-EDX elemental mapping images, and (e) AFM image of N-CuSe-3 nanosheets. The scale bars in b—e are 100 nm, 1 nm, 200 nm and 100 nm,
respectively. The mapping of Cu, Se, N element is in red, yellow and blue, respectively.

Se2~ [44]. XPS survey (Fig. S4) confirmed the the successful injection of
N atoms, showing that the N content increased gradually with the re-
action hours with NHs. The N 1 s XP spectra (Fig. 3c) revealed ~12%
content of N in N-CuSe-3. The peaks at ~398.4 and 400.6 eV were
attributed to the interstitial N [45] and surface-adsorbed N-H/NH3
[46], respectively.

In the Raman spectrum of N-CuSe-3 (Fig. 3d), the strong vibration at
263 cm ™! was characteristic of Cu—Se bonding and the weak signal at
201 em ™! was attributed to the transverse optical mode of CuSe [47].
Relative to the pristine sample, the shift of ~6 cm™! and the narrower
full width at half maximum of the primary peak implied that the injected
N caused lattice distortion and internal stress [48]. In addition, the white
line of normalized XANES spectrum at the Cu k-edge of N-CuSe-3 (inset
of Fig. 3e) blue-shifted relative to that of the pristine CuSe and Cu foil
(standard reference), further confirming that the valence of Cu was
reduced by N injection [49]. Fourier transform EXAFS analysis of
N-CuSe-3 (Fig. 3f) displayed the primary Cu—Se peak at ~2.12 A, which
was higher than that of the pristine CuSe but lower than that of Cu foil.
This is attributed to the lattice expansion hence lengthened Cu—Se

bonds caused by the presence of N atoms.

3.3. COZ2RR performance of as-synthesized catalysts

To evaluate the CO2RR capability of N-CuSe, we first investigated
the potentiodynamic electrochemical behavior of the nanosheets in an
H-cell containing 80 mL of COy-saturated 0.5 mol L! KHCO3 solution.
The linear sweep voltammetry (LSV) curve of N-CuSe-3 (Fig. 4a) showed
a cathode peak at — 1.1 V vs. RHE in CO»-saturated solution, whilst no
peak was observed for the pristine CuSe in COy-saturated solution or N-
CuSe-3 in Nj-saturated KHCOg3; the cathode peak was then attributed to
the CO, reduction induced by N-CuSe-3 [50]. Moreover, the current
density was significantly varied by the N-injection hours (Fig. S5):
N-CuSe-3 nanosheets exhibited the highest current density (49 mA cm ™2
at —1.1 V vs. RHE) among all N-CuSe-a (0 =1, 2, 3, 5), which was
evidently higher than the case of the pristine CuSe (13 mA cm~2). The
boosted current density was closely associated with the semi-metallic
nature and charge re-distribution of CuSe induced by the presence of
N atoms, indicating that the optimum N-injected sample was N-CuSe-3.
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In addition, the chronoamperometry curves of all N-CuSe-a samples
presented steady current densities at different applied potentials
(Fig. S6), suggesting their good electrochemical stability during CO2RR.

Consistent with the LSV curves, the geometrical current density (jotat,
Fig. 4b) increased with the applied potentials and N-CuSe-3 delivered
the highest current density (46.7 mA em 2 at —1.1V vs. RHE), which
was 3.1 folds as that of the pristine CuSe (14.9 mA cm~2). Moreover, N-
CuSe-3 exhibited a largely enhanced partial current density for carbo-
naceous products (jcproducs of 37.6 mA cm’z, Fig. 4c) and for liquid
products (jrproducts of 36.7 mA cm™?, Fig. 4d), which were 6.2 and 16-
times higher than that of the pristine CuSe, respectively. At all the
applied potentials, N-CuSe-3 brought on the current density superior to
the other samples, suggesting its considerable electrocatalytic promise
for CO2RR.

The carbonaceous products catalyzed by N-CuSe-a and the pristine
CuSe were quantified by nuclear magnetic resonance (“H NMR) and gas
chromatography analyzer (GC). The Faraday efficiency (FE) of carbo-
naceous products (FEc.products) and liquid products (FEy.products) for these
catalysts at various applied potentials were calculated (Fig. 4e and f),
respectively. Notably, the FEc products and FEL products of N-CuSe-3 were
81.3% and 78.7% (at —1.1 V vs. RHE), respectively, which were more
than 2 and 5 folds as those catalyzed by the pristine CuSe (FEc.products Of
39.8% and FE] products Oof 15.4%).

We then analyzed the composition of the electro-reduced carbona-
ceous products by N-CuSe-3 at a potential range of — 0.9 Vto — 1.3 V.
The FEc products of N-CuSe-3 (Fig. 4g) mainly contained CO (1.9%),
formate (55.2%), acetate (8.9%), ethanol (14.6%) and H, (18.5%) at
— 1.1 Vvs. RHE. Remarkably, the yields of liquid products catalyzed by
N-CuSe-3 (Fig. 4h) were rather high, including formate (~22.1 mg h™!
cm’z), acetate (~1.2 mg h! cm’z), and ethanol (~1.0 mg h! cm*Z),
respectively. The eminent current density and yields of L-products of N-
CuSe-3 are among the best records of all the electrocatalysts ever re-
ported (Fig. S7). Moreover, as the reaction stability is crucial for elec-
trocatalysts in real-time applications, 30-hours durability potentiostatic
mapping on the partial current density and FE of N-CuSe-3 (Fig. 4i) were
carried out at — 1.1 V vs. RHE. The results showed barely any decay in
partial current density, together with a steady FE of more than 75% for

L-products containing more than 23% Cy products (acetate and ethanol),
futher demonstrating the high electrocatalytic activity of N-CuSe-3.
Aside from the steady performance, the well-maintained morphology
and crystallization nature after 30 h reaction ascertained the good sta-
bility of N-CuSe-3 (Fig. S8).

3.4. CO2RR enhancement mechanisms

To figure out the crucial factors contributed to the electrocatalytic
activity of N-CuSe-3, we evaluated its double layer capacitance (Cq) in a
three-electrode system and determined the electrochemical surface area
(ECSA) by measuring the curves of cyclic voltammetry (CV) at different
scan rates (Fig. S9). As revealed in Fig. 5a, the Cq4 increased from 3.4 mF
cm 2 for the pristine CuSe to 4.2 mF cm 2 for N-CuSe-3. The normalized
Cq current density suggested that the electrocatalytic activity of N-CuSe-
3 was not mainly contributed by the ECSA, but by the N injection, which
induced higher electrocatalytic activity and current density for carbo-
naceous products (Fig. S10) [51]. By regulating the loading of catalysts
on the working electrode, the linear relationship between Cq4 and the
normalized partially current density of liquid products (ji-normatized) Was
established (Fig. 5b), where the slope of linear fitting increased from
4.0 mA mF ! for the pristine CuSe to 10.6 mA mF~! for N-CuSe-3,
further demonstrating the evident improvement induced by N injection
on electrocatalytic CO2RR.

We then analyzed the rate-determining step during CO2RR. The
Tafel slope (Figs. 5¢ and S11) was first plotted for the pristine CuSe and
N-CuSe-a (x =1, 2, 3, 5), deducing a value of 101 mV dec™! for the
pristine CuSe and around 80 mV dec™? for the N-injected samples, which
were close to the theoretical value for the CO, activation process
(118 mV dec 1) and surface reaction process (59 mV dec™D), respec-
tively [52]. In this regard, for the pristine CuSe, the CO5 activation on
the catalyst surface limited the CO5 conversion efficiency; for N-CuSe-a,
the rate-determining step switched to the process of electron transfer to
activated CO2 molecules. The N-CuSe-3 held the smallest slope value
(78 mV dec_l), corresponding the most effective CO2RR. The Nyquist
plot (Fig. 5d) revealed that N injection leaded to improved conductivity
hence more convenient charge transfer, benefiting electrocatalytic
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Fig. 4. Performance of CO, electrocatalytic reduction by the N-CuSe nanosheets. (a) The dynamic change of LSV curves for N-CuSe-3 and the pristine CuSe
nanosheets in a CO,-saturated 0.5 mol L™ KHCO; and for N-CuSe-3 nanosheets in Ny-saturated solution. (b) Geometrical current densities (totar), (c) partial current
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tribution of CO, reduced products and (h) the yields of format, acetate, and ethanol catalyzed by N-CuSe-3 nanosheets at various applied potentials. (i) 30-hour
potentiostatic mapping of j, and FE for carbonaceous products catalyzed by N-CuSe-3 at — 1.1 V vs. RHE.

CO2RR.

In addition, we carried out the electrochemical impedance spectro-
scopic analysis and used Mott-Schottky equation to verify the improved
conductivity of the nanosheets. The linear relationship of 1/C? vs.
various applied potentials (Figs. 5e and S12) showed a positive slope
(dC™2/dV) for both the pristine and N-injected CuSe, suggesting that
electrons were the main carriers in the present cases. As the slope was
inversely proportional to the carrier density [53], the slope of the pris-
tine CuSe nanosheets (3.67 x 10° cm* F~2 v~1) was higher than that of
N-injected samples. The value of N-CuSe-3 (1.13 x 10% cm* F2 V_l)
was lowest among the samples, indicating its highest carrier density.
Considering the binding intensity of catalyst surface with OH™ was
positively correlated to that with CO3, we conducted oxidative LSV
scanning (Fig. 5f) to evaluate CO, activation in OH -rich alkali elec-
trolyte for the nanosheets [54]. The characteristic OH™ absorption peak
of N-CuSe-3 appeared at — 0.03 V, which was more negative than that of
the pristine CuSe (0.04 V), indicating the stronger OH™ binding intensity
hence higher CO5 active ability in the case of N-CuSe-3, which benefit
the CO; electrocatalytic reduction.

Based on these results, the simultaneous enhancement of conduc-
tivity, active sites and structural strain of N-CuSe have been also justified
experimentally: (1) the increased current density (Fig. 4a) and reduced
impedance (Fig. 5d and e) reveal the promoted metallic nature; (2) the

varied peak positions in XRD (Fig. 2f), Raman spectrum (Fig. 3d) and
EXAFS spectrum (Fig. 3f) indicate the lattice distortion hence structural
strain; (3) the promoted CO2RR performance (Fig. 5a and b), decreased
Tafel slope (i.e. smaller overpotential and more complete reaction,
Fig. 5¢) and stronger adsorption for OH™ (Fig. 5f) all suggest the for-
mation of active sites. All these experimental results well support our
theorectial prediction (Fig. 1). The abundant electrons accumulated
around the N atoms hence favorable active sites, the enhanced surface
carrier density and conductivity, and the promoted OH™ binding in-
tensity benefit the generation of carbonaceous products over Hj in the
electroreduction reaction, leading to high activity, yield and selectivity
for CO2RR.

4. Conclusions

By one-step mild reaction with NH3, N atoms have been successfully
injected in the cubic-phase ultrathin CuSe nanosheets (thickness of
~4.5 nm). The N injection leads to siginficant variations: the DOS near
the Fermi level increases and the bandgap disappears; the interlayer
spacing of N-CuSe is enlarged with Cu and Se atoms slightly deviated
from the original configuration; abundant electrons are accumulated
around the N sites. Consequently, simultaneous enhancement of con-
ductivity, active sites and structural strain is achieved, giving rise to
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Fig. 5. Origin of the enhanced electrochemical properties for the N-CuSe nanosheets. (a) Charging current density differences plotted against scan rates, where the
double layer capacitance (Cg4) values can be deduced from the fitting slopes. The values of fitting slope are twice that of the Cy;. (b) Partial current density at — 1.1 V
vs. RHE plotted against Cyq. (c) Tafel plots for liquid production, (d) Nyquist plots and (e) Mot-Schottky plots of N-CuSe-3 and the pristine CuSe. (f) The oxidative LSV
scans for OH ™~ adsorption on N-CuSe-3 and the pristine CuSe in Ny-saturated 0.1 mol L' KOH electrolyte.

increased current density, reduced impedance, stronger adsorption upon
CO,, precence of Cy products, and boosted yield. As a result, the N-
injected nanosheets delivers a high current density of 46.7 mA cm™2 at
— 1.1 V vs. RHE (over 3-folds as that of the pristine CuSe) and a high
yield of liquid products containing formate (~22.1 mg h™* ecm™, over
11-folds as that of CuSe), acetate (~1.2 mg ht cm"z), and ethanol
(~1.0 mg h™! em™), respectively. The current density and yields of L-
products are among the best records of all the electrocatalysts ever re-
ported. In addition, the N-CuSe nanosheets show high chemical stability,
with the high catalytic performance well-maintained for 10 h contin-
uous operation. This work thus provides a facile and promising strategy
to promote electrocatalysts by enhancing their conductivity, active sites
and structural strain simultaneously for electrolytic fuel synthesis.
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