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Cu/Cu,O/Graphdiyne Tandem Catalyst for Efficient
Electrocatalytic Nitrate Reduction to Ammonia

Xueting Feng, Jiyuan Liu, Ya Kong, Zixuan Zhang, Zedong Zhang, Shuzhou Li,

Lianming Tong,* Xin Gao,* and Jin Zhang*

The electrocatalytic reduction reaction of nitrate (NO;~) to ammonia (NH,) is
a feasible way to achieve artificial nitrogen cycle. However, the low yield rate
and poor selectivity toward NH; product is a technical challenge. Here a
graphdiyne (GDY)-based tandem catalyst featuring Cu/Cu, O nanoparticles
anchored to GDY support (termed Cu/Cu,O/GDY) for efficient electrocatalytic
NO,~ reduction is presented. A high NH, yield rate of 25.4 mg h~' mg_,, '
(25.4 mg h~' cm~2) with a Faradaic efficiency of 99.8% at an applied potential
of —0.8 V versus RHE using the designed catalyst is achieved. These
performance metrics outperform most reported NO,~ to NH, catalysts in the
alkaline media. Electrochemical measurements and density functional theory
reveal that the NO; ™ preferentially attacks Cu/Cu,O, and the GDY can
effectively catalyze the reduction of NO,~ to NH,. This work highlights the
efficacy of GDY as a new class of tandem catalysts for the artificial nitrogen
cycle and provides powerful guidelines for the design of tandem

electrocatalysts.

1. Introduction

Ammonia (NH;), a critical feedstock for nitrogen fertilizers and a
potential hydrogen carrier, is industrially produced by the energy
and carbon-emission intensive Haber—Bosch process.[!! Alterna-
tively, electrocatalytic nitrogen reduction reaction (NRR) can be
driven by renewable energy under mild conditions using water
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as the hydrogen source. However, the NH,
yield rate by NRR is two orders of mag-
nitude lower than Haber-Bosch process,
due to the low solubility and high dissoci-
ation energy (941 k] mol~!) of nitrogen.[?!
Recently, the production of NH; from ni-
trogen via a nitrate (NO;”) intermediate
with a lower dissociation energy (204 k]
mol™!) has been demonstrated to be a
promising way to improve NHj yield rate
and Faradaic efficiency (FE).}! Addition-
ally, NO,;™, as a ubiquitous water contam-
inant, can be directly reduced to gener-
ate NH, for restoring the imbalance in
the global nitrogen cycle.*l However, this
strategy suffers from poor activity and se-
lectivity due to its complex eight-electron
reduction process and competitive hydro-
gen evolution.’] Therefore, it is crucial
to rationally design and construct effi-
cient electrocatalysts to improve activity and
energy conversion efficiency for electrocatalytic nitrate reduction
reaction (NO;RR).

Copper (Cu) catalyst with a unique 3d electron orbital shows
excellent ability to bind NO;~ and catalyze the conversion of
NO,~ to NO,~.l%] However, pure Cu particles are usually rapidly
deactivated by strong adsorption of NO;RR intermediates (such
as NO,™ and NO), and the efficiency of NO,~ to NH; conversion
with pure Cu catalyst is very low.”] The Cu/Cu,O heterojunction
was fabricated to enhance catalytic activity, which can effectively
regulate the electronic structure at interface and then alleviated
adsorption energy of NO,~ owing to the synergistic effect.[628]
More recently, “tandem catalysis” was developed to further im-
prove catalytic activity and selectivity by introducing other active
substances. In the core—shell Cu/Cobalt (Co) tandem catalyst, the
internal Cu/CuO, preferentially catalyzes the reduction of NO,~
to NO,, and NO,~ is quickly reduced to NH; in the nearby
Co/Co0.°T A high NH, yield rate (1.17 mmol cm™2 h™') and FE
(93.3 + 2.1%) were achieved. Despite these improvements in the
tandem catalyst design, study on improving the NO;RR kinet-
ics using the tandem catalyst are still in their infancy. The poor
chemistry between NO,~ and NH; still need to be addressed.
Specifically, the Faradaic efficiency higher than 99% is highly pur-
sued for achieving artificial nitrogen cycle.

Graphdiyne (GDY) is a new 2D carbon allotrope composed
of sp2 and sp-hybridized carbon atoms with uniform pores
and highly z-conjugated structure.'% Its unique structures ren-
der GDY with multiple advantages in electrocatalysis.['!l The
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Figure 1. Conceptual diagram of NO3;RR on Cu/Cu,O/GDY and characterizations of Cu/Cu,O/GDY. a) Proposed reaction scheme for NO3;RR on
Cu/Cu,O/GDY. b) Transmission electron microscopy (TEM) image of Cu/Cu,O/GDY. Inset: corresponding particle size distribution. c) High-resolution
TEM (HRTEM) image of Cu/Cu,O/GDY. d) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and cor-
responding EDX elemental mapping images of Cu/Cu,O/GDY. e) X-ray diffraction (XRD) patterns of Cu/Cu,O/GDY, Cu/GDY, and GDY.

sub-nanometer pores favor the ion transport. Uneven surface
charge distribution facilitates the selective adsorption of the
intermediates.['?] The uneven distribution of surface charge in
GDY gives it high intrinsic catalytic activity for generating hy-
drogen radicals (He) from the electrolyte.['*} We hypothesize that
GDY can be used as a new class of tandem catalysts for the arti-
ficial nitrogen cycle.

Here, we report a catalyst featuring Cu/Cu,O nanoparticles
supported on GDY termed Cu/Cu,O/GDY (Figure 1a). The ex-
perimental and theoretical results reveal that the NO,~ preferen-
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tially attacks Cu/Cu, O, and the GDY can effectively catalyze the
reduction of NO,~ to NH,. The NO;RR using Cu/Cu,O/GDY
shows a tandem catalytic mechanism, in which the reduction of
NO,~ to NO, ™ preferentially occurs at the Cu/Cu, O species site
of the catalyst, and then the escaped NO,™ is captured by GDY
and converted into NH;. Electrochemical measurements demon-
strate that the Cu/Cu,O/GDY shows a high NH, yield rate of
25.4mgh' mg_, ' with a FE of 99.8% at an applied potential of
—0.8 V versus RHE. Moreover, the Cu/Cu,O/GDY tandem cat-
alyst shows the high FE (>90%) at wide potential range of —0.6
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to —0.9 V. We believe that incorporating novel carbon allotrope
GDY as the tandem catalyst for efficient electrocatalytic NO;~ re-
duction represents a new and exciting direction.

2. Results and Discussion

2.1. Synthesis and Characterization of the Cu/Cu,O/GDY
Tandem Catalyst

The Cu/Cu,O/GDY catalyst was obtained by direct reduction
of Cu-precursor/GDY though a solvothermal method (Figure
S1, Supporting Information). Briefly, the Cu-precursor/GDY
was synthesized via alkynylsilane coupling reaction using
a microware-assisted wet chemistry method, which involves
the coupling reaction of the monomer hexakis[(trimethylsilyl)-
ethynyl]benzene (HEB-TMS) in N,N-dimethyformamide (DMF)
using copper chloride (CuCl) as the catalyst.['*] The as-prepared
Cu-precursor/GDY shows a circular nanosheet structure with an
average diameter of 250 nm and thickness of 2.35 nm (Figure
S2a—c; and Figure S3, Supporting Information). The area with
thickness of 12.4 nm is speculated to be a nucleation cen-
ter, which is similar to the nucleation center that appeared
during the growth process of GDY films in previous work.!">]
Figure S2c (Supporting Information) shows the interlayer of
GDY (0.367 nm). Cu, C, Cl, and O elements are uniformly dis-
tributed throughout the Cu-precursor/GDY (Figure S2d, Sup-
porting Information). The content of Cu in the catalysts is 13.4%
determined by the inductively coupled plasma-optical emission
spectrometer (ICP-OES). Subsequently, the Cu/Cu,O/GDY with
the Cu content of 12.7% was synthesized by a solvothermal
method. The facile, scalable nature, and low costs of reagents
of the Cu/Cu,O/GDY synthesis method endow the GDY-based
catalyst with promise for large-scale commercialization. As-
prepared Cu/Cu,O/GDY remained circular nanosheet structure.
The Cu/Cu,O nanoparticles are uniformly distributed on the
GDY scaffold with an average diameter of 4.32 nm (Figure 1b). In
the high-resolution TEM (HRTEM) image, the lattice spacing of
0.286 and 0.209 nm are attributed to the (110) plane of Cu,0 and
the (111) plane of Cu (Figure 1c). The elements of C, Cu, and
O are uniformly distributed throughout the Cu/Cu,O/GDY ac-
cording to the energy-dispersive X-ray spectroscopy (EDX) map-
ping results (Figure 1d). For comparison, the Cunanoparticles on
GDY nanosheets (Cu/GDY) and pure GDY nanosheets control
sample were also synthesized. The Cu content in the Cu/GDY
is 11.4 wt%. The Cu nanoparticles (with an average diameter of
5.55 nm) are evenly dispersed on the GDY matrix, and the lattice
spacing of 0.209 nm is assigned to the (111) plane of Cu (Figure
S4a—c, Supporting Information). The GDY shows the circular
nanosheet morphology and the uniform distribution of C and O
(Figure S5, Supporting Information). A small amount of copper
residue in the GDY (x0.13 wt%) was revealed by ICP-OES and
X-ray photoelectron spectroscopy (XPS) (Figure S6, Supporting
Information). The crystal structure of Cu/Cu,O/GDY, Cu/GDY,
and GDY were further demonstrated by X-ray diffraction (XRD)
in Figure 1e. There are broad peaks over 23° in all three samples,
which belong to the interlayer distance of GDY.['] The character-
istic peaks in Cu/Cu,O/GDY are attributed to Cu (PDF no. 04-
0836) and Cu,O (PDF no. 05-0667), further demonstrating the
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existence of Cu and Cu,O in Cu/Cu,O/GDY. The obvious peak
of metallic Cu can be observed in Cu/GDY.

The structure of obtained samples was further investigated
by XPS, Raman spectroscopy, and X-ray absorption spectroscopy
(XAS). The XPS survey spectrum further confirmed the presence
of Cu, C, Cl, and O elements (Figure S7a, Supporting Informa-
tion).The XPS C 1s spectrum of Cu-precursor/GDY shows four
peaks at 284.4, 285.0, 286.4, and 288.5 eV, which is ascribed to
C—C (sp?), C—C (sp), C—O, and C=O0, respectively (Figure S7D,
Supporting Information).['”] The ratio of sp to sp? carbon atoms
is calculated to 2, which is consistent with theoretical value of the
GDY structural. XPS analysis reveals the presence of Cu?* and
Cu' on the surface of Cu-precursor/GDY. In Figure S7c (Support-
ing Information), the peaks of Cu 2p;, and Cu 2p,, at 932.5 and
952.3 eV are assigned to Cu™ or Cu®,[*®) while two peaks appeared
at 934.1 and 953.8 eV are attributed to Cu®*.['% Auger electron
spectroscopy (AES) was used to distinguish Cu® and Cu*, and
the results showed that the signal was mainly came from Cu*
(Figure S7d, Supporting Information). The Cu/Cu,O/GDY and
Cu/GDY were obtained by reducing Cu-precursor/GDY for dif-
ferent times. The Cu 2p XPS spectra and the Cu LMM AES spec-
tra show the presence of Cu’, Cu*, and Cu?* in Cu/Cu,O/GDY,
and the presence of Cu’ in Cu/GDY (Figure 2a,b; and Figure
S8a,b, Supporting Information), and the results are consistent
with XRD. Correspondingly, the Cu 2p peaks of Cu/Cu,O/GDY
shifts to lower binding energy than that of Cu/GDY, revealing the
electron redistribution at the Cu/Cu,O/GDY interface. Figure 2¢
shows Raman spectra of Cu/Cu,O/GDY, Cu/GDY, and GDY. The
different peaks at 1384.7 and 1585.5 cm™ are attributed to the D
band and G band of GDY, respectively. The peak located at 2163.4
cm! is assigned as the triple bond vibration of the conjugated
diyne linkage (—C=C—C=C—) in GDY. X-ray absorption fine
structure (XAFS) was carried out to further monitor the struc-
ture of Cu in the Cu/Cu,O0/GDY, with Cu foil, Cu,0 and CuO
as reference. The near-edge absorption energy of Cu/Cu,O/GDY
locates between Cu foil and Cu,O references, implying the co-
existence of Cu® and Cu* (Figure 2d; and Figure S9, Support-
ing Information). The comparison of k*-weighted EXAFS paths
is exhibited in Figure S10 (Supporting Information). The results
of X-ray absorption near-edge spectroscopy (XANES) deconvolu-
tion fitted by a linear combination of Cu®, Cu*, and Cu?* spec-
tra confirm the presence of three valence states of Cu, and the
results are consistent with XPS analysis (Figure 2e). As shown
in Fourier transformed k*-weighted extended XAFS (FT-EXAFS,
without phase correction) spectra, two peaks of Cu/Cu,O/GDY
at~1.5 and 2.2 A are ascribed to the Cu—O and Cu—Cu superim-
posed contribution, respectively (Figure 2f).%]

2.2. Electrocatalytic Nitrate Reduction Performance

TheNO;RR was assessed in a customized H-cell containing 1 m
KOH and 0.1 m KNO; at room temperature. The as-prepared cat-
alysts were loaded on the carbon paper (CP) with a mass load-
ing of 1 mg cm™. Linear sweep voltammetry (LSV) was em-
ployed to examine the effect of Cu/Cu,O/GDY on the NO,~
reduction kinetics. Figure 3a shows that the Cu/Cu,O/GDY
in the presence of NO,~ exhibits a greatly increased current
response compared to that without NO,~, revealing the high
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Figure 2. Structural analysis of Cu/Cu,O/GDY. a) The high-resolution Cu 2p XPS and b) Cu LMM AES spectra of Cu/Cu,O/GDY. c) Raman spectra of
Cu/Cu,O/GDY, Cu/GDY, and GDY. d) X-ray absorption near-edge structure (XANES) spectra at the Cu K-edge of Cu/Cu,O/GDY, referenced Cu foil, Cu, O,
and CuO. The red line in Figure 2d is the linear combination fitting of Cu K-edge XANES. e) The content fraction of Cu®, Cu*, Cu?* of Cu/Cu,O/GDY.
f) Fourier transformed (FT) k3-weighted y (k)-function of the EXAFS spectra at the Cu K-edge of Cu/Cu,O/GDY, referenced Cu foil, Cu,O, and CuO.

NO,RR activity of Cu/Cu,O/GDY. The NO;RR process was ana-
lyzed by chronoamperometry measurement, and the liquid prod-
ucts (NH; and NO,~) were quantified by spectrophotometric
method.?! The corresponding calibration curves are shown in
Figures S11 and S12 (Supporting Information). The CP sub-
strate is inactive for electrochemical NO,RR activity, which sug-
gests the important role of supported catalyst (Figure S13, Sup-
porting Information). As shown in Figure 3b, the NH,; yield
rate gradually increases, and the highest value can reach up to
33.9 mg h™! mg_, 7! (33.9mg h™'cm™2) at —0.9 V. Strikingly,
the Faradaic efficiency (FE) exhibits volcanic distribution with
the highest value of 99.8% at an applied potential of —0.8 V
versus RHE, while the NH; yield rate can reach 25.4 mg h~!
mg.,, ! at —0.8 V. Additionally, the highest FE values above 90%
are also achieved in wide potential range of —0.6 to —0.9 V. As
the applied potentials increases, the concentration of NO, ™ prod-
ucts decreases, whereas the concentration of NH; produce in-
creases, indicating the high selectivity to NH; (Figure S14, Sup-
porting Information). As shown in Figure 3c, the partial cur-
rent density increases with increasing applied potential, and the
highest value of 385.0 mA cm~2 over Cu/Cu,O/GDY is 2.3
times higher than that of Cu/GDY (170.5 mA cm™2). To fur-
ther evaluate the NO,;RR activity of the catalyst, the partial cur-
rent density of NH; was normalized by the electrochemically ac-
tive surface area (ECSA).[22] A similar trend was observed, and
the maximum ECSA normalized current density was achieved
on Cu/Cu,O/GDY (Figure S16, Supporting Information). The
above results reveal that the Cu/Cu,O/GDY possesses superior
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intrinsic NO;RR activity. The ECSA of Cu/Cu,O/GDY is larger
than that of Cu/GDY, indicating more exposed active sites for
Cu/Cu,O/GDY (Figure S15, Supporting Information). Nuclear
magnetic resonance (NMR) was performed to test the reliabil-
ity of spectrophotometric quantitative detection of NH;. The cor-
responding calibration curves were shown in Figures S17 and
S18 (Supporting Information). The NH, yield rate and FE an-
alyzed by NMR are 25.8 mg h'mg_, ! and 99.8% at —0.8 V
for Cu/Cu,O/GDY (Figure 3d), which is consistent with the re-
sults of spectrophotometric method (25.4 mg h™! mg_, ~! and
99.8%), indicating the reliability of quantitative tests. Further-
more, isotope labeling experiments were performance by the
NMR method to confirm the N source and accurately quantify
the NH, product from Cu/Cu,O/GDY during NO,;RR. The elec-
trolyte with 0.05 M KNO; and 0.05 M K*NO; is used. The
'H NMR spectra (Figure 3e) show triple and doublet signals us-
ing *NO,~ and ®NO,~ as N source, corresponded to *NH,*
and PNH,*, respectively.?*! There is no signal of *NH,* dur-
ing the electrolysis of ’NO,~, eliminating the influence of NH,
pollution. The NH; yield rate and FE are 14.6 mg h™'mg_, 7!
and 97.0% at —0.8 V using *NO;~ as N source and 14.5 mg
h™'mg., ~! and 94.0% using >'NO,~ as N source at —0.8 V. More-
over, the NO;RR activity of Cu/Cu,O/GDY are also evaluated
in 0.01 m KNO; and 0.05 m KNO, due to the different concen-
tration in various sources. The maximal FE value of 98.6 and
97.0% are achieved in 0.01 M KNO; and 0.05 m KNO;, suggesting
that the Cu/Cu, O/GDY catalyst can effectively catalyze the NO;~
to NH, conversion in different nitrates (Figure S19, Supporting
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Figure 3. Electroreduction of NO;~ to NH; under ambient conditions. a) LSV curves of Cu/Cu,O/GDY in 1 M KOH with and without NO;~. b) NH;
yield rate and Faradaic efficiency (FE) of Cu/Cu,O/GDY at selected potentials. ¢) NH; current densities of NO;RR at different applied potentials of
Cu/Cu,O/GDY and Cu/GDY. d) Comparison of the calculated NH; yield rate and FE at —0.8 V in 0.1 M KNO3 by NMR and UV-vis methods. e) "H
NMR spectra of the NO3;RR products using different feed. f) Comparison of the calculated NHj yield rate and FE at —0.8 V in 0.05 M KNO; fed by
#NO;~/TNO;~ by NMR and UV-vis methods. g) Cycling test of Cu/Cu,O/GDY at —0.8 V. h) Comparisons of NO;RR performance of Cu/Cu,O/GDY

with other reported electrocatalysts.

Information). The enhancing NH; yield rate are observed by
increasing the concentrations from 0.01 to 0.1 m (Figure S20,
Supporting Information). The enhanced NO;RR activity of
Cu/Cu,O/GDY was also verified by electrochemical impedance
spectroscopy (EIS) measurement. The impedance spectra were
fitted by the EC-Lab Software (Figure S21, Supporting Informa-
tion). Compared with the Cu/GDY and the GDY catalyst, de-
signed Cu/Cu,O/GDY catalyst shows the smallest charge trans-
fer resistance (R,) of 5.8 Q, which facilitates the charge trans-
fer for NO;RR and thus improves the reaction kinetics. Ad-
ditionally, the NH; yield rate and FE of Cu/Cu,O/GDY re-
main stable through ten consecutive tests, revealing the ex-
cellent electrochemical durability (Figure 3g). Such NHj yield
rate and FE obtained simultaneously at —0.8 V outperforms
the reported catalysts (Figure 3h; and Table S1, Supporting
Information).1%4<49.23-24] The TEM images and Raman spectrum
present the morphology of the Cu/Cu,O/GDY and the structure
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of GDY maintains well after cycling test (Figures S22 and S23a,
Supporting Information). The XPS spectra (Figure S23b,c, Sup-
porting Information) and XAS spectra (Figure S24, Supporting
Information) show that the Cu/Cu,O/GDY is composed of Cu?*,
Cu* and Cu® after cycling test. The ICP-OES analysis further re-
veals the excellent stability of the Cu/Cu,O/GDY catalyst (Table
S2, Supporting Information). The above results indicate that
Cu/Cu,O/GDY has high FE and NH, yield rate and excellent
stability.

2.3. The Mechanism of Electrocatalytic NO,RR
To further elucidate the mechanism of NO;RR on the
Cu/Cu,O/GDY, the roles of Cu species and GDY were investi-

gated. Figure 4a shows that the NH, yield rate of Cu/Cu,O/GDY
is significantly higher than that of Cu/GDY under various

© 2024 Wiley-VCH GmbH
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Figure 4. The mechanism of NO3;RR on Cu/Cu,O/GDY. a) NH; yield rate and b) Faradaic efficiency (FE) of Cu/Cu,O/GDY and Cu/GDY at selected
potentials. c) NHj; yield rate of GDY for NO;~ and NO, ™ reduction. d) The online DEMS measurements of NO3RR on Cu/Cu,O/GDY. €) Free energy
diagrams of NO;~-to-*NO, conversion and the escape of NO,™ on Cu, Cu,0O, and GDY at U = —0.8 V. f) Free energy diagrams of NO, -to-NH,

conversion on GDY at U =-0.8 V.

applied potentials, with the value of Cu/Cu,O/GDY being nearly
27.0 times greater than that of Cu/GDY at —0.8 V. The maxi-
mum FE value of Cu/Cu,O/GDY is 1.2 times higher than that
of Cu/GDY (Figure 4b). Besides, the Cu/Cu,O/GDY catalyst
can simultaneously achieve high NHj yield rate and FE at the
same potential. The above results reveal that the important
role of Cu,O in improving the electrocatalytic NO, -to-NH,
conversion activity. Compared with pure GDY (Figure 4c), both
Cu/Cu,0/GDY and Cu/GDY with high NH; yield rate show
excellent NO,RR activity, revealing that the Cu species are
dominant active site for NO;RR. Further, we want to point out
that the GDY can effectively catalyze the reduction of NO,~
to generate NH,;. The NH, yield rate significantly increases
in different potential regions when NO,~ is replaced by NO,~
when we used the GDY as the catalyst. Therefore, based on
the above analysis, we speculate that the NO,RR process for
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Cu/Cu,O/GDY involves a tandem catalytic mechanism. During
the NO,;RR electrolysis process, the reduction of NO;~ to NO,~
preferentially occurs at the Cu species site of the catalyst, and
then the escaped NO, ™ is captured by GDY and converted into
NH;. To further illustrate the efficacy of the tandem catalyst
concept, we prepared Cu/Cu,O (Figure S25, Supporting Infor-
mation) and evaluated its electrocatalytic NO;RR performance.
Compared with Cu/Cu,0 and GDY catalyst, the tandem cat-
alyst Cu/CuO,/GDY shows excellent performance with high
NH, yield rate and FE (Figure S26, Supporting Information).
To reveal the possible reaction pathway, online differential
electrochemical mass spectrometry (DEMS) was performed to
detect the molecular intermediates during the NO,RR process.
Figure 4d shows the mass to charge (m/z) ratio when five
subsequent voltammetry scan cycles were performed with the
voltage from 0.2 to —0.9 V. The m/z signal of 46, 30, 31, 33, and
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17 are corresponded to NO,, NO, HNO, NH,OH, and NH;,
respectively.

To attain an in-depth understanding of the catalytic effect of
Cu/Cu,O/GDY for improved charge reaction kinetics in NO;RR,
the overall reaction mechanism for NO,RR is simulated. First-
principles calculations propose detailed energetics and kinetics
of reaction steps for the Cu/Cu,O/GDY-modulated NO,~ reduc-
tion. Cu (111) and Cu,O (110) were identified as the dominantly
exposed facets, according to the HRTEM results (Figure 1c). The
NO,~ adsorption and activation were first investigated on these
catalyst surface. The NO,~ adsorption on GDY owns a particu-
larly high adsorption free-energy of 1.20 eV, which accounts for
the observed poor NO;RR performance on GDY in our exper-
iments (Figure 4c,e; and Figure S28, Supporting Information).
At the Cu (111) active site, the NO,~ could easily adsorb and be
reduced to *NO, intermediate (Figure 4e; and Figure S29, Sup-
porting Information). However, this *NO, intermediate tends to
remain at the active site, impeding the generation of the NO,~
species. In contrast, the Cu,O (110) exhibits a moderate NO,~
adsorption free-energy of 0.55 eV, facilitating a downbhill pathway
to NO,~ formation (Figure 4e; and Figure S30, Supporting In-
formation). The potential-determining step (PDS) for NO,~ ad-
sorption and activation is thus identified as the NO,~ adsorp-
tion on Cu,O (110). This also demonstrates that the first step of
NO,RR process is triggered by Cu species rather than the GDY
components. Furthermore, the reaction of nitrite reduction to
ammonia was theoretically investigated as well (Figure 4f). The
predicted pathway suggests the *NO, is sequentially reduced to
*NO, *NHO, *NHOH, and NH,; with assistance from the ad-
sorbed H atom (Figures S31 and S32, Supporting Information),
which perfectly aligns with our online DEMS results. The PDS
of NO,RR on GDY is the generation of NH; with the AG much
lower than that on Cu,O, suggesting the NO,™ can be easily ab-
sorbed and converted to NH, on GDY. The whole process is that
NO," is preferentially adsorbed on the Cu species site of the cata-
lystand reduced to NO,~, and then the escaped NO, ™ is captured
by GDY and converted into NH,. Consequently, the tandem cat-
alytic mechanism leads to the improved NH, yield rate and FE
on Cu/Cu,O/GDY.

3. Conclusion

In summary, we have developed a Cu/Cu,O/GDY catalyst that
improves the redox kinetics and the stability of NO,RR. Us-
ing experiments and DFT calculations, we demonstrate that the
Cu/Cu,O/GDY greatly improves the electrocatalytic conversion
activity and selectivity of NO;RR. GDY provide active sites for
the reduction of NO,~ to generate NH;. Electrochemical mea-
surements show that the superior nitrate to ammonia conversion
is maintained at different potentials. The Cu/Cu,O/GDY cata-
lyst achieved a FE as high as 99.8% and a yield rate of 25.4 mg
h™'mg, ~!, which outperforms the reported catalysts. Our de-
signed catalyst opens up new possibilities for designing non-
metallic tandem electrocatalysts with high activity and selectivity.
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