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(CO�).[�] One of the most promising 
approaches is converting CO� to value-
added materials through an electrochem-
ical CO� reduction reaction (CO�RR) 
using renewable electricity.[�,�] Despite 
the potential of CO�RR technology, there 
are still signi�cant challenges in both 
fundamental (e.g., catalyst activity, selec-
tivity, and durability) and system aspects 
(e.g., mass transport, conversion rate, 
and energy e�ciency), which need to be 
addressed.[�,�] In aqueous environments, 
CO�RR can produce a number of reduced 
materials, including C� products, such as 
CO and formate, and C� products, like 
acetate, ethylene, and ethanol.[����] For-
mate, in particular, represents the most 
economically-viable reduction product 
from CO� due to its industrial value and 
requirement of only � electrons.[��,��]

To date, the majority of catalysts able to 
produce formate through CO�RR are pure 

post-transition metal catalysts such as Sn,[�,�����] In,[��,��] and 
Pb,[��,��]; however, large overpotentials are required to activate 
CO� on these metals compared to transition metal catalysts for 
CO production. Therefore, further catalyst design is necessary 
to optimize CO�-to-formate conversion and improve energy 
e�ciency at high current densities (����� mA� cm��) suitable 
for potential industrial applications. Researchers have found 
success using a number of bimetallic post-transition metal 
containing catalysts, where the catalyst interface is engineered 
to contain more active sites and to tune intermediate binding 
energies. For example, recently, Ren et� al.,[��] reported high 
FEformate (���%) with a current density of �����mA�cm�� using 
a Sn-Bi catalyst, highlighting the importance of bimetallic 
catalytic engineering design to improve the overall catalytic 
performance.

Separately, transition metals such as Ag and Cu catalysts 
can also activate CO� to formate, although as a minor product. 
Copper-based electrocatalysts in particular are commonly 
employed in the CO�RR process to produce a range of products 
including CO, formate and hydrocarbons.[��,��] One approach 
for formate production has been to pair Cu catalysts with other 
metals. The binding strength of Cu alone catalyst to a CO� may 
have a regulatory e�ect, where intermediate binding may not 
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�. Introduction
As climate change concerns increase, serious e�orts are 
required to mitigate the harmful emission of carbon dioxide 
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su�ciently activate the molecule, while those that bind too 
strongly become poisoned.[��] For example, Sn-Cu alloys have 
shown high selectivity toward formate and CO production that 
are more e�cient than Sn alone.[��,��] Notably, when paired 
with Sn, the production of ethylene and ethanol are greatly 
decreased, indicating that further reduction of CO is restricted. 
Similarly, alloying Cu to Pd has been an approach to signi�-
cantly enhance the production of CO and formate[�����] owing 
to the strong H a�nity with Pd surface,[��,��] which increases 
the potential barrier of CO* protonation step,[��,��] as well as 
suppressing the activity of HERs.[��,��] Lower cell potentials 
and the presence of Cu further seem to prevent Pd poisoning  
by CO.

In addition to the choice of metal for the catalyst, mor-
phology and a catalyst’s support is another critical compo-
nent in tuning catalytic performance and increasing extrinsic 
activity.[��] By increasing active area, lower potentials can be 
applied, which is not only critical for energy e�ciency, but 
preventing cathode degradation and poisoning. MXenes are a 
relatively new family of �D layered transition metal carbides/
nitrides material with the chemical formula of Mn��XnTx, where 
M� �� transition metals, X� �� C or N, and Tx� �� surface groups 
(such as����O, �OH, �F, etc.).[��] Their unique �D structure 
and hexagonal lattice symmetry provide them with a high spe-
ci�c surface area, excellent electrical conductivity,[�����] and 
unique mechanical stabilities.[��,��] These properties make them 
useful for various applications, including energy conversion 
and storage.[�����] However, due to strong van der Waals forces 
between their stacked layers, they often su�er from aggrega-
tion, resulting in the loss of accessible surface area and active 
sites. Several approaches have proven successful in alleviating 
this issue, such as heteroatom doping, surface modi�cation, 
and the use of interlayer spacers[��] and cross-linkers.[��] For 
instance, Yorulmaz et� al.[��] observed a reduction in MXene 
interlayer restacking after incorporating transition metals while 
also seeing an increase in electron transfer and CO��adsorption.

Given the importance of surface morphology, porosity, and 
the number of active sites available for CO� conversion,[��] we 
aimed to pair �D MXene (Ti�C�Tx) with bimetallic Cu-Pd to 
form �D Cu-Pd/MXene aerogels under a lyophilization process. 
The optimized Cu-Pd/MXene catalyst exhibits a maximum 
FEformate of ��% at a low potential of ��.��V versus RHE in an 
H-cell electrolyzer; which is ���� mV lower than the potential 
of a comparable Cu-Pd aerogel without MXene templating. 
When integrated into a zero-gap membrane electrode assembly 
(MEA), the Cu-Pd/MXene catalyst reached higher formate Fara-
daic e�ciencies of ��% and a current density of ����mA�cm�� 
while reaching a full cell energy e�ciency (EE) of ��%. To get 
insight into the reaction mechanism pathways and the role of 
MXene in surface adsorption and altering the intermediate 
binding energy, density functional theory (DFT) was conducted.

�. Results
�.�. Synthesis and Characterization

The Cu�Pd hydrogel was synthesized through a one-pot hydro-
thermal treatment reaction process (details in the Experimental 

Section). The �D MXene was synthesized using ammonium 
bi�uoride (NH�HF�) for etching o� the Al from Ti�AlC� 
(Figure S�, Supporting Information). The preprepared MXene 
was incorporated into the Cu-Pd,[��] to form Cu-Pd/MXene 
hydrogel, which not only reduces the MXene’s layer tendency 
to restack but also increases the catalytic surface area available 
for CO�RR.[��,��] To convert the achieved hydrogel to an aerogel, 
lyophilization was applied to form a highly porous Cu-Pd/
MXene hybrid aerogel with a �D structure (Figure��a).

The morphology of the synthesized aerogels was examined 
using Scanning Electron Microscopy (SEM). Figures S� and 
S� (Supporting Information) show the SEM images of bulk 
Ti�AlC� and exfoliated Ti�C�TX, which displayed a typical multi-
layer, accordion-like structure of stacked MXene sheets resem-
bling exfoliated graphite.[��] This phenomenon was further con-
�rmed by Energy Dispersive X-Ray spectroscopy (EDX). The 
elemental mapping shows a uniform distribution of C, O, Ti, 
Cu, and Pd, which further con�rms the formation of the suc-
cessful synthesis of the catalysts (Figures S��S�, Supporting 
Information). The removal of Al is also observed, while the 
presence of F and O indicates possible surface termination in 
the exfoliated process (Figures S��S�, Supporting Informa-
tion). The di�erent morphology of the porous Cu-Pd aerogel 
(Figure� �b; Figure S��, Supporting Information) compared to 
the nanosheet-layered structure of Cu-Pd/MXene (Figure� �c; 
Figure S��, Supporting Information) was observed. The SEM of 
the Cu�Pd/MXene sample displayed MXene nanosheets acting 
as the main skeleton, which contained Cu�Pd distributed on 
the surface and within the layers forming Cu�Pd/MXene com-
posite (Figure��c; Figures S���S��, Supporting Information).

The compositional and structural analyses of the synthesized 
catalysts were characterized by powder X-ray di�raction (XRD) 
and X-ray photoelectron spectroscopy (XPS) to con�rm the cata-
lysts� synthesis. The XRD measurements were conducted to 
determine the crystal structure of the materials before and after 
NH�HF�/HCl etching. Figure S�� (Supporting Information) 
shows the XRD patterns comparison of Ti�AlC� and Ti�C�Tx. 
The observed typical peaks of both Ti�AlC� and Ti�C�Tx sam-
ples were in agreement with the previously reported results.[��] 
Furthermore, the Pd-Cu and Pd-Cu/MXene compositions were 
con�rmed by their XRD pattern shown in Figure��d and Figure 
S�� (Supporting Information). The peaks corresponding to crys-
talline Cu (ca. ��.��, ��.��, ��.��, and ��.��) are not identi�ed 
or negligible. Four peaks at �� values of ��.��, ��.��, ��.��, and 
��.�� are characteristic of crystalline Pd assigned to the planes 
(���), (���), (���), and (���), respectively. Higher �� angles were 
observed in the case of Cu�Pd and Cu�Pd/MXene compared 
to monometallic Pd and Cu, which re�ects the interaction of 
Pd and Cu atoms suggesting the successful formation of the 
bimetallic Cu�Pd. The results are in agreement with previous 
reports.[�����]

The XPS survey comparison of Cu�Pd and Cu�Pd/MXenes 
further con�rmed the presence of Pd, Cu, and Ti elements with 
the absence of Ti peak at Cu�Pd (Figure��e). The peaks at ���.�� 
and ���.���eV correspond to Ti �p�/� and Ti �p�/� (Figure S��,  
Supporting Information). The Pd �d�/� core-level binding 
energy of Cu�Pd and Cu�Pd/MXene was observed at ���.�� 
and ���.��� eV, respectively (Figure� �f; Figures S��a and S��a, 
Supporting Information). This slight shift could be associated 
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with Cu�Pd and Ti interactions in the Cu�Pd/MXene com-
position.[��,��] The characteristic Cu �p�/�� and Cu �p�/�� peaks 
at ���.� and ���.�� eV are ascribed to Cu(�),[��] and the weaker 
peaks at ���.� and ���.��eV belong to Cu(��) (Figure��g; Figures 
S��b and S��b, Supporting Information).[��] With characteri-
zation complete, the catalysts were tested for reactivity toward 
electrochemical CO�RR.

�.�. Electrochemical CO� Reduction in an H-cell

The catalytic activity of Cu�Pd and Cu�Pd/MXene catalysts 
were tested for CO��electroreduction in a gas-tight two-compart-
ment H-cell in �.��� KHCO� aqueous solution as catholyte and 
anolyte.[�] To prepare the working electrode, the mixture of each 
synthesized catalyst (�� mg) in DMF (�� mL) with Na�on (�%) 
was sonicated for ��� min to obtain a well-mixed suspension. 

Next, ���L of the resulting suspension was drop-casted on the 
pre-prepared �.�� cm diameter glassy carbon surface electrode 
and left to dry for ���h.

To determine the catalytic activity of the synthesized catalysts 
toward CO�, linear sweep voltammogram (LSV) comparison of 
bare MXene, Cu�Pd, Cu�Pd/MXene was performed at �.�� � 
KHCO� aqueous solution under both Ar and CO� for a sys-
tematic comparison (Figure S��, Supporting Information). As 
shown in Figure� �a, exposure of the catalysts to CO� resulted 
in higher current density and a shift to a more positive poten-
tial in the case of Cu�Pd/MXene. Based on the observed onset 
potentials in Figure� �a, we then performed chronoamperom-
etry at constant applied potentials of ��.� to ��.��V versus RHE 
to determine the formed electrochemical products and their 
selectivity (Figure S��, Supporting Information). Gas products 
were detected by gas chromatograph (GC), while liquid prod-
ucts were identi�ed and analyzed with high-performance liquid  
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Figure �.  Preparation and characterization of Cu/Pd MXene material. a) Schematic of Cu�Pd/MXene preparation. Scanning electron microscopy (SEM) 
of b) Cu�Pd; and c) Cu�Pd/MXene. d) X-ray di�raction analysis (XRD) comparison of Cu�Pd and Cu�Pd/MXene. e) X-ray photoelectron spectroscopy 
(XPS) survey spectra of Cu�Pd and Cu�Pd/MXene. The XPS comparison of f) Pd �d; and g) Cu �p spectra of Cu�Pd and Cu�Pd/MXene.
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