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Abstract: The electrochemical reduction of N, to NH; is
emerging as a promising alternative for sustainable and
distributed production of NH; However, the development
has been impeded by difficulties in N, adsorption, protonation
of *NN, and inhibition of competing hydrogen evolution. To
address the issues, we design a catalyst with diatomic Pd-Cu
sites on N-doped carbon by modulation of single-atom Pd sites
with Cu. The introduction of Cu not only shifts the partial
density of states of Pd toward the Fermi level but also promotes
the d-2mt* coupling between Pd and adsorbed N,, leading to
enhanced chemisorption and activated protonation of N,, and
suppressed hydrogen evolution. As a result, the catalyst
achieves a high Faradaic efficiency of 24.8+0.8% and
a desirable NH; yield rate of 69.2+2.5ugh'mg., ", far
outperforming the individual single-atom Pd catalyst. This
work paves a pathway of engineering single-atom-based
electrocatalysts for enhanced ammonia electrosynthesis.

Introduction

Ammonia (NH;) is one of the most highly produced
inorganic chemicals in the world because of its vast need in
fertilizer production, pharmaceutical production, and many
other industrial processes."? The industrial production of
NH; commonly relies on the Haber-Bosch process, which
requires harsh conditions (350-550°C and 150-350 atm)
associated with rather high energy consumption and CO,
emission.’! Electrochemical N, reduction reaction (NRR)
to NH; is a gentle and ambient process with low energy
consumption, considering as a promising alternative to the
Haber-Bosch process.[“] However, the development of NRR

has been impeded by the lack of efficient electrocatalysts.
Single-atom catalysts (SACs) are expected to have great
potential to improve the NRR performance due to the lowest
site size, nearly 100% atomic efficiency and unique low-
coordinated features.* ! Many SACs such as Ru,!">% Mo,'4]
Fe,l517 Ay, €y, Y21 Ag ? and BPY have been applied
for the NRR in aqueous electrolytes.

However, two major challenges associated with the NRR
in aqueous media have to be faced.””! For one thing, to
efficiently break N=N triple bond (941 kJmol™!),*! an
electrocatalyst needs to possess strong N, adsorption ability
(* + N, — *NN) and low activation energy of the first proton-
coupled electron transfer step (H" + e + *NN —
*NNH)."2¥ For another, most of the protons and electrons
in the system go toward the hydrogen evolution reaction
(HER) rather than NRR, leading to an extremely low
Faradaic efficiency (FE) for NRR under ambient condi-
tions.” Therefore, addressing the challenges is critical to
purposefully synthesizing active and durable single-atom-
based NRR electrocatalysts. Previous studies™?* have re-
ported that Pd can form Pd hydrides and promote surface
hydrogenation reactions of *NN during NRR, but Pd is
subjected to poisoning by molecular hydrogen due to stronger
binding to hydrogen adatoms than to nitrogen ones.”” Cu can
not only facilitate the hydrogen dissociation at Pd sites but
also enhance the electron transfer rate by strong d-d coupling
with Pd toward excellent NRR.?**?”2] Therefore, incorpora-
tion of Cu into single-atom Pd sites is a promising way to
modulate the electronic structure of the Pd for NRR, which,
however, has not been explored before.
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Inspired by the above breakthroughs and our previous
studies about NRR and SACs,"*'>¥] we have rationally
modulated single-atom Pd sites and built diatomic Pd-Cu sites
on N-doped carbon (PdCu/NC) by the introduction of Cu.
The PdCu/NC achieves a high FE of 24.8+0.8% and
a desirable NH; vyield rate of 69.24+2.5ugh 'mg, ' at
—0.45V vs. reversible hydrogen electrode (RHE, all poten-
tials in this work are given vs. RHE otherwise stated.) in
0.05M H,SO,, which are 14.6 and 4.2 times of Pd/NC,
respectively. Our density functional theory (DFT) calcula-
tions reveal that introduction of Cu into Pd/NC not only shifts
the partial density of states (pDOS) of Pd toward the Fermi
level but also promotes the d-2n* coupling between Pd and
adsorbed N,. It renders N, chemisorption, activates hydro-
genation of the adsorbed N, and suppresses hydrogen
evolution, eventually lowering the energy required by the
potential-determining step (PDS) to enhance the selectivity
of NRR.

Results and Discussion

PdCu/NC was synthesized via a dissolution-and-carbon-
ization method (see Experimental Section in Supporting
Information for details). The CI,H ,N,OPd, CuCl, and
NH,OH-HCI aqueous solutions were mixed with glucose
ethanol solution followed by being dried at 70°C overnight.
During this process, the chelated [NH;] on Cl,H,,N,OPd can
chelate with Cu** to form a complex of Pd and Cu.””
Meanwhile, they were efficiently separated by glucose back-
bones, which ensures a homogeneous distribution of the Pd-
Cu active sites in the subsequent calcination. After carbon-
ization at 600°C, the carbon matrix, obtained from carbon-
ization of the glucose, was etched by NH; produced via the
decomposition of hydroxylamine hydrochloride precursor
and formed a 3-dimensional (3D) porous structure.*! The
pyrolyzed metal complexes were transformed into M-N-C
sites (M refers to metals).”” Therefore, Pd-Cu diatomic sites
are likely to be formed by the adjacent Pd and Cu atoms,
which coordinate with nitrogen and are uniformly dispersed
on the 3D carbon matrix. The obtained product was
characterized by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). Fig-
ure la shows 3D interconnected carbon frameworks with
randomly opened porous structure. The N, adsorption-
desorption isotherm and pore distribution of PdCu/NC in
Figure S1 demonstrates the specific area of 214.34 m?g™" and
the existence of many pores with sizes of 2.3-7 nm. Such pores
are beneficial to the exposure of active sites and the mass
transport of electrolytes during electrolysis."¥ High-resolu-
tion transmission electron microscopy (HRTEM) image and
the selected area electron diffraction (SAED) pattern dem-
onstrate the amorphousness of PdCu/NC (Figure 1b and
Figure S2a). This finding coincides well with the X-ray
diffraction (XRD) results (Figure S2b). Atomic-resolution
HAADF-STEM images in Figure 1c¢ show many isolated
bright dots distributed on the carbon matrix. When zooming
in to the magnified atomic-resolution HAADF-STEM image
(Figure 1d), it was found that many atomic pairs with two
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Figure 1. Structural characterizations of PdCu/NC. A) Low-magnifica-
tion HAADF-STEM image. B) HRTEM image. C) Atomic-resolution
HAADF-STEM image. D) Magnified atomic-resolution HAADF-STEM
image of the yellow-frame area in (C). Some of atomic pairs are
highlighted by yellow oval frames. E) HAADF-STEM image and corre-
sponding EDS mapping images of Pd and Cu.

different contracts were distributed on the carbon matrix.
Further, elemental mapping acquired by the energy-disper-
sive X-ray spectroscopy (EDS) manifests homogeneous
distribution of Pd, Cu, N and C over the entire architectures
(Figure 1e and Figure S2c¢), suggesting that the atomic pair is
composed of Pd and Cu. The Pd and Cu loadings in PACu/NC
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) are 2.23wt% and 2.32 wt%, re-
spectively.

X-ray absorption fine structure (XAFS) spectroscopy was
utilized to explore the local structures of Pd and Cu atoms in
PdCu/NC. Figure 2 a shows that the Pd X-ray absorption near-
edge structure (XANES) edge of PACu/NC is close to PdO,
indicating that the Pd atom valence state is + 2. Figure 2b
presents the Cu K-edge XANES edge of PdCu/NC lies
between those of Cu,O and CuO, indicating that the Cu
average valence is between +1 and +2. The Pd K-edge
Fourier transformed extended XAFS (FT-EXAFS) spectrum
of PACu/NC (Figure 2c¢) displays the main peak at 1.46 A
which can be attributed to the coordination of Pd to N. The
Cu K-edge FT-EXAFS spectrum of PdCu/NC (Figure 2d)
displays a main peak at 1.47 A P which can be assigned to the
backscattering of Cu-N coordination.

To determine the structure of PdCu/NC, we established
various theoretically optimized models based on DFT (see
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Figure 2. Synchrotron radiation XAFS and XPS measurements. A) Pd
K-edge XANES spectra of PdCu/NC and reference samples (Pd foil,
PdO, PdCl,). B) Cu K-edge XANES spectra of PdCu/NC and reference
samples (Cu foil, Cu,0, CuO). C) Pd K-edge and D) Cu K-edge FT-
EXAFS spectra of PdCu/NC and their reference samples. Cu and Pd
FT-EXAFS spectra of PdCu/NC were fitted with the PAN,CuN,_556 and
PdN;CuN; mixed configuration. E) Pd 3d XPS spectra of PdCu/NC and
Pd/NC. F) Cu 2p XPS spectra of PdCu/NC and Cu/NC.

Computational Section in Supporting Information for more
details). Their XANES results were further calculated and
shown in Figures S3 and S4, which suggest that the calculated
Pd and Cu XANES spectra of PAN,CuN,_ 556 and PAN;CuN;
structures match well with the experimental ones. Based on
the above findings, a fit to the experimental Pd and Cu
EXAFS data was performed, and a joint PAN,CuN,_556 and
PdN;CuNN;j structures in the respective percentage of 65 +5%
and 35+5% was determined (Figure 2c,d, Figure S5 and
Table S1). Such a result is consistent with many Pd, Cu atomic
pairs distributed on N-doped carbon in Figure 1d. To explore
the existence of the Pd-Pd and Cu-Cu sites in PACu/NC, we
fitted the Pd and Cu K-edge EXAFS spectra of PACu/NC
using the Pd-Pd  (PdN,PdN, 556) and Cu-Cu
(CuN,CuN,_556) configuration models. The fitting results in
Figure S6 and Table S1 indicate poor fitting qualities (higher
R-factor) for both of the two configurations. The finding
demonstrates that the neglectable amount of Pd-Pd and Cu-
Cu sites formed in PACu/NC.

Comparison of Pd 3d and Cu 2p X-ray photoelectron
spectroscopy (XPS) spectra of PdCu/NC, with those of
control samples including Pd/NC and Cu/NC, was performed
to explore the electronic structure of PdACu/NC. The Pd/NC
and Cu/NC were synthesized via the same method of PdCu/
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NC (see Experimental Section in Supporting Information for
details). They consist of atomically dispersed Pd and Cu on N-
doped carbon, respectively (Figures S7 and S8). The Pd and
Cu loadings in Pd/NC and Cu/NC are determined to be
294 wt% and 5.53 wt%, respectively, through ICP-AES
measurements. Synchrotron radiation XAFS measurements
were performed on Cu/NC and Pd/NC samples. Their
XANES and EXAFS spectra are shown in Figure S9. We
fitted Cu K-edge EXAFS spectra of Cu/NC with CuN; and
Cu-Cu (CuN,CuN,_556) configurations, and fitted Pd K-edge
EXAFS spectra of Pd/NC with PdN; and Pd-Pd
(PdN,PdN,_556) configurations. The fitting results are shown
in Figure S9c,d and Table S2. The CuN; and PdNj; config-
urations show much better fitting qualities (lower R factor
and less deviation of fitting coordination numbers from the
initial structure models) than the PdN,PdN, and CuN,CuN,
configurations, suggesting that CuN; and PdN; are dominant
sites in Cu/NC and Pd/NC. Figure 2e,f displays that Pd 3ds,
and Cu 2p;, XPS peaks in PACu/NC shift by —0.15 eV and
—0.16 eV compared with the Pd one in Pd/NC and the Cu one
in Cu/NC, respectively, which suggests that both Cu and Pd in
PdCu/NC lose fewer electrons than Pd in Pd/NC and Cu in
Cu/NC, respectively. This finding is consistent with the charge
calculation result, where Pd in PACu/NC and Cu in PdCu/NC
have 0.154 and 0.091 electrons more than Pd in Pd/NC and Cu
in Cu/NC, respectively (Figure S10). On the contrary, C 1s
peak of PACu/NC has no shift compared to those of Pd/NC
and Cu/NC (Figure S11). These comparisons demonstrate
that the introduction of the SA Cu into the SA Pd has a great
effect on the electronic structures of both the Cu and the Pd,
which suggests the bonding of Cu and Pd in PdCu/NC. The
finding aligns well with the XAFS result that PACu/NC is
composed of the mixed PdN,CuN, 556 and PdN;CuN;
structures.

The NRR performance of the PdCu/NC catalyst was
examined in N,-saturated 0.05M H,SO, under ambient
conditions according to our previous work!"+!%l (see Exper-
imental Section in Supporting Information for more details).
To exclude the possible contaminants of NH; and NO, in the
feeding gases, N, and Ar gases were purified by 2 M NaOH,
0.1 M FeSO, and 5 mM H,SO, solutions.® The NH; yield
rates were estimated by the indophenol blue method.”® As
shown in Figure 3a, the NH; yields over the PdCu/NC
electrocatalyst increase with more negative potential until
reaching —0.45V, where the maximum value of NHj; yield
rate is calculated as 69.24+2.5 ugh 'mg,, ', 4.2 and 3.0 times
of Pd/NC and Cu/NC, respectively. It achieved the maximum
FE of 24.8 £0.8% at —0.45V, 14.6 and 3.6 times of Pd/NC
and Cu/NC, respectively (Figure 3b). These results demon-
strate that the PACu/NC is far more selective and active than
Pd/NC for NRR to NH;.

To confirm the origin of the NH; produced, the controlled
experiments and isotope measurements were performed.”!
As shown in Figure 3c, no NH; was detected after NRR
experiments performed over the PACu/NC catalyst for 2 h in
Ar-saturated catholyte, solely on carbon paper, and in the N,-
saturated electrolyte without electrolysis (that is, open
circuit). Moreover, the "N isotopic labeling experiment
(Figure 3d) demonstrated a triplet coupling for “NH," and
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Figure 3. NRR performances. A) NH; yield rates and B) FEs of PdCu/
NC, Pd/NC, and Cu/NC at each given potential in N,-saturated 0.05 M
H,SO,. C) UV-vis absorption spectra of electrolytes stained with
indophenol blue indicator after NRR on PdCu/NC, carbon paper, Ar
control experiment, and open circuit condition at —0.45 V. D) '"H NMR
spectra of 0.05 M H,SO, solutions after 2 h of electrochemical
reduction on PdCu/NC at —0.45 V using Ar (black), "N, (yellow) and
N, (blue) as the feeding gases. E) Chronoamperometric curve and FE
stabilities of PdCu/NC during 30 h of electrolysis.

a double coupling for "NH,*. The isotopic '* N measurement
result for the quantification of ammonia shows that the
concentration of “NH," product after "N, reduction was
determined to be 51.2 uM (Figure S12), close to the value
(50.9 uM) measured by the indophenol blue method. More
importantly, the two values are in the range of (50.7 + 1.8 uM)
measured by performing the electrocatalysis of "N, (Fig-
ure 3a). These confirm that the generated ammonia is
produced from the NRR. In addition, stability is a critical
parameter of NRR performance for practical applications.
Under sustained N, gas flow, 30-h electrolysis on the PdCu/
NC catalyst at a potential of —0.45 V only leads to a slight
decrease in current density and NHj yield rate (Figure 3e),
indicating that the high stability of PdCu/NC for NRR.
Additional XRD, HAADF-STEM and electrochemical im-
pedance spectroscopy (EIS) characterizations further con-
firmed the stability of PACu/NC (Figure S13).

To better understand the observations and provide
theoretical insights, DFT calculations were performed on
the PACu/NC, Pd/NC and Cu/NC systems to examine their
respective catalytic activity and selectivity for NRR (see
Computational Section in Supporting Information for more
details). In particular, based on the EXAFS fitting results in
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Figure 2c,d, we built the PAN;CuNj; and the PAN,CuN,_556
models for the PACu/NC system, and the CuN,, PdN,, CuN;
and PdN; models for the reference Pd/NC and Cu/NC systems
(Figure S14). Then, N, adsorption on different models was
investigated, as adequate N, adsorption and activation are the
prerequisites for an efficient NRR process.” ¥ Figure S14a
compares PAN;CuN; with PAN, and CuN, in their interaction
with N,, showing that they all weakly interact with N, and fail
to chemically adsorb and activate the inert triple bond of N,.
This is consistent with the previous theoretical studies,"*”
indicating that PdN, or CuN, structures are not suitable
catalyst candidates for NRR. This finding also suggests that
the active sites of the PACu/NC catalyst for NRR are not from
the PAN;CulN; structure.

Meanwhile, Figure S14b shows the case of PAN,CuN,_556
in comparison with PdN; and CuN;, demonstrating that N,
can be only physisorbed on the sites of PAN; and CuNj via the
end-on configuration with weak binding strength, with the
free-energy changes of N, adsorption (AGxy,) being 0.46 eV
and —0.05 eV respectively. The weakly adsorbed N, exhibits
a bond length similar to that of its gas-phase (1.11 A,
Figure S14a), signaling failure to activate the inert triple
bond of N,, hence preventing the reaction from proceeding to
the subsequent NRR steps. On the other hand,
PdN,CuN,_556 shows strong interaction with N,, leading to
considerably elongated N=N triple bond lengths of 1.17 and
1.15 A for the side-on and end-on configurations (Fig-
ure S14b), respectively. The elongation significantly weakens
the N=N triple bond to yield chemisorption with much larger
AGy, values of —0.71 eV and —0.58 eV. The result suggests
the PdN,CuN, 556 structure to be the responsible active
center on the PACu/NC catalyst to facilitate NRR. In the
following, for simplicity of the discussion, PACu/NC, Pd/NC
and Cu/NC are represented by the PAN,CuN,_556, PdN; and
CuN;, respectively.

The above results highlight that weakening of the triple
bond and chemical bonding formation of N, on PdCu/NC
together contribute obvious activation of N, that is beneficial
for the subsequent NRR steps. To further analyze the
interactions between the adsorbed N, and metals and under-
stand the underlying mechanism of N, activation on the
PdCu/NC, we examined the pDOS and projected crystal
orbital Hamilton population (pCOHP).*®! From the pDOSs
in Figure 4a, the introduction of Cu into Pd/NC moves the
pDOS of Pd 4d toward more positive values, and conse-
quently, more pDOSs of Pd 4d are involved in the overlap
region with those of N 2p near the Fermi level. Additionally,
from the computed —pCOHP as shown in Figure 4b, the
capability of PACu/NC to adsorb and activate N, is ascribed to
two aspects: the 2t and 30 molecular orbitals of N, donate
electrons to the unoccupied d orbitals of Pd and Cu to form
the bonding states to strengthen the N, adsorption. Moreover,
we note that the appearance of occupied 2m* molecular
orbitals near the Fermi level for PdCu/NC, that is, the
occupied d orbitals of Pd and Cu back-donate electrons to the
2m* molecular orbitals of N, to activate N, hydrogenation.”
This further distinguishes PACu/NC from the Pd/NC and the
Cu/NC systems. For a more quantitative analysis, the inte-
grated pCOHP (ICOHP) (Figure 4b) was also computed to
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Figure 4. Computed electronic properties for Pd/NC, Cu/NC, and
PdCu/NC, represented by PdN;, CuN;, and PdN,CuN,_556, respective-
ly. A) Partial density of states (pDOS) of N, adsorption on Pd/NC, Cu/
NC, and PdCu/NC. Blue lines: 2p orbital of N, orange lines: 3d orbital
of Cu, and cyan lines: 4d orbital of Pd. B) Projected crystal orbital
Hamilton population (—pCOHP) and its integrated value (ICOHP) of
N, adsorption on Pd/NC, Cu/NC, and PdCu/NC. Orange and cyan
lines indicate the bondings between N-Cu and N-Pd. The energy value
is with reference to the Fermi level.

compare the d-2n* coupling PACu/NC with Pd/NC and Cu/
NC. From the Figure, a more negative ICOHP was observed
for PACu/NC, indicating a much stronger d-27* coupling.

In terms of the subsequent NRR steps, the protonation of
adsorbed *N, (*N, + (H" + ¢7) — *NNH) is the PDS in both
distal and alternating pathways for Pd/NC and Cu/NC. The
*NNH formation exhibits huge AGppg values for PA/NC and
Cu/NC, being 1.31eV and 1.85eV respectively, effectively
rendering them NRR inactive (Figure 5a,b). Considering the
intensive energy demand of *N,H, formation (0.72 and
0.74 eV) in the distal pathway for Pd/NC and Cu/NC, the
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preferred on PdCu/NC. The asterisk (*) represents a reactive inter-
mediate or a vacant surface site. Insets: structural models. D) Differ-
ence between the limiting potentials for NRR and HER of Pd/NC, Cu/
NC, and PdCu/NC.
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alternating pathway is more energetically favorable on these
single-atom sites. In contrast, PdACu/NC shows a much lower
the free-energy change for the *NNH formation (AG.ynn),
i.e., 0.67 eV, thus demonstrating a substantial enhancement in
catalytic activity compared to Pd/NC and Cu/NC. As a result
of a much reduced AG.yyy, the PDS on PdCu/NC is changed
from *NNH formation to the protonation of *NH, (*NH, +
(H" + e) — *NHj 0.78¢V), as shown in Figure 5c.
Additionally, it is worth mentioning that PdCu/NC favors
the distal pathway energetically, different from Pd/NC and
Cu/NC which would prefer the alternating pathway.

Furthermore, the selectivity of Pd/NC, Cu/NC and PdCu/
NC is also quantified by computing the difference between
thermodynamic limiting potentials for NRR and HER (i.e.,
U (NRR)—U_ (HER), where U is the minimum potential
that required for all reaction steps being downhill in free-
energies)-***l The results are summarized in Figure 5d, along
with calculated AG.y for HER presented in Figure 5a—c. For
PdCu/NC, the U, (NRR)—U, (HER) value (—0.15 V) is more
positive than those for Pd/NC (—0.91V) and Cu/NC
(—0.94 V), indicating higher selectivity for NRR and inhib-
ition of the competing HER. Collectively, the enhanced
catalytic performance of PACu/NC for NRR results from
enhanced N, adsorption, a different reaction mechanism with
reduced AGyppg, as well as the suppression of HER.

Conclusion

In summary, the incorporation of Cu into single-atom Pd
sites to form diatomic Pd-Cu sites on N-doped carbon is
designed and synthesized as an NRR electrocatalyst. Con-
sequently, the FE and the yield rate of NH; are substantially
higher than the counterpart values of individual single-atom
Pd catalyst. Our DFT calculations reveal that the introduction
of Cu into Pd/NC not only moves the pDOS of Pd toward the
Fermi level but also promotes the d-27* coupling between Pd
and adsorbed N,. This renders N, chemisorption and activates
the adsorbed N, to be hydrogenation, which result in lowered
energy required by the potential-determining step and
eventually enhanced selectivity of NRR to NHj;. These
findings may further inspire the design of efficient single-
atom-based electrocatalysts toward NRR.
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