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Strategic Modulation of CO Intermediate Desorption
Dynamics on Bimetallic Ni,Cu, @NC Catalyst: Synergistic
Electrocatalysis for Sustainable CO, Conversion

Jian Zhu, Guangchao Li, Anna Rokiciviska, Zhenyu Wang, Piotr Kustrowski,

Zhouguang Lu, Shoubhik Das,* and Pegie Cool*

Bimetallic catalysts are appealing for electrochemical CO, reduction reaction
(ECO2RR), yet the introduction of bimetallic sites leads to an
incomprehensive understanding of the metal atom interaction and catalytic
mechanism. In this study, a series of bimetallic Ni,Cu, @NC catalysts with
varied Ni to Cu weight ratios are prepared. The as-prepared Ni,Cu; @NC
catalyst shows high carbon monoxide (CO) Faradaic efficiencies (FE.o) over
90% in a broad potential range of —0.7 to —1.1 V (vs reversible hydrogen
electrode (RHE)) with an exceptional durability of CO selectivity over 80% and
a high partial current density of —44 mA cm~2 at an extremely high potential
of —1.3 V (vs RHE). The distinguished CO selectivity and activity are primarily
attributed to the integration of Ni and Cu, which lowers the d-band center
position and reconstructs the electronic structure according to the valence
band spectra. More specifically, the downshifted d-band center position
weakens the interaction strength with the *CO intermediate on the

Ni,Cu, @NC catalyst’s surface during the ECO2RR process, resulting in fast
*CO desorption and high CO selectivity. This study provides researchers with
a new insight for designing and optimizing the electrocatalysts for ECO2RR.

products such as methanol, ethylene, acetic,
etc., at high reaction rates and high product
selectivity.2] However, the production of
CO is a highly energy-consuming process.
The electrochemical CO, reduction to CO
presents a promising strategy not only for
carbon utilization, as it can be powered by
renewable energies, but also can be oper-
ated under mild conditions.>*l Whereas,
the extremely stable C=0 bond, multiple
proton-involved electron-transfer steps, and
competitive water splitting reaction during
the reduction process usually result in slug-
gish kinetics and low product selectivity.[>¢!
Considerable studies have been devoted
to Pd-U1 Ag-l1%121 and Au-based!!3'*]
electrocatalysts for CO production for their
strong interactions with CO, molecule and
relatively weak interaction strength with
the "CO intermediate. However, those ma-
terials are suffering from low availability,

1. Introduction

Carbon monoxide (CO) is known as an important base chemi-
cal in industry, which can not only be directly used as a chem-
ical feedstock but can also be further reduced into value-added

high costs, which hinders their commercial
applications.

To address these challenges, transition metal-based electrocat-
alysts have been recently thoroughly investigated for ECO2RR
due to their high natural abundance and tunable 3d electronic
structure. However, the ECO2RR performances of the catalysts
are restricted by the linear scaling relationship of the binding
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Figure 1. Illustration of the changes in product selectivity with the decrease of applied potential. a) monometallic catalysts, b) bimetallic catalysts.

energy of reaction intermediates due to the complicated mul-
tiple proton-coupled electron transfer steps, where the binding
strength with the *COOH and *CO intermediate becomes ei-
ther weaker or stronger.'>'7] For instance, Fe single-atom cat-
alysts (SAC) usually exhibit a low onset potential, whereas they
suffer from detrimental hydrogen evolution reaction (HER) at
more negative applied potentials due to the stronger interac-
tion with the “CO intermediate. In addition, Ni SACs often
present a high overpotential, although they possess high intrin-
sic ECO2RR activity and relatively higher Faradaic efficiency (FE)
for the CO production."®! Considerable strategies, such as con-
trolling morphologies and heteroatom doping, have been em-
ployed to improve electrochemical performance.['*-22] However,
those monometallic catalysts usually display high H, selectivity
when the applied potential decreases to more negative potentials,
as illustrated in Figure 1a (left). In contrast, incorporating a sec-
ondary metal that possesses a high intrinsic catalytic capability
to form a bimetallic catalyst often results in distinct electronic
structure and chemical properties, which are different from their
monometallic counterparts and usually suggest a unique prod-
uct selectivity.!?*2*] This strategy offers an opportunity for design-
ing new catalysts and optimizing binding strength with the in-
termediate due to the synergistic effects between the two con-
stituent metals. This synergistic effect primarily arises from the
ligand, geometric, and ensemble effects, which can contribute to
high catalytic performance as demonstrated in Figure 1b.12527]
Therefore, bimetallic catalysts with tunable electronic structure
are vital for optimizing binding strength, which can be real-
ized by forming hetero-interfaces,!?®?% alloys,[**3! and surface
modifications.??] Particularly, neither too strong nor too weak
interactions with the intermediates can be achieved, which in-
dicates that the binding energy with the intermediates can be
synergistically tailored by unique electronic interactions between
the two hetero-metal species.[*3] For instance, by combining Cu
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with Au, the X-ray photoelectron spectroscopy (XPS) spectra re-
vealed that the d-band center gradually downshifted from Cu to-
ward Au with the increase of Au content, resulting in weakened
binding of *COOH and *CO intermediates.?’! In addition, by
controlling the alloying metals (Ag, Cu, Zn, Sn) with Pd for the
production of C1 products, the d-band center position was de-
creased to a moderate level that facilitates the accommodation
of *COOH and desorption of *CO during CO production for
Sn and Ag.**l So far, various bimetallic catalysts by combining
with Cu have been explored for improving selectivity and ac-
tivity of ECO2RR due to the unique properties of Cu and the
synergistic electronic effect. For example, Cu—M (M=Au, 3537
Pd,83] [n,[*01 Znl*1)) for the production of CO, Cu—Ag for the
production of carbohydrates,!?82932] Cu—Sn for the formation of
formic acid,[*>*3] and etc.’®**] However, most of the reported
bimetallic catalysts are blended with a noble metal and display
a low current density. Although transitional bimetallic catalysts
for ECO2RR were studied, severe hydrogen evolution side reac-
tions limited the product selectivity due to the relatively stronger
binding strength with *CO.[**°l Moreover, the practical applica-
tions are blocked by ambiguous active sites, complicated elec-
tronic structures, and preparation on a large scale. Therefore, it is
desirable to develop a Ni-based bimetallic catalyst that combines
with an earth-abundant transition metal and may deliver excep-
tional ECO2RR activity.

In this regard, in this study, a series of Ni,Cu,@NC bimetal-
lic catalysts were prepared by carbonizing Ni,Cu, polyphthalo-
cyanine @ graphitic-carbon nitride (Ni,Cu,PPc@g-C;N,) pre-
cursors obtained by the in situ polymerization reaction of py-
romellitic dianhydride monomer on g-C;N, substrate. A moder-
ate CO binding strength was demonstrated by CO temperature
programmed desorption (CO-TPD) by screening out the weight
ratio of Ni to Cu, which can mitigate the poisoning of CO while
maintaining high activity of ECO2RR on Ni,Cu, @NC surface.
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With the weight of 2:1 of Ni to Cu, the Ni,Cu; @NC catalyst dis-
plays outstanding catalytic performances for the production of
CO with a high CO partial current density ((joo) —44 mA cm™2
at —1.3 V (vs reversible hydrogen electrode (RHE)) and Faradaic
efficiency (>90%) in a wide potential range from —0.7 to 1.1 V
(vs RHE) in a H-cell. valence band-XPS (VB-XPS) verifies that
incorporating Cu into Ni nanoparticles lowers the d band center
position, which weakens the binding strength of the *CO inter-
mediate to the Ni,Cu,; @NC surface due to increased occupancy
of anti-bonding states. The fundamental understanding of the
interaction behavior between Ni and Cu will shed new light on
upgrading the performance of non-noble bimetallic catalysts in
ECO2RR.

2. Results and Discussion

2.1. Synthesis and Characterization of Ni,Cu, @ NC Bimetallic
Catalysts

Ni,Cu,@NC catalysts were prepared via a facile two-step heat-
treatment process. Firstly, a series of Ni,Cu,PPc bimetallic pre-
cursors were prepared and in situ loaded onto g-C;N, sub-
strate in a muffle furnace by a one-step solid-phase method
with slight modifications.[*’] During the synthesis process, the
phthalocyanine monomer was polymerized by coupling with
the functional groups of pyromellitic dianhydride (PMDA). Af-
terward, the obtained greenish powder was washed with H,O
and acetone several times to remove the unreacted species
and residual impurities. The final catalysts with varied weight
ratios of Ni to Cu were obtained by carbonizing the as-
obtained Ni, Cu, PPc@g-C;N, precursors under argon (Ar) atmo-
sphere at 800 °C. As displayed in Figure S1 (Supporting Infor-
mation), NiPPc@g-C;N,, Ni,Cu,PPc@g-C;N,, Ni,Cu,PPc@g-
C;N,, Ni,Cu,PPc@g-C;N,, and CuPPc@g-C;N, precursors
show the same X-ray diffraction (XRD) patterns as those PPc-
based materials that were reported previously, manifesting the
successful preparation and in situ loading of the polyphthalocya-
nine framework onto g-C; N, substrate.l*->!] In addition, Fourier
transform infrared (FTIR) was applied to investigate the struc-
ture of Ni,Cu,PPc after the in situ loading of which onto the
g-C;N, substrate. As shown in Figure S2 (Supporting Informa-
tion), the absorption bands located at 806 cm™' and 890 cm™!
in the g-C;N, sample correspond to the characteristic breathing
mode of tri-s-triazine units of g-C;N,, which is attributed to the
deformation mode of N—H bonds. The other bands located be-
tween 1245 cm™! and 1635 cm™! in the as-prepared samples are
indexed to the typical stretching modes of C—N heterocycles.>2] A
broad band that is discovered between 3000 cm™ and 3300 cm™
is assigned to the N—H stretching vibration of the incomplete
condensed amine groups and adsorbed H,O molecules.[5>-°]
The newly observed peaks positioned at 1695 cm™! and 1772
cm™ in the as-prepared Ni,Cu PPc@g-C;N, samples are at-
tributed to C=N and C=C bonds, further indicating the success-
ful in situ loading of Ni,Cu,PPc onto the g-C;N,.’”**| More-
over, Ni,Cu, PPc samples exhibit a wide Raman band between
1514 and 1545 cm™!, which is attributed to the interactions be-
tween the metals and phthalocyanine ring.[*"! The other bands of
Ni,Cu,PPc@g-C;N, observed in the Raman spectra are consis-
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tent with the previous results, further confirming the successful
preparation of Ni,Cu, PPc@g-C;N, as well.>"61]

In order to get the final products, pyrolysis at 800 °C for 2 h
under Ar was conducted. As shown in Figures 2a and S4 (Sup-
porting Information), no typical diffraction peaks corresponding
to Ni- and Cu-based phases are observed except two broad peaks
related to carbon materials, suggesting a high dispersity of in-
corporated metals.[®?] Then, transmission electron microscopy
(TEM) was employed to explore the morphologies of the as-
obtained catalysts. Figure 2b displays that the as-prepared sam-
ples are graphene-like layers, and no nanoparticles are observed
at a low magnification, implying an ultra-small size distribution
of the supported metals. When taking a closer look at the as-
obtained samples, a lot of nanoparticles with the size distribut-
ing between 3 and 6 nm (Figure S5, Supporting Information)
are observed in the Ni,Cu; @NC sample shown Figure 2c, and
the lattice fringes are dominated by the (111) facets of NiCu
nanoalloy with trace amount of Ni nanoparticles, respectively.
The existence of Ni nanoparticles can be attributed to the rel-
atively higher proportion of introduced Ni salt during the syn-
thesis process of the Ni,Cu,PPc@g-C;N, precursor. Moreover,
the selected area electron diffraction (SAED) pattern displayed in
Figure S6 (Supporting Information) indicates the (200) facet of
NiCu alloy, while no Ni diffraction pattern is observed. Energy-
dispersive X-ray (EDX) images in Figure 2d identify the homoge-
neous distribution of N, Ni, and Cu, further indicating the ultra-
small size of NiCu nanoalloy. Figure S7 (Supporting Informa-
tion) suggests similar graphene-like morphologies for Ni@NC
and Cu@NC catalysts, and the lattice fringes correspond to the
(011) and (111) facets of metallic Ni and Cu, respectively. Inter-
estingly, a much higher crystal lattice density is observed in the
Cu@NC sample than in the Ni@NC sample due to the higher
mobility of Cu at a high temperature. The element mapping im-
ages of the obtained samples (Figure S7c,f, Supporting Informa-
tion) show the homogeneous distribution of C, N, Ni, and Cu in
the graphene-like matrix, demonstrating the successful prepara-
tion of Ni,Cu, supported on N-doped graphene-like carbon sub-
strate. Besides, the inductively coupled plasma-mass spectrome-
try (ICP-MS) analysis was performed, and the proportion of the
metals was determined to be %#10%, and the weight ratio of Ni
to Cu is in good agreement with the designed protocol (Table
S1, Supporting Information). In addition, Raman was applied to
investigate the graphitization degree of the carbon matrix. The
peaks ~1360 and 1562 cm™ in Figure S8 (Supporting Informa-
tion) correspond to the D band and G band. Despite the varia-
tions in metal weight ratios, the I/I; values show little differ-
ence between different samples, indicating similar doping envi-
ronments in the carbon matrix between different catalysts. N,
adsorption—desorption analysis was employed to determine the
specific surface area of the obtained samples. It is found in Figure
S9 (Supporting Information) that Ni,Cu; @ NC shows the highest
specific surface area, while the other as-obtained samples display
comparable values.

The surface compositions of the as-prepared samples were
carefully examined by XPS measurements. As shown in Figure
S10a,b (Supporting Information), the N 1s region was fitted
with four peaks at 398.6, 399.8, 401.1, and 403.0 eV, correspond-
ing to pyridinic N, pyrrolic N, graphitic N, and oxidized N,
respectively.[®>-%] The as-obtained samples display a similar N
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Figure 2. a) XRD pattern of the as-obtained samples; b) TEM image of Ni,Cu; @NGC; c) High-resolution TEM image of Ni,Cu; @NC; d) Elemental

mapping of Ni,Cu; @NC.

content of 21 at% (Figure S10c, Supporting Information) with
little difference in total content of pyridinic N and pyrrolic N
(Figure S10c,d, Supporting Information), which are usually re-
garded as one of the factors for promoting ECO2RR. This re-
sult suggests that the roles of N doping, which may result in dif-
ferences in electrochemical performances, are negligible in this
study. Figure 3a shows that the binding energies of Ni 2p; , and
Ni 2p,;, peaks at 855.4 and 872.8 eV corresponding to Ni**, re-
mained regardless of the increase in Cu content, whereas the Ni
content decreases with the increase in Cu content (Table S2, Sup-
porting Information).[°®”] In contrast, the XPS Cu 2p spectra are
deconvoluted into multiple peaks, and the binding energies shift
with increasing Ni content (Table S2, Supporting Information).
The peaks at 932.6 and 952.4 eV in Ni,Cu; @NC in Figure 3b
are attributed to Cu 2p;;, and Cu 2p,;, of Cu*, which is addi-
tionally confirmed by the lack of characteristic shake-up features
typical for Cu?*.[%] In addition, the content of Cu?* at 934.2 and
954.9 eV resulting from the oxidation of Cu increases as the Cu
content increases,!'>#%%] The geometric area of the Cu* peak is
significantly greater than that of Cu?*, indicating that Cu,O is
the majority component in the as-obtained samples (Table S2,
Supporting Information). To further confirm the oxidation state
of the as-prepared samples, the positions of the Auger Cu LMM
and Ni LMM peaks were analyzed as well. The Wagner plots in
Figure 3c,d identify the dominant Ni?* and Cu* species while
with higher relative Ni and Cu content, respectively.
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2.2. ECO2RR Performance of Ni,Cu,@NC Bimetallic Catalysts

The electrocatalytic activities of these bimetallic samples were
evaluated in an H-Cell using CO,- and N,-saturated 0.5 M KHCO,
solution as the electrolyte, and all the potentials are converted to
RHE unless otherwise stated. As displayed by the linear sweep
voltammetry (LSV) curves in Figures 4a and S11 (Supporting In-
formation), Ni,Cu,@NC samples exhibit higher current densi-
ties and more positive onset potentials in CO,-saturated KHCO,
solution compared to those in N,-saturated KHCO; solution,
suggesting a higher activity toward ECO2RR than HER. Partic-
ularly, the bimetallic Ni,Cu; @NC catalyst displays the highest
current density in the potential range of —0.4 to —1.4 V when
compared with the single metallic NN@NC and Cu@NC cata-
lysts, indicating the highest activity for ECO2RR. By quantifying
and qualifying the liquid and gas products using H! NMR and
online gas chromatography (GC), CO and H, were determined
to be the dominant products, with no detectable liquid products
(Figure S12, Supporting Information). To evaluate the competi-
tion between ECO2RR and HER, the selectivity for CO produc-
tion was assessed by the FEs of CO (Figure 4b). Ni,Cu; @NC ex-
hibits a high FE, over 90% across a wide applied potential range
from —0.7 to —1.1 V, achieving a maximum FE., of 94.3% at
—0.9 V. In stark contrast, much inferior ECO2RR performances
are demonstrated in the Ni@NC catalyst with FE., decreas-
ing rapidly after reaching the highest FE, of 89.6% at —0.8 V.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. a,b) High-resolution of Ni 2p XPS and Cu 2p XPS spectra of Ni,Cu; @NC, respectively; c) The Wagner plots of Ni LMM of the as-prepared

samples; d) The Wagner plots of Cu LMM of the as-prepared samples.

Moreover, Cu@NC displays little promise for ECO2RR. The out-
standing electrochemical performance for Ni,Cu, @NC is pri-
marily attributed to the incorporation of Ni and Cu, which in-
creases the CO selectivity and suppresses the HER during the
ECO2RR process. In addition, the same trend as Ni@NC is ob-
served for Ni;Cu; @NC and Ni,Cu, @NC, although the high-
est FE., of 89.5% for Ni,Cu,@NC is achieved at —0.8 V, as
shown in Figure S13 (Supporting Information). The superiority
in ECO2RR performances on the Ni, Cu; @NC catalyst could also
be identified by the CO j, as demonstrated in Figure 4c. Specifi-
cally, the bimetallic Ni,Cu; @ NC catalyst delivers a much higher
Jco of =249 mA cm™ at —0.9 V and —44 mA cm™? at -1.3 V
than its counterparts including both monometallic and bimetal-
lic catalysts as displayed in Figure S14 (Supporting Information),
demonstrating its outstanding reactivity and selectivity for CO
production which superior to the catalysts that are previously re-
ported in the literature (Table S3, Supporting Information). In
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addition, the as-obtained catalysts display stable current density
atvarious applied potentials for 20 min as displayed in Figure 4d,
whereas the FE., decreases quickly to 70% when the long-term
electrolysis proceeds as shown in Figure S15 (Supporting Infor-
mation), which is attributed to the stacking of the graphene-like
layers due to the strong van der Waals forces.[*7!]

2.3. ECO2RR Mechanism on Ni,Cu; @ NC Bimetallic Catalysts

To get more in-depth insights into the underlying fundamen-
tals of weight ratio-dependent ECO2RR performances, the elec-
trochemical active surface area (ECSA) was evaluated by mea-
suring double layer capacitance (Cj) using cyclic voltammetry
(CV) at various scan rates (Figure S16, Supporting Information)
in a non-Faradaic potential range of 0.01-0.2 V (vs Ag/AgCl).
Figures 5a and S17 (Supporting Information) display the slope of
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Figure 4. a) ECO2RR performances of the Ni,Cu,@NC catalysts. a) LSV curves in N, and CO, saturated 0.5 m KHCO; at a scan rate of 10 mV s~
b) and c) CO FEs and jo at various potentials; d) Electrocatalysis of Ni,Cu; @NC at various potentials.

current density against scan rates, which can serve as a reference
for the ECSA. Accordingly, the ECSA of Ni@NC, Ni;Cu; @NC,
Ni,Cu; @NC, Ni,;Cu,@NC, and Cu@NC was determined to
be 15.7, 9.3, 16.6, 13.3, and 9.4 mF, respectively. The largest
ECSA obtained for Ni,Cu; @NC discloses the abundant active
sites for ECO2RR, which is favorable for the adsorption of the
intermediates.[’?) In addition, the kinetics of the as-prepared cata-
lysts were evaluated by the Tafel slope. As displayed in Figures 5b
and S18 (Supporting Information), Ni,Cu; @ NC demonstrates a
much lower Tafel slope of 96.8 mV dec™! than that of Ni@NC,
Cu@NC, Ni,Cu, @NC, and Ni, Cu, @NC, respectively, suggest-
ing faster reaction kinetics of Ni, Cu, @ NC than its counterparts.
Moreover, CO-TPD was carried out, which can serve as an indi-
cator for estimating the interaction strength of the intermediates
on the catalyst surface. As shown in Figure 5¢c, Cu@NC (110 °C)
displays a higher CO desorption temperature than Ni@NC and
Ni, Cu; @NC catalysts (90 °C), suggesting a stronger interaction
on the catalyst’s surface. The weak CO signals observed for both
Ni,Cu; @NC and Ni@NC suggest that CO can be quickly re-
leased from the catalyst surface once generated.”>73] Accord-
ingly, Ni@NC and Ni,Cu, @NC display faster reaction kinetics
and deliver a higher CO selectivity due to the weaker adsorp-
tion of the *CO intermediate, which is in good consistency with
the Tafel slope result. The strong interaction between *CO and
Cu@NC is in good agreement with previous reports.[®! Consid-
ering that the reactivity of Ni-based alloys relates to the d-band
center, the valence band spectra (VBS) of Ni@NC, Ni,Cu; @NC,
and Cu@NC catalysts were determined by high-resolution XPS.
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Figure 5d displays the relationship between the d-band cen-
ter values of the as-prepared catalysts. The improvement of the
electrocatalytic selectivity and activity for the formation of CO
from ECO2RR is attributed to the modification of the electronic
structure of Ni in the Ni,Cu, @NC bimetallic catalyst. The d-
band center value was determined according to the previously re-
ported method, and the value for Ni,Cu; @NC is evaluated to be
—3.01 eV, corresponding to a negative shift by 0.22 eV to a lower d-
band center position compared to that for Ni@NC (-2.79 eV).l”’]
Density functional theory (DFT) calculations have demonstrated
that a downshifted d-band center position is beneficial for elec-
trochemical CO, reduction.”®8% According to the d-band the-
ory, specifically, a lower d-band center position usually results in
weaker interaction with the adsorbate on catalysts due to the oc-
cupancy of antibonding states.!®!] Accordingly, the enhanced se-
lectivity for CO formation on the Ni,Cu,; @NC can be explained
by the downshift of the d-band center.[?*3*#2] Although Cu@NC
is dominated by Cu(111) facet and possesses a much lower d-
band position, it displays poor selectivity for the formation of
CO, and neither C, nor C,, products were detected, which is at-
tributed to the lower specific surface area bind much less *CO
content than other samples according to the ECSA analysis.

3. Conclusion

In summary, with the product selectivity of the catalysts re-
lated to the electronic structure, we have prepared a series of
Ni,Cu,@NC bimetallic catalysts with varied Ni to Cu weight

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. a) Charging current density differences plotted against scan rates, the roughness factor (RF) was calculated from the ratio of ECSA on the
electrode to the geometric area of the carbon paper electrode. Roughness factor of Ni@NC, Ni,Cu; @NC, and Cu@NC electrodes are 830, 785, and 470,
respectively; b) Tafel slope for the as-obtained catalysts; c) CO-TPD plots of the as-obtained samples; d) Surface valence band photoemission spectra
of NI@NC, Ni,Cu; @NC, and Cu@NC relative to the Fermi level. All the spectra are background corrected. The vertical line indicates the d-band center

of each sample relative to the Fermi level.

ratios. We systematically demonstrated their electrocatalytic se-
lectivity toward the CO formation, of which the high catalytic
activity is attributed to the synergistic performance between dif-
ferent metallic nuclei. When evaluated as the catalyst for elec-
trochemical CO, reduction, the Ni,Cu; @NC bimetallic catalyst
displayed an exceptional CO selectivity over 90% in a wide poten-
tial range of —0.7 to —1.1 V, with the maximum FE and partial
current density of 94.3% and —24.9 mA cm~? at —0.9 V. The un-
precedented performances for the CO formation on Ni, Cu; @NC
are predominantly attributed to the optimal combined Cu con-
tent and interactions between Ni and Cu. Specifically, the intro-
duced Cu could result in a lower d-band center position compared
to that for Ni@NC, which subsequently leads to a weak adsorp-
tion of the *CO intermediate and facilitates the production of CO
from Ni,Cu; @NC. We believe that by systematically construct-
ing, completing, and understanding the catalysts’ map, electro-
chemical CO, reduction will eventually become a reality.

4. Experimental Section

Chemicals:  All the chemicals were used as received. Ni(NO;),+6H,0
and urea were purchased from Sigma Chemical Company. Melamine
was purchased from Sigma—Aldrich. Cu(NO;),-3H,0 and KHCO; were
purchased from Acros Organics. Pyromellitic dianhydride (PMDA) was
purchased from Alfa Aesar. NH,Cl and (NH,)gMo;0,,-4H,0O were pur-
chased from Merck Schuchardt OHG. Ethanol was purchased from VWR
International, LLC.
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Synthesis of Bulk g-C;N 4 Precursor:  The g-C3N, was prepared accord-
ing to the previous report by a thermal polymerization strategy.[3384] In
detail, the 10 g melamine was heated from room temperature to 550 °C
at the ramping rate of 2.3 °C min~" in a muffle furnace and then main-
tained at that temperature under an air atmosphere for 4 h. Finally, the
light-yellow bulk g-C3N, was obtained when it cools down to room temper-
ature naturally. The powder g-C;N, was obtained by grinding bulk g-C3N,
in a mortar.

Preparation of NiPPc@g-C3N, and CuPPc@g-C3N4:  In this research,
NiPPc@g-C3N4 and CuPPc@g-C;N, were synthesized by modifying the
method reported previously.[*] In detail, first, 1.0 g of g-C;N, was dis-
persed in 30 mL of ethanol by stirring. Then, 0.0371 g Ni(NO3),6H,0
or 0.285 g Cu(NOj3),-3H,0 were dissolved in the above g-C3N, suspen-
sion solution. After being kept stirring for 4 h at room temperature, the
mixed suspension solution was heated to 80 °C while being kept stirring
to remove the solvent. Next, 0.00225 g (NH,)¢Mo;0,4-4H,0, 0.2516 g
PMDA, 0.5125 g urea, and 0.125 g NH,Cl were mixed thoroughly with the
as-obtained Ni** or Cu?*@g-C;N, powder with a pestle mortar. Then,
the well-mixed products were heated to 230 °C at a ramping rate of 3 C
min~' under an air atmosphere and kept at 230 °C for 3 h. After cool-
ing down to room temperature, the as-obtained product was washed with
deionized (DI) water and acetone till the solution was transparent. Finally,
NiPPc@g-C3N4 and CuPPc@g-C;N, precursors were obtained by drying
the as-obtained greenish powder in an oven.

Preparation of  Ni,Cu;PPc@g-C3N,,  Ni;Cu;PPc@g-C3N,, and
Ni;Cu,PPc@g-C3N,  Precursors:  Overall, the Ni,Cu;PPc@g-C;3N,,
Ni;Cu;PPc@g-C3N,, and Ni;Cu,PPc@g-C;N, precursors were obtained
by following the same procedure as the Ni@g-C3N4 and CuPPc@g-C3 Ny
precursors but with varied weight ratios of Ni to Cu (2:1, 1:1, 1:2) based
on the metal content in the final product.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Preparation of Ni@NC, Ni,Cu;@NC, Ni;Cu;@NC, Ni;Cu,@NC,
and Cu@NC Catalysts: The Ni@NC, Ni,Cu;@NC, Ni;Cu;@NC,
Ni;Cu, @NC, and Cu@NC catalysts were synthesized by carbonizing the
corresponding precursors at 800 °C for 2 h under an argon atmosphere
with an increase rate of 2 °C min~".

Materials Characterizations: XRD was employed at the step length of
0.04° on a Bruker D8 equipped with Cu Ka radiation (A = 1.54 A). Ra-
man spectra were collected on XploRa (HORIBA) with a laser length of
532 and 785 nm. FTIR spectra were collected on ThermoFisher (Nicolet
6700) at room temperature. The transmission electron microscopy (TEM)
and high-resolution TEM images equipped with EDX were taken on FEI
(Talos F200X G2) at an accelerate voltage of 200 kV. Nitrogen adsorption—
desorption isotherm measurements were performed by QUADRASORB
SI (Quantachrome) at 77 K. X-ray photoelectron spectroscopy (XPS) mea-
surements were implemented on a Prevac spectrometer equipped with a
hemispherical VG SCIENTA R3000 analyzer (pass energy of 100 eV) and
a monochromatized aluminum source AlKa (1486.6 eV). The binding en-
ergy was calibrated using the C 1s peak located at 284.8 eV. The spec-
trum fitting was conducted using the Casa XPS software with Gaussian—
Lorentzian peak shapes after subtraction of Shirley background. VB-XPS
measurement was carried out on Thermo Scientific K-Alpha with a step
length of 0.1 eV. The valence band center was determined by a numerical
integration in the range of 10-0 eV and placing the center at the mean
value of the integrated area, which is similar to the previously reported
method.[”’]

ICP-Measurements:  The mass content of Ni and Cu in the composite
was determined by ICP-MS (Aligent 7500 Series). First, 5 mg as-obtained
catalyst was destroyed in 150 pL HNO; (Traceselect) and 350 pL HCI
(Traceselect) mixed solution at 70 °C overnight. Then the mixed solution
was diluted to a total volume of 10 mL. After that, 100 uL destructed so-
lution was then further diluted to 10 mL after adding 150 uL of HNO;. A
final dilution was made containing 100 pL of the x100 solution, 100 uL
of 10 ppm Y (internal standard), 150 pL HNO;, and diluted to 10 mL.
1 ppm standards were made by diluting a 1000 ppm Stock (Alfa Aesar)
with HNO; and Y.[3]

Electrochemical Measurements:  All the electrochemical measurements
were carried out in a gas-tight H-cell that was separated by a cation ex-
change membrane (Nafion 117). All the signal was recorded by Autolab
PGSTAT101. A platinum electrode (1 cm?) was used as the counter elec-
trode. An Ag/AgCl (3 m KCI) was served as the reference electrode. All the
potentials reported in this work were converted to versus RHE according
to the equation otherwise stated.

Vine = Vag/agcl +0.21+0.0592 * pH m

The pH value of the CO, saturated 0.5 M KHCOj; is determined to be
7.2. The linear cyclic voltammetry (LSV) was carried out at a scan rate of
10 mV s~! after activation by cyclic voltammetry for 20 cycles at a scan rate
of 100 mV s~'. The electrochemical active surface area (ECSA) of the ob-
tained catalysts was evaluated by measuring their double layer capacitance
at various scan rates (v) in a potential range of 0.01-0.2 V versus Ag/AgCl.
Roughness factor (RF) was calculated according to the ratio of the ECSA
on the electrode to the geometric area of the carbon paper electrode based
on Equation (2).

ECSA = Cy/C, @)

where Cy corresponds to the slope of the double-layer charging cur-
rent versus the scan rate (v) plot, a specific capacitance (C;) value of
20 pF cm~2 was used. All data are reported in this work without iR
compensation.

The liquid product was analyzed by "H nuclear magnetic resonance
(NMR) with a Bruker Avance Il 400 MHz spectrometer. The gas prod-
ucts were determined by gas chromatography (GC, Thermal-Fisher 1310)
equipped with a flame ionization detector (FID) and thermal conduc-
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tivity detector (TCD). Faradic efficiency (FE) of CO was obtained by
Equation 3.

Z; X V;x GX FX Py

FE= —————«+—— (3)
I'x Rx T x 60000

where Z; indicates the number of electrons required to produce an i
molecule, here, i = 2 for CO and H,; V; is the volume ratio of product i
in the GC sampling loop; G suggests the flow rate of CO, during the test;
Fis the Faradaic constant (96 485 C mol™"); P, represents the atmospheric
pressure (1.013 x 10° Pa); | represents the average current in a period (t)
of electrocatalysis; R is the ideal gas constant (8.314 ) mol™ K7'); T, is
the reaction temperature (298 K).
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