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Abstract: The exploration of novel systems for the electro-
chemical CO2 reduction reaction (CO2RR) for the production
of hydrocarbons like CH4 remains a giant challenge. Well-
designed electrocatalysts with advantages like proton gener-
ation/transferring and intermediate-fixating for efficient
CO2RR are much preferred yet largely unexplored. In this
work, a kind of Cu-porphyrin-based large-scale (& 1.5 mm)
and ultrathin nanosheet (& 5 nm) has been successfully
applied in electrochemical CO2RR. It exhibits a superior
FECH4

of 70 % with a high current density (@183.0 mAcm@2) at
@1.6 V under rarely reported neutral conditions and maintains
FECH4

> 51% over a wide potential range (@1.5 to @1.7 V) in
a flow cell. The high performance can be attributed to the
construction of numerous hydrogen-bonding networks
through the integration of diaminotriazine with Cu-porphyrin,
which is beneficial for proton migration and intermediate
stabilization, as supported by DFT calculations. This work
paves a new way in exploring hydrogen-bonding-based
materials as efficient CO2RR catalysts.

Introduction

CO2, as a kind of notorious molecule and greenhouse gas,
is thermodynamically stable and chemically inert due to the
high bonding energy (750 kJ mol@1) of C=O bond and
catalysts are needed to activate and convert it into high-value
added products.[1] Electrochemical CO2 reduction reaction
(CO2RR), is of vital importance for renewable energy storage
and alleviating climate change since it allows for the

conversion of CO2 into valuable chemicals or fuels by
renewable electricity.[2] In particular, the highly selective
production of hydrocarbon fuels (e.g., methane and ethylene)
has received tremendous attention owing to their dominant
positions in energy supply for both human life and industrial
production.[3] Nevertheless, the major progress of electro-
chemical CO2RR has been generally limited to two-electron
reduced products like CO or formate and the high-efficiency
production of higher-value products involving multiple pro-
ton-coupled electron transfer (PCET) processes remains as
one of the biggest scientific challenge.[4] Up to date, Cu-based
catalysts have proven to be the most efficient in the
production of hydrocarbons or alcohols owing to the negative
adsorption energy for CO* and positive adsorption energy for
H* compared with other transition-metal systems.[5] However,
the state-of-the-art Cu-based CO2RR systems are still limited
by several competing reactions such as surface oxidation or
the thermodynamically favorable hydrogen evolution reac-
tion (HER), in which each competitive reaction occurs via
different intermediates and the unclear CO2RR mechanism
concerning the tuning and stabilization of intermediates result
in relatively low selectivity.[6] So, the design of Cu-based
electrocatalysts has emerged to be the most challenging step
in the development of tunable CO2RR systems for selective
production of hydrocarbons or alcohols with high efficiency.

During the CO2RR process, the reaction intermediates
play vital roles in the generation of high-value added
products, which can determine the key or rate-determination
steps.[7] Based on the molecular lengths, the reaction inter-
mediates related to CO2RR can be classified into two groups:
key intermediates with polyatomic length (e.g., *COOH and
*OCHO, etc.) and competitive intermediates with monoa-
tomic length (e.g., *OH, *CO and *H, etc.).[8] The efficiency
of CO2RR is well associated with the generation, binding and
stabilization of these intermediates during the CO2RR
process.[9] For example, in the pathway of CO2 to CH4, the
much favored process includes the binding of intermediate
*CO with H+ to generate *CHO, yet it is still restrained by the
competitive *CO desorption process to form CO and the
sluggish eight-electron transfer process.[10] The efficient
combination of intermediate *CO with H+ lies in the catalytic
activity, H+ migration and stabilization agents, in which high
activity can ensure sufficient intermediates; H+ migration or
stabilization agents would enable the readily combination of
*CO with H+ rather than desorption. To this end, the key
steps are mostly restricted by the lack of desired platform that
enable efficient generation, binding and most importantly,
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stabilization of intermediates to facilitate the CO2RR process.
Hydrogen bonding, a kind of flexible and highly reversible
noncovalent bonds, has proven to be beneficial for the
stabilization of specific intermediates and H+ migration to
change the pathway towards the formation of target prod-
ucts.[11] Nevertheless, there is few works about the control of
PCET process for the CO* to CH4 production steps through
hydrogen bonds, where it remains a grand difficulty to
circumvent. In this regard, it is essential to explore powerful
electrocatalysts with rich hydrogen bonding that might have
positive effect on tuning the PCET processes for efficient
production of hydrocarbon products like CH4.

With these considerations, hydrogen-bonded organic
frameworks (HOFs) come to our mind as a prototype for
designing efficient electrocatalysts. As a novel type of porous
crystalline materials assembled by organic or metal-organic
building blocks through hydrogen bonding interactions,
HOFs possess unique features like easy recrystallization,
regeneration and processing, holding much promise as
efficient platform to stabilize the intermediates during the
CO2RR process.[12] However, the applications of HOFs are
generally limited by drawbacks like the structure fragility,
originating from the weak nature of hydrogen bonds,
oftentimes leading to the collapse of the frameworks after
removal of solvent molecules. Over the past decades, a series
of porous HOFs have been constructed through judicious
selection of hydrogen-bonding motifs, which are further
reinforced by other interactions such as p-p stacking or van
der Waals forces.[12a–c] By introducing special hydrogen-
bonding motifs, robust and porous HOF structures with
surface area as large as& 3500 cm2 g@1 that are durable for the
removal of solvent have been explored.[12a–c] The revelation
that the much-improved stability of porous HOFs illuminates
a distinct approach for designing novel HOF-based electro-
catalysts. Specifically, the existence of tremendous hydrogen
bonds in HOFs, if coupled with typical CO2RR centers like
Cu-porphyrin and proton-generation units in suitable mole-
cule distance, might make HOFs to be promising candidates
in producing hydrocarbons like CH4.

As a proof-of-concept, we intend to choose copper
porphyrin-based building block decorated with diaminotria-
zine moiety to construct HOFs so as to verify the feasibility of
this inference. The relative considerations are listed as
follows: 1) diaminotriazine moiety, a well-known synthon
for constructing hydrogen bonding, would construct numer-
ous hydrogen bonding networks and serve as “proton pump”
to transfer protons when triggered by electricity stimulus;[13]

2) copper porphyrin has proven to be beneficial for the
hydrocarbon production in CO2RR;[7a,14] 3) if the distance of
diaminotriazine group and copper porphyrin is suitable,
where sufficient H+ can be transferred effectively to copper
porphyrin center to largely promote the PCET process of
CO2RR and 4) the integrated system with tremendous
hydrogen bonding in the structure might be much beneficial
for the specific intermediate-stabilization and H+ migration to
change the CO2RR pathway towards target products
(Scheme 1). From the above we deduce that HOFs with such
design principle will probably be promising candidates to

enhance the efficiency and selectivity of hydrocarbons in
CO2RR.

Herein, we have synthesized a kind of hydrogen-bonding
organic framework assembled from diaminotriazine moiety
decorated copper porphyrin units and successfully exfoliated
it into large-scale (& 1.5 mm) and ultrathin (& 5 nm) nano-
sheet (NS) to investigate the CO2RR performance. The
combination of diaminotriazine and copper porphyrin in Cu-
TDPP-NS can serve as the role of “proton pump” and active
center in electrocatalytic CO2RR (Scheme 1). Specifically,
Cu-TDPP-NS exhibits a superior FECH4

of 70% with large
current-density (@183.0 mAcm@2) at @1.6 V under neutral
condition and keeps higher than 51% over a wide potential
range (@1.5 to @1.7 V). The electrochemical CO2RR under
neutral condition has been rarely reported and the achieved
performance is even superior to most of CO2RR systems
under alkaline condition as far as we known. Based on
experimental results and density functional theory (DFT)
calculations, we illustrate the possible CO2RR mechanism, in
which diaminotriazine group serving as the “proton pump”
can construct hydrogen-bonding networks; the generated
numerous hydrogen bonding networks in the structure can
stabilize the intermediates and efficiently transfer the proton
to copper porphyrin, resulting in the efficient combination of
H+ and *CO to produce CH4. This work paves a new way in
exploring novel hydrogen-bonding based electrocatalysts in
efficient electrochemical CO2RR.

Results and Discussion

For the preparation of Cu-TDPP and its nanosheet, Cu-
TDPP is firstly prepared and characterized. Cu-TDPP,
possessing a structure isomorphic to HOF-7, is synthesized
via a facile solvothermal method. Cu-TDPP belongs to the
triclinic system with space group of P1̄.[15] It presents a 3D
layer network, in which subunit of TDPP is connected by the
intermolecular hydrogen-bonding and p-p interaction, dis-
playing a microporous structure with two kinds of pore-sizes
(i.e. 3.2 X 4.7 c2 and 4.2 X 6.7 c2) (Figures 1b and S1). The
powder X-ray diffraction (PXRD) pattern confirms that the
as-synthesized Cu-TDPP is well crystalline, which is similar to
simulated pattern (Figure 1a). The chemical component of

Scheme 1. Illustration of the advantages of Cu-TDPP-NS in electro-
chemical CO2RR.
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Cu-TDPP is verified by Fourier transform infrared spectra
(Figure S2). The N-H in-plane vibration at 964 cm@1 is
significantly changed and a new absorption peak appeared
at 999 cm@1 when compared with TDPP, indicating that the
hydrogen proton is substituted by copper ion.[16] The disap-
pearance of N-H stretching vibration at 3315 cm@1 further
confirms that the metal coordination occurred at the porphy-
rin center (Figure S2). To evaluate the CO2 sorption ability of
Cu-TDPP, the CO2 sorption test is carried out and Cu-TDPP
presents CO2 uptake capacity of 10.1 cm3 g@1 and 6.5 cm3 g@1 at
273 K and 298 K, respectively (Figure S3). The porosity of
Cu-TDPP is further certified by the thermogravimetric
analysis tests conducted under N2 atmosphere with a heating
rate of 10 88C min@1. The result shows that Cu-TDPP loses the
guest molecules in the temperature range from 25 to& 250 88C,
resulting in the desolvated framework (Figure S4). Further-
more, Cu-TDPP can maintain crystalline structure in aqueous
PBS solution (& 0.5 M, pH 7) for more than 12 h as proved by
the PXRD tests, probably attributed to the robust 3D p-p
stacking structure and would guarantee the further inves-
tigation of CO2RR (Figure S5).

In the structure of Cu-TDPP, two types of hydrogen
bonding interactions involving the diaminotriazine motifs are
discovered, namely, the type I in head-to-head mode and type
II in head-to-waist mode (Figure 1 b).[12a–c] Through these
hydrogen-bonding interactions, Cu-TDPP molecules are self-
assembled into a two-dimensional (2D) supramolecular layer.

By virtue of the hydrogen-bonding interaction between the
coordinated water and the diaminotriazine segment, the two
neighboring layers are connected together and further packed
into a 3D framework via the intermolecular p-p interaction
between Cu-TDPP molecules (Figure S1). Owing to its
unique layer-arrangement configuration with p-p stacking
interactions, Cu-TDPP itself tends to exhibit bulk and layer
aggregated morphology, which is also proved by the scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) tests (Figure S6). To understand the inter-
action of intralaminar and layer hydrogen bonding, DFT
calculations are performed to calculate the interaction energy.
The results show that the layer interaction energy (@10.7 kcal
mol@1) is lower than the intralaminar interaction energy
(@13.37 kcalmol@1). Therefore, the 3D framework of Cu-
TDPP assembled from 2D supramolecular layer has much
potential in exfoliation treatment to transfer the bulk
morphology into nanosheet and simultaneously expose more
catalyst sites, which might be more beneficial for high-
performance CO2RR.

As a proof-of-concept, we set out to explore the exfolia-
tion of Cu-TDPP. After high-frequency sonication for 30 min,
the original bulk crystals (> 1 mm) can be readily transformed
into nanosheet (NS) as proved by the TEM test (Figure 1c).
To evaluate the thickness of the obtained Cu-TDPP-NS,
atomic force microscope (AFM) tests have been conducted.
The results show that the thickness of Cu-TDPP-NS is
& 5.08 nm over a large scale (& 1.5 mm), which may be
ascribed to the relatively weak interaction between the layers
that is easy to break during the stripping process (Figure 1e).
Furthermore, oriented lattice fringes can be observed in high-
resolution TEM (HR-TEM) images and the lattice spacing of
1.65 nm is assigned to the (010) plane of Cu-TDPP, confirming
the high crystallinity of the obtained Cu-TDPP-NS (Fig-
ure 1d). Moreover, the scanning transmission electron mi-
croscopy (STEM) image and the corresponding energy
dispersive X-ray element mapping of Cu-TDPP-NS show
that C, N, O and Cu elements are uniformly distributed in the
nanosheet, suggesting the high elemental homogeneity in the
nanosheet (Figure 1 f). The Cu content in Cu-TDPP-NS is
determined to be& 4.8 wt % by EDS test, which matches well
with the result in inductively coupled plasma optical emission
spectrometry (& 4.82 wt%) (Figure S7). The above results
suggest that Cu-TDPP-NS with ultrathin thickness can be
readily produced through a facile high-frequency sonication
process and the specially designed structure might serve as the
desirable platform to investigate the generation of high-value
added products in CO2RR.

The electrochemical CO2RR performance of the catalyst
is evaluated in flow cell (& 0.5 M PBS (pH 7) as electrolyte)
at selected potentials to determine the CO2RR selectivity.
According to the linear sweep voltammetry (LSV) curves, Cu-
TDPP-NS presents a total current density of @310.2 mAcm@2

at @1.7 V, which is superior to Cu-TDPP (@222.8 mAcm@2)
(Figure 2a). Besides, Cu-TDPP-NS has much larger current
density in CO2RR than that in HER, indicating Cu-TDPP-NS
strongly favors CO2RR than HER (Figure S12a). To evaluate
the selectivity of samples for CO2RR, the electrolysis is
performed, and the gas/liquid products are monitored by gas

Figure 1. Structure and characterization of Cu-TDPP and Cu-TDPP-NS.
a) PXRD pattern of Cu-TDPP. b) Hydrogen-bonding interactions in Cu-
TDPP. c) TEM image of Cu-TDPP-NS. d) HRTEM image of Cu-TDPP-
NS. e) AFM image and height profile of Cu-TDPP-NS. f) STEM and
elemental mapping images of Cu-TDPP-NS.
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chromatography and 1H nuclear magnetic resonance spec-
troscopy, respectively (Figures S8–S11). As a result, the CH4

is found to be the dominant product and there is no liquid
product (Figures S8–S11). For Cu-TDPP-NS, it gives the
highest FECO (75.5%) at @1.3 V with a current density of
@129.7 mAcm@2 along with 16.1 % FEH2

and negligible CH4

(0.9%) or C2H4 (2.8%). With the increase of potential, the
FECH4

continuously increases and reaches up to 70 % at
@1.6 V and keeps higher than 51 % over a wide potential
range from @1.5 to @1.7 V in PBS solution (pH 7) (Fig-
ure 2b). The highest FECO2RR is 83.4% at @1.6 V and keeps
higher than 72 % from @1.3 to @1.6 V (Figure S13). The
reported electrochemical CO2RR systems are generally
conducted with alkaline electrolytes and works are limited
to less than a handful of systems that are performed under
approximate neutral conditions.[5b,6b, 8a] This is one of the
pioneering systems to achieve CO2RR to CH4 with high
selectivity under neutral condition and the achieved perfor-
mance is even superior to most of CO2RR systems under
alkaline condition (Table S1).[3b, 11a, 14, 17] In contrast, Cu-TDPP
gives a large FEH2

(55.7 %) at@1.3 V with a current density of
@114.2 mAcm@2 and the highest FECH4

is only 55.9 % at
@1.6 V (Figures 2b and S14a,c). The superior performance of
Cu-TDPP-NS indicates the advantage of nanosheet morphol-
ogy in CO2RR.

To further reveal the activity of Cu-TDPP-NS, partial
current densities of CH4, CO, C2H4 and H2 at different
potentials are calculated (Figure 2c and Figure S12d). Cu-
TDPP-NS displays a partial CH4 current density of
@183.0 mAcm@2 at @1.6 V, which is almost twice than that

of Cu-TDPP (@107.0 mA cm@2) (Figure 2 c). Besides, to
reveal the carbon source of CO2RR products, an isotopic
experiment that using 13CO2 as substrate is performed under
identical reaction condition. The products are analyzed by gas
chromatography and mass spectra. As shown in Figure 2d and
Figure S15, the peaks at m/z = 17, 29 and 30 are assigned to
13CH4,

13CO and 13C2H4, respectively, indicating the carbon
sources of CH4, CO and C2H4 indeed derive from the CO2

used. Besides, the bare carbon paper and carbon paper
decorated with Nafion are measured as comparisons and no
electrocatalytic CO2RR activity are detected (Figures S16
and S17). Moreover, sufficient control experiments have been
performed to support the vital role of catalyst (Figures S18–
S20). Firstly, PTFE and PVDF are used as binders to fabricate
the working electrodes. The results show that the Cu-TDPP-
NS can reach up to the highest FECH4

= 68% and 70% at
@1.6 V when PTFE and PVDF are applied, respectively
(Figure S18 and S19). The remained high FECH4

indicate the
binder has no apparent effect on the generation of electro-
catalytic products. Besides, carbon cloth is applied to replace
carbon paper. The results show that the FECH4

of Cu-TDPP-
NS can reach up to 71% at @1.6 V, which is close to the result
that applying carbon paper (Figure S20). When dispersing the
Cu-TDPP-NS on KB carbon, it can be found that the increase
of current density at each potential compared with the bare
one, the achieved highest FECH4

centers at potential from
@1.6 V to @1.5 V yet the relative FECH4

value decreases from
70% to 55 % (Figure S21). In addition, to further evaluate the
selectivity of Cu-TDPP-NS for CO2RR under low CO2

concentration, 30% concentration of CO2 is applied as the
gas source and tested under identical reaction condition. The
maximum FECH4

of Cu-TDPP-NS can reach up to 37.5% at
@1.6 V, indicating Cu-TDPP-NS can maintain its activity
under low CO2 concentration (Figure S22).

To study the electrocatalytic kinetics on the electrode/
electrolyte surface during CO2RR, electrochemical impe-
dance spectroscopy tests of the samples are performed
(Figure S23). As revealed by the Nyquist plots, Cu-TDPP-
NS has much smaller charge transfer resistance (19.83 W)
than that of Cu-TDPP (23.98 W), confirming faster electron
transfer efficiency for Cu-TDPP-NS.

Stability is a crucial criterion to evaluate the durability
properties of catalysts for further applications. To analyze the
electrochemical stability of Cu-TDPP-NS, longtime durability
test is assessed with chronoamperometric curves at @1.6 V
(Figure 2e). After 5 h, the FECH4

of Cu-TDPP-NS can be
maintained higher than 60% and the current density remains
at about @216 mA cm@2. For ICP-MS results, the Cu detected
in the test is below the detection limit (Table S2). These
results demonstrate that Cu-TDPP-NS is a kind of stable
electrocatalyst, which has much potential to be used in
efficient CO2RR (Figures S24–S26). To further investigate the
structural stability of these electrocatalysts during the CO2RR
process, XAS is performed. The results show that no
significant change in Cu K-edges and no visible metallic Cu0

signals could be observed in the X-ray absorption near-edge
structure (XANES) profiles of Cu-TDPP-NS after electro-
catalytic process (Figure 3a), and no obvious signal of Cu-Cu

Figure 2. Electrocatalytic performance of Cu-TDPP and Cu-TDPP-NS.
a) LSV curves. b) FE for CH4 at different applied potentials. c) Partial
CH4 current density. d) Mass spectra of 12CH4 and 13CH4 recorded
under 12CO2 and 13CO2 atmosphere, respectively. e) Durability test of
Cu-TDPP-NS at the potential of @1.6 V vs. RHE.
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bond is observed in the extended X-ray absorption fine
structure (EXAFS) spectrum (Figure 3b).[18]

To reveal the superiority of Cu-TDPP-NS, contrast
samples including 5,10,15,20-tetrakis(para-aminophenyl)-
21H,23H-porphyrin copper (Cu-TAPP), 5,10,15,20-tetraki-
sphenyl-porphyrin copper (Cu-TPP), and melamine are
prepared and measured (Figure 4a and Figures S27–S31).
Cu-TAPP and Cu-TPP are similar to Cu-TDPP, in which the
diaminotriazine moieties is replaced by amino groups for Cu-
TAPP and Cu-TPP is the one without the diaminotriazine
moieties. Melamine is to stimulate the diaminotriazine moiety
and investigate its CO2RR performance. The current density
of Cu-TDPP-NS (@310.2 mAcm@2) is higher than those of
Cu-TAPP (@185.6 mAcm@2), Cu-TPP (@240.8 mAcm@2) and
melamine (@128.0 mAcm@2) at @1.7 V (Figure 4b). Cu-
TAPP exhibits a maximum FECH4

of 25.9% at @1.5 V, which

is much lower than that of Cu-TDPP-NS (70%, @1.6 V)
(Figures 4 c and S32). Similar result is also detected for Cu-
TPP, in which the FECH4

is only 10.8 % at @1.6 V (Figures 4c
and S33). Melamine presents negligible CO2 reduction
activity (Figures 4c and S34) and TDPP has no CO2RR
activity (Figure S35). Besides, the partial current densities of
CH4 for Cu-TAPP, Cu-TPP and melamine are calculated
@26.2, @21.7 and @0.11 mAcm@2 at @1.6 V, respectively,
which is much lower than that of Cu-TDPP-NS (Figure 4e).
In addition, the charge transfer resistance of Cu-TDPP-NS,
Cu-TAPP, Cu-TPP and melamine are calculated to be 19.83,
33.83, 42.58 and 84.05 W, respectively, demonstrating faster
electron transfer efficiency for Cu-TDPP-NS (Figure S36).
Moreover, the KIE measurements of Cu-TDPP-NS, Cu-
TAPP, Cu-TPP and melamine are performed to provide
information regarding the rate-determining step in the
proposed CO2RR mechanism.[19] Cu-TDPP-NS shows
a KIE = 1.89, which is larger than Cu-TAPP (1.18), Cu-TPP
(1.18) and melamine (1.05), suggesting a rate-determining
proton transfer step in the mechanism. The KIE value of Cu-
TDPP-NS can serve as another vital evidence to support the
DFT calculation results.

To understand the high activity as well as the selective
reaction mechanism of Cu-TDPP-NS, DFT based computa-
tional approaches are implemented (Figure S37). Abstractly,
diaminotriazine is found to play two roles in improving the
activities and selectivity, which are (i) the “proton pump” that
can improve the proton donation efficiency, and (ii) the
“intermediate fixator” that helps to make intermediates (e.g.,
*COOH) more favorable to adsorb and stabilize. The next
two paragraphs will demonstrate them more specifically.

We started from the protonation efficiency for CO2RR
and HER on Cu-TDPP-NS and Cu-TPP, by investigating and
comparing the reaction barriers of their first steps (proton
coupled CO2 and H+ adsorption, RS3 and RS1) that is
essential to the selectivity (Figures 5a, b and S38, Movies 1–
4). From the calculated free energy diagrams, the protonation
barriers for CO2RR and HER on Cu-TPP are the formation
of adsorbed intermediates *COOH and *H with rather high
free energies of 0.97 and 2.49 eV, respectively (Figure 5a).
Instead, Cu-TDPP-NS, in which the diaminotriazine is
applied to replace benzene moiety in Cu-TPP, possesses
remarkably reduced barriers (0.51 and 1.35 eV) (Figure 5a).
These results indicate that Cu-TDPP-NS and Cu-TPP both
strongly favor the CO2RR over HER, and the CO2RR and
HER are sluggish in Cu-TPP than Cu-TDPP-NS. More
intrinsically, the reason for such improved proton donation
efficiency in Cu-TDPP-NS can be attributed to an extra
stabilization effect to OH@ via an extra hydrogen-bonding
provided by the amino group of diaminotriazine in Cu-TDPP-
NS, as seen from the fifth panel in Figure 5b. This is similar to
the famous strategy to improve the proton donation efficiency
of H2O by using catalyst that bond strongly to OH* in water
splitting.[20] These results indicate that the first “proton pump”
role of diaminotriazine that improves the proton donation
efficiency as proved by KIE measurements.

The second role is unfolded via the calculations of
reaction free energy diagram (FED) for CO2RR and HER,
as shown in Figures 5c, d, S39, and S40. As for formic acid

Figure 3. XAS measurements. a) Cu K-edge XANES spectra of Cu foil,
Cu2O, CuO, and Cu-TDPP-NS samples before and after CO2RR. b) Cu
K-edge FT spectra of Cu foil, Cu2O, CuO, and Cu-TDPP-NS before and
after CO2RR.

Figure 4. Electrocatalytic performance of Cu-TDPP-NS, Cu-TAPP, Cu-
TPP and melamine. a) Molecular structures. b) LSV curves. c) FE for
CH4 at different applied potentials. d) FE for H2 at different applied
potentials. e) Partial CH4 current density.
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pathway, the formation free energy of *OCHO are 2.20 and
2.31 eVat @1.5 V for Cu-TDPP-NS and Cu-TPP, respectively.
These values are far higher than that of COOH* (Figure S40),
indicating the unfavourability of formic pathway on both of
catalysts. This result is further supported by the 1H NMR
result that no HCOOH has been detected in the electro-
catalytic products (Figure S11). From the calculated free
energy diagrams, the formation of *COOH has a @0.28 eV
free energy compared to *H on Cu-TDPP-NS, which is much
lower than Cu-TPP (DG =@0.12 eV). This result is consistent
with the higher CO2RR activity and selectivity of Cu-TDPP-
NS than Cu-TPP, complying with the kinetic results as
mentioned above. These results may be attributed to the
vital role of hydrogen-bonding in Cu-TDPP-NS that can
stabilize the *COOH. This reveals the second role of
diaminotriazine that is more favorable to absorb and stabilize
COOH* over H+, i.e., the “intermediate fixator”, which
improves the CO2RR selectivity.

Moreover, from Figure 5c, d, we can understand the
potential dependent FE of CO and CH4. For the possible
generation of *CHO or CO in the next step, *CHO (DG =

@0.74 eV) is more thermodynamic favorable than CO (DG =

@0.64 eV). This result is further supported by the relative
lower selectivity for the CO at low potential (Figure S12). The
following pathways like the stepwise reduction of *CHO into
*HCOH, *CH, *CH2, *CH3 and finally CH4 are thermody-
namically feasible. In a word, the sequence of reaction
energies is well consistent with the higher CH4 selectivity of
diaminotriazine modified Cu-TDPP-NS over contrast sam-

ples like Cu-TPP in our experiments. As mentioned above,
since diaminotriazine can act as a “proton pump”, H+ will
transfer quickly to *CO to generate the *CHO thus prevent-
ing the departure of *CO to form CO, leading to the high
selectivity of CH4.Based on the experiment results and
theoretical calculations, we propose a possible CO2RR path-
way from CO2 to CH4 on Cu-TDPP-NS. During the CO2RR
process, CO2 is firstly adsorbed and activated on the Cu
center, which are quickly transformed into *COOH. The
intermediate *COOH can form hydrogen bond with the
amino group of Cu-TDPP-NS. Subsequently, *CO intermedi-
ate is generated. Meanwhile, diaminotriazine acting as the
“proton pump”, can facilitate the quick transfer of H+ to
combine with *CO to generate *CHO, thus preventing the
departure of *CO to form CO and leading to outstanding
selectivity of CH4. Then the *HCOH, *CH, *CH2 and *CH3

intermediates generate in turn coupling with the multi-step
proton-electron transfer processes. Finally, the produced CH4

is quickly desorbed from catalyst surface and efficiently
transferred into electrolyte to finish the catalysis process.

Conclusion

In summary, we have synthesized a kind of Cu-porphyrin-
based large-scale (& 1.5 mm) and ultrathin (& 5 nm) nano-
sheet and explored its CO2RR performance in neutral media.
Specifically, Cu-TDPP-NS exhibits a superior FECH4

of 70%
with high current density (@183.0 mAcm@2) at @1.6 V under
neutral condition and maintains FECH4

> 51% over a wide
potential range (@1.5 to @1.7 V). The electrochemical
CO2RR under neutral conditions has been rarely reported
and, to our knowledge, the achieved performance is even
superior to that of most CO2RR systems under alkaline
condition. Based on our experimental results and DFT
calculations, the high performance may be attributed to the
construction of numerous hydrogen-bonding networks
through the integration of diaminotriazine with Cu-porphy-
rin, which is greatly beneficial for intermediate stabilization
and proton migration. Besides, the stability of Cu-TDPP-NS
after electrocatalytic CO2RR process has been proved by
sufficient characterizations like XAS, XPS, HR-TEM and
elemental mapping tests. This strategy opens great perspec-
tives for the design of novel hydrogen-bonding-based materi-
als for efficient CO2RR in production of hydrocarbons and
might contribute to the exploration of powerful protocols to
address CO2 problems.
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