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ABSTRACT: The electrochemical carbon dioxide reduction reaction (CO2RR) produces diverse chemical species. Cu clusters with 

judiciously-controlled surface coordination number (CN) provide active sites that simultaneously optimize selectivity, activity, and 

efficiency for CO2RR. Here we report a strategy involving metal-organic framework (MOF)-regulated Cu cluster formation that shifts 

CO2 electroreduction toward multiple-carbon product generation. Specifically, we promoted undercoordinated sites during the for-

mation of Cu clusters by controlling the structure of the Cu dimer, the precursor for Cu clusters. We distorted the symmetric paddle-

wheel Cu dimer secondary building block of HKUST-1 to an asymmetric motif by separating adjacent benzene tricarboxylate moie-

ties using thermal treatment. By varying materials processing conditions, we modulated the asymmetric local atomic structure, oxi-

dation state and bonding strain of Cu dimers. Using electron paramagnetic resonance (EPR) and in-situ X-ray absorption spectroscopy 

(XAS) experiments, we observed the formation of Cu clusters with low CN from distorted Cu dimers in HKUST-1 during CO2 

electroreduction. These exhibited 45% C2H4 Faradaic efficiency (FE), a record for MOF-derived Cu cluster catalysts. A structure-

activity relationship was established wherein the tuning of the Cu-Cu coordination number in Cu clusters determines the CO2RR 

selectivity. 

INTRODUCTION 

The electrochemical carbon dioxide reduction reaction (CO2RR) 

enables the storage of renewable energy in chemical form: it 

reduces CO2 to products such as carbon monoxide (CO), me-

thane (CH4), ethylene (C2H4), formate (HCOOH), ethanol 

(C2H5OH), and propanol (C3H7OH).1 Copper (Cu) is the ele-

ment capable of forming all these chemicals, and efforts have 

been invested to increase the selectivity of value-added C2+ hy-

drocarbons. From a materials viewpoint, product selectivity is 

influenced by the surface structure,2 oxidation states,3 grain 

boundaries,4 vacancies,5 high curvature nanostructures,6 and 

pore size7. 

The surface structure of materials is a critical factor in deter-

mining the reaction pathway.8,9 The surface structure can be un-

derstood through the coordination number (CN), the number of 

nearest neighbor atoms. In CO2RR, surface coordination control 

is crucial to CO2 activation and intermediate stabilization, re-

lated ultimately to product selectivity. Theoretical studies pre-

dict products by setting the Cu CN as a descriptor and calculat-

ing the energy of the intermediate: Cu-nanoparticle-covered Cu 

films with a low surface Cu CN show a higher C2H4 FE than an 

electropolished or sputtered uniform Cu surface due to high 

CHO* coverage.2,10 Undercoordinated edge and corner sites on 

Cu surfaces are more active for C-C coupling.11 



 

Compared to films, clusters and nanoparticles exhibit high 

surface-to-volume ratios and high turnover frequencies. As par-

ticle size decreases, surfaces tend to bind intermediates more 

strongly than do larger ones because of d-band narrowing.9 It 

has been reported that hydrocarbon formation was inhibited, 

and H2 and CO formation promoted, as the nanoparticle diame-

ter decreased below 5 nm, a regime in which the ratio of low 

Cu-Cu CN (CN < 8) is high.12 Therefore, to achieve high selec-

tivity for C2+ hydrocarbons, it may be of interest to optimize 

the surface topology and the size of Cu clusters to influence in-

termediate reaction pathways.  

Here we shift CO2 electroreduction in Cu clusters toward mul-

tiple-carbon product generation by promoting undercoordinated 

Cu sites using metal-organic frameworks (MOFs). MOFs have 

received intensified attention as a class of crystalline porous 

materials since they offer a platform to control the metal site 

environment and porosity systematically.13,14 Controllable pore 

size/shape, high surface area, chemical tunability, Lewis acidity, 

and the open metal site of MOFs offer avenues to optimize se-

lectivity, activity and efficiency.15–18 Recently, it was reported 

that Cu clusters form from Cu ions in MOFs and organometallic 

catalysts during CO2RR.19 Previous authors have investigated 

the CO2RR performance of Cu-based MOFs and organometal-

lic catalysts, finding that a major CO2RR product of HKUST-1 

MOF was hydrogen (H2).  

In this work, we distort the paddle-wheel structure of the Cu 

dimer in HKUST-1 MOF and apply this to modulate the surface 

structure of Cu clusters. Controlled calcination maintains over-

all MOF crystallinity while detaching carboxylate moieties 

from the Cu dimer in a stepwise manner. This process allows 

control over the Cu electronic configuration, local atomic struc-

ture, and bonding strain toward an asymmetric motif, as re-

vealed using Electron Paramagnetic Resonance (EPR). We uti-

lized in-situ X-ray absorption spectroscopy (XAS) to track the 

CN of Cu clusters during electrochemical CO2RR cell opera-

tion. Undercoordinated sites-promoted Cu clusters from the dis-

torted Cu dimer, enabling us to increase the Faradaic efficiency 

(FE) for ethylene (C2H4) from 10% to 45% while simultane-

ously decreasing H2 generation to below 7%. This work pro-

vides new insights into the utilization of MOFs as a mediator to 

modify the surface structure of Cu clusters for CO2RR catalysts; 

and it suggests a role for reticular chemistry in electrocatalysis. 

 

RESULTS AND DISCUSSION 

HKUST-1 Synthesis and Thermal Treatment. HKUST-1 

(C18H6Cu3O12, Cu3(btc)2∙xH2O, btc=benzene-1,3,5-tricarbox-

ylate) was fabricated by reacting Cu nitrate (Cu(NO3)2) and tri-

mesic acid (C9H6O6, benzene-1,3,5-tricarboxylic acid) in meth-

anol.20 HKUST-1 incorporates the paddle-wheel Cu dimer mo-

tif in which the distance between Cu metal nodes is 2.65 Å (Fig-

ure 1a).21 Cu cations in the dimer are stabilized by the four ox-

ygen atoms of two carboxylate groups. Cu acetate (CuAc, 

Cu(CH3COO)2) and HKUST-1 are each composed of a paddle-

wheel Cu dimer as a secondary building unit (SBU); but with 

acetate pendant groups for CuAc as opposed to benzene tricar-

boxylates in HKUST-1. The benzene tricarboxylate groups of 

HKUST-1 generate a 3D structure with open pore sites (dis-

tance between benzene derivatives: 9 Å) and a periodic arrange-

ment of Cu cations. The structure and elemental composition of 

as-prepared HKUST-1 in this work were investigated using 

scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) (Figure 1b-e). The HKUST-1 crystals are 

symmetric octahedra with flat faces. TEM bright field and high 

angle annular dark field (HAADF) images of as-prepared 

HKUST-1 before CO2RR and before immersion in high pH so-

lution confirm a homogeneous atomic distribution without ag-

glomerated nanoparticles. The distribution of Cu, C, and O in 

TEM energy dispersive spectroscopy (EDS) mapping matched 

well with the shape of HKUST-1. 

To modify the symmetric structure of the Cu dimer in 

HKUST-1, we attempted to increase the accessibility of the 

pentacoordinate Cu atomic center in the paddle-wheel SBU via 

thermal treatment. The calcination temperature was determined 

from the thermal behavior of HKUST-1 via thermogravimetric 

analysis (TGA) in air (Figure 1f). The weight percent of 

HKUST-1 (gray line) decreased to 75% at 200ºC which was at-

tributed to dehydration of physically adsorbed water in the Cu 

SBU. When the temperature increased to above 300ºC, 45% 

mass was lost abruptly with a total enthalpy of 5965 J/g. The 

second thermogravimetric transition occurred at 307ºC with the 

derivative thermogravimetric (DTG) peak at 324ºC and differ-

ential scanning calorimetry (DSC) exothermic peak at 334ºC 

(blue and green line). Abrupt mass loss near 300ºC was at-

tributed to MOF decomposition (organic combustion) under 

air.22 

The phase and structural changes in HKUST-1 upon thermal 

treatment were characterized using X-ray diffraction (XRD) 

and SEM (Figure 1g, h). The XRD peak of as-prepared 

HKUST-1 matched well with the simulated XRD pattern.23 

When the sample was calcined at 250ºC, no phase and morphol-

ogy changes in HKUST-1 were observed. However, when the 

temperature increased to 300ºC, the XRD peaks for a mixture 

of Cu2O and CuO were detected while the peaks for the 

HKUST-1 phase disappeared, indicating that the MOF phase 

was converted to crystalline Cu oxide phases. When we in-

creased the temperature to 400ºC, pure CuO nanocrystals with 

a particle size of ~ 100 nm were formed. Based on these results, 

250ºC was chosen as the temperature at which to distort the 

symmetric Cu dimer by detaching carboxylate moieties for cat-

alytic site activation (Figure 1g). 

Materials Characterization vs. Calcination Time. To modu-

late the degree of Cu dimer distortion, we kept the calcination 

temperature at 250ºC and varied the calcination isothermal time 

from 1 to 10 hours. Figure 2 displays the effect of calcination 

isothermal time on the crystallinity and the bonding nature of 

HKUST-1. With longer calcination times, the color of HKUST-

1 powder changed from light blue to dark green (Figure S2), 

while major XRD peaks for HKUST-1 were maintained even 

following 10 h thermal treatment (Figure 2a). Interestingly, the 

(111) plane peak began to disappear after 3 h calcination and 

the crystallinity of (200) plane decreased (peak intensity de-

crease) at the 10 h mark. 250ºC 1 h calcination shifted the over-

all diffraction pattern of HKUST-1 by 0.2º to a higher angle. 

However, as the calcination time increased to 3 and 10 h, the 

overall diffraction pattern of calcined HKUST-1 was shifted by 

0.2 ~ 0.3º to a lower angle compared to that of as-prepared 

HKUST-1 (Table S1).24 Examination of the crystal structure of 

HKUST-1 revealed that  



 

 

Figure 1. (a) Comparison of paddle-wheel structured HKUST-1 vs. CuAc. Structural investigations of as-fabricated HKUST-1 by (b) SEM, 

(c) TEM bright field image, (d) TEM HAADF, and (e) TEM EDS. (f) TGA of HKUST-1 to set the calcination temperature region where Cu 

dimer distortion is possible with maintaining the MOF structure. (g) XRD analysis to investigate the phase of HKUST-1 according to the 

calcination temperatures. (h) SEM images displaying the structures of HKUST-1 after the calcination. 

a majority of the paddle-wheel Cu dimers are positioned within 

the (111) plane (Figure 2b). Crystallinity loss of the (111) plane 

can be interpreted as structural distortion and ordering loss in 

the Cu dimers of the paddle-wheel SBU. Compared to HKUST-

1, CuAc showed different phase transformation behavior upon 

calcination (Figure S4). The transition temperature for Cu oxide 

was lower than in HKUST-1 (300 → 250ºC). CuAc changed to 

Cu oxide when isothermally treated at a constant temperature.25 

Although each has a similar SBU, the control of crystallinity of 

a specific plane by calcination was possible only in HKUST-1. 

It also showed a more stable thermal behavior than CuAc. 

FT-IR spectroscopy and Raman analysis were performed to 

investigate the bonding features of organics in HKUST-1 using 

the isothermal time at 250ºC calcination. The FT-IR peak (Fig-

ure 2c) wave numbers for the symmetric vibration mode of C=O 

(1618 cm-1), asymmetric vibration mode of O=C-O (1645, 1440 

cm-1), symmetric vibration mode of O=C-O (1370 cm-1), vibra-

tion mode of C-O (1114 cm-1) and the vibration mode of phenyl 

(752, 729 cm-1) were identical for both as-prepared and calcined 

samples (1, 3, 10 h).26–28 The presence of major peaks for the 

C=C symmetric stretch of the benzene ring, C-H bend, Cu-O 

stretch were observed in the Raman spectra of both as-prepared 

and calcined HKUST-1 (Figure 2d), confirming that the main 

frame and organic bonding of HKUST-1 were maintained at 

250ºC.27,29,30 However, the relative peak intensity of the sym-

metric stretch in O=C-O decreased and the asymmetric stretch 

of O=C-O disappeared as the calcination isothermal time in-

creased from 1 h to 10 h. Also, the full width at half maximum 

(FWHM) associated with the C=C symmetric stretch of the ben-

zene ring peak and C-H bend peak increased with decreasing 

peak intensity. Considering the atomic bonding nature of 

HKUST-1, we propose that  

 



 

 

Figure 2. (a) XRD analysis of HKUST-1 calcined at 250ºC. As the isothermal time increases, the (111) plane crystallinity decreases. 

(b) Schematic of HKUST-1 to investigate the atomic arrangement in the (111) plane. (c) FT-IR analysis to relate HKUST-1 atomic 

bonding with isothermal calcination time at 250ºC. The spectra reveal that HKUST-1 structures are maintained following calcination. 

(d) Raman analysis to investigate the difference in the structural symmetry and bonding in HKUST-1 as a function of isothermal 

calcination time at 250ºC. The spectral indicate that carboxylate groups are detached from Cu. 

carboxylic moieties are sequentially detached in the thermal ac-

tivation process. 

HKUST-1 Cu Dimer Distortion. For detailed verification of 

Cu dimer atomic site modulation as a function of the degree of 

carboxylic moiety detachment, we used EPR, X-ray photoelec-

tron spectroscopy (XPS), and SEM (Figure 3). EPR spectros-

copy evaluates the unpaired electrons in atomic orbitals by de-

tecting the magnetic moment of electron spin induced by a mag-

netic field (Zeeman effect).31,32 The EPR signal and related pa-

rameters provide the information on the local atomic structure 

of a metal site: the unpaired electrons are directly affected by 

the atomic distance, bonding strain, and oxidation state. Cu 2+ 

exhibits a d-orbital electron configuration of d9, spin state of 

S=1/2, and axial EPR spectrum (g1 = g2 < g3). The electronic 

structure of Cu dimers (oxidation state: 2+) in the paddle-wheel 

structures of HKUST-1 is in the antiferromagnetic singlet state 

(opposite spin direction of unpaired electron in dx2-y2 orbital) 

and the wave function is delocalized to the carboxylate 

group.24,33  

The ground state of the electron configuration in as-prepared 

HKUST-1 was confirmed via EPR (Figure 3a). The Cu 2+ oxi-

dation state of the dimer agrees with that determined using XPS 

(Figure 3b). SEM images of the as-prepared HKUST-1 show a 

uniform surface (Figure 3c). Following 1 h calcination at 250ºC, 

the EPR signal intensity of HKUST-1 increased and the peak 

became sharper compared to in the as-prepared HKUST-1 (Fig-

ure 3d). Compared to the EPR signal of as-prepared HKUST-1, 

both the g1 and the g2 factor increased (Table S2). Considering 

the identical XPS peak positions of Cu 2p1/2, 2p3/2, and the sat-

ellite for calcined vs. as-prepared HKUST-1, the increase of the 

unpaired electron character in the Cu dimer can be explained by 

a change in the atomic distance and bonding strain (Figure 3e). 

The structure of HKUST-1 calcined at 250ºC for 1 h was similar 

to that of the as-prepared one (Figure 3f). Interestingly, as the 

isothermal time increased over 3 h, the EPR signal intensity and 

g1 factor increased (g1 > g2) with decreased peak width com-

pared to as-prepared and 1 h calcined HKUST-1 (Figure 3g, j). 

This  



 

 

Figure 3. Effect of thermal calcination on the electron configuration and local atomic structure of paddle-wheel structured Cu dimer 

in HKUST-1. The distortion of symmetric Cu dimer toward the asymmetric structure was verified by EPR and XPS. Surface structure 

of HKUST-1 was investigated by SEM. They were compared according to the degree of thermal calcination. (a-c) as-prepared 

HKUST-1, (d-f) 250ºC 1 h calcined HKUST-1, (g-i) 250ºC 3 h calcined HKUST-1, and (j-l) 250ºC 10 h calcined HKUST-1. 

EPR signal sharpening indicates the transition from antiferro-

magnetic to ferromagnetic states by increased unpaired elec-

trons with parallel spin direction. This Cu dx2-y2 orbital energy 

level transition correlates with a change in the atomic environ-

ment to the asymmetric Cu dimer motif. The EPR peak intensity 

was higher in the 3 h than 10 h calcination. The shoulder at a 

magnetic field of 3250 G appeared and indicated structural dis-

tortion to asymmetric Cu dimer. The XPS peak width of Cu 

2p1/2, 2p3/2 in 3 h and 10 h calcined HKUST-1 increased com-

pared to that of the as-prepared and 1 h conditions. The shape 

of the Cu 2+ satellite peak changed to a single feature related 

with the ‘shake-up’ phenomenon (Figure 3h, k). This reveals 

that the Cu oxidation state in HKUST-1 was partially reduced 

from 2+ to 1+.34,35 This Cu 1+ oxidation state generation can be 

observed in the Raman analysis. In Figure 2d, Cu-O bonding 

peak of Cu 1+ around 600 cm-1 was observed in 250ºC 3 h, 10 

h calcined HKUST-1.36 Also, the X-ray absorption near edge 

structure (XANES) of HKUST-1 reveals that the Cu oxidation 

state was reduced with increasing isothermal time of  250ºC cal-

cination (Figure S5). Based on SEM images for surface struc-

ture investigation, we conclude that a porous structure was gen-

erated at the surface of HKUST-1 (Figure 3i, l). Overall, the 

isothermal time at 250ºC controls the local atomic structure and 

electron configuration of Cu atoms toward asymmetric paddle-

wheel dimer. Since this EPR signal trend was not observed in 

CuAc, this Cu dimer distortion is specific to the case of the 

MOF (Figure S6). 

In-situ XAS for Tracking Cu Cluster CN. In order to study 

the effect of Cu dimer distortion upon pre-thermal treatment on 

Cu cluster CN, we performed real-time catalyst characterization 

using in-situ XAS under CO2RR conditions (Figure 4). The de-

pendence of the Cu oxidation states, bonding distance and CN 

of Cu-Cu and Cu-O on the thermal activation conditions were 

evaluated using XANES and extended X-ray absorption fine 

structure (EXAFS). We found that the Cu ion in HKUST-1 was 

reduced to metallic Cu clusters during CO2RR testing condi-

tions, consistent with recently reported results (Figure S7-

S11).19  

Interestingly, the in-situ EXAFS data showed that the Cu-Cu 

CN of the Cu cluster was strongly dependent on the degree of 

Cu dimer distortion in HKUST-1 (Table S3). In as-prepared 

HKUST-1, the Cu dimer started to reduce to Cu clusters, and 

the Cu-Cu CN increased gradually toward 12 with decreasing 

Cu-O CN as the reaction continued to run (Figure 4a). Average 

Cu-Cu CN of the Cu cluster during the first 900 s reaction was 

11.2 ± 0.6. In the 250ºC 1 h calcined HKUST-1, the average 

Cu-Cu CN of Cu cluster was reduced to 10.7 ± 0.7 (Figure 4b). 

The 250ºC 3 h calcined HKUST-1, which showed the asymmet-

ric Cu dimer in EPR, formed the lowest average Cu-Cu CN of 

9.5 ± 0.9 in the Cu cluster (Figure 4c). When the isothermal 

time of 250ºC calcination increased to 10 h, the Cu-Cu CN of 

Cu cluster increased to 10.5 ± 0.8 (Figure 4d). The formation of 

Cu clusters by the reduction of Cu ions in HKUST-1 and the 

change of Cu-Cu CN were confirmed using in-situ XAS. In ex-

situ XAS and XPS experiments (Figure S12, S13), the Cu oxi-

dation number was the same 2+ before and after the reaction.37 

There was no agglomeration of Cu clusters in SEM after the 

CO2RR in 250ºC calcined HKUST-1 (Figure S14, S15). Con-

sidering the in-situ and ex-situ characterization of HKUST-1, 

the Cu cluster size formed from the reduction of Cu dimer in 

HKUST-1 during CO2RR was expected to be very small.19 In 

the case of CuAc, it was found  



 

 

Figure 4. In-situ EXAFS for tracking the real-time atomic structure of HKUST-1 derived Cu clusters during CO2RR. EXAFS spectra 

were recorded according to the reaction time at the constant potential of -1.38 V vs. RHE (non-iR corrected) in 1M KOH; each 

spectrum was collected with a duration of 9 s. (a) as-prepared HKUST-1, (b) 250ºC 1 h calcined HKUST-1, (c) 250ºC 3 h calcined 

HKUST-1, (d) 250ºC 10 h calcined HKUST-1. 

that the average Cu-Cu CN during CO2RR increased continu-

ously as a function of the degree of pre-thermal treatment (Fig-

ure S19). In contrast to the case of HKUST-1, agglomerated Cu 

was found in CuAc following CO2RR (Figure S20).  

In sum, for HKUST-1, the Cu dimer was distorted to the 

asymmetric motif by thermal treatment. As the Cu dimer was 

distorted, the Cu-Cu CN of Cu cluster remained low during 

CO2RR. However, in CuAc, the Cu dimer was not distorted by 

treatment pre-thermal. Instead, as the degree of treatment pre-

thermal increased, the Cu-Cu CN of Cu during CO2RR in-

creased. This behavior is due to accelerated Cu cluster agglom-

eration by treatment pre-thermal induced CH3COO- decompo-

sition in CuAc.38 We propose that the surface structure of Cu 

clusters is controlled only in HKUST-1 (Cu dimer with benzene 

tricarboxylates) and that the low Cu-Cu CN of Cu clusters from 

250ºC calcined HKUST-1 may be explained by the regulating 

role of organic molecules in the MOF.39 

CO2RR Activity Evaluation. The electrochemical CO2RR ac-

tivity of HKUST-1 was evaluated in a flow cell configuration 

using 1M KOH electrolyte.40 Figure 5 shows the dependence of 

CO2RR performance on the thermal activation process. In as-

prepared HKUST-1, H2 was generated with over 20% FE. The 

main product of CO2RR was CO and the C2H4 FE was limited 

to 10%. Additionally, a relatively large amount of CH4 was pro-

duced with the maximum FE of 15% (Figure 5a). The liquid 

products of HKUST-1 after CO2RR included ethanol, acetate, 

and formate (Figure S25, S26). In the 250ºC 1 h calcined 

HKUST-1, the C2H4 FE increased to 35% and H2 FE decreased 

to 7% at all potentials (-0.59 ~ -0.99 V vs. RHE). CH4 FE was 

suppressed to less than 1% (Figure 5b). In the HKUST-1 cal-

cined at 250ºC for 3 h with the lowest Cu-Cu CN of 9.5 ± 0.9, 

C2H4 FE was further enhanced up to 45% with the current den-

sity of 262 mA/cm2 at -1.07 V vs. RHE (Figure 5c). This value 

is the highest C2H4 FE reported among Cu organometallic and 

MOF based Cu catalysts to date (Table S5).19,26,37,41–43 When the 

calcination time increased to 10 h, the C2H4 FE slightly de-

creased and H2 FE increased slightly (Figure 5d). Promoting 

undercoordinated sites in Cu clusters increased C2H4 formation 

while suppressing H2, CO, and CH4 production. When the de-

tachment degree of the benzene tricarboxylate group increased 

beyond the 250ºC 3 h condition, CO2RR performance declined 

(Figure S27). The CO2RR performance improvement by cata-

lytic site activation in reticular chemistry-based materials is 

confirmed when one compares the performance of HKUST-1 

and CuAc. The C2H4 FE of HKUST-1 was up to 20% higher 

than CuAc (Figure 5e).  

To summarize: the distortion of the Cu dimer in HKUST-1 us-

ing thermal energy improved the CO2RR performance of Cu 

clusters, and this enhanced performance was found to be closely 

related to maintaining achieving a low Cu-Cu CN among the 

Cu clusters during the reaction. 

 

CONCLUSION 

In this work, we reported a strategy to optimize the CO2RR ac-

tivity of Cu clusters by promoting undercoordinated Cu  



 

 

Figure 5. Investigation about the effect of Cu dimer distortion and coordination control on CO2RR activity of HKUST-1 derived Cu clusters. 

CO2 reduction product analysis at 1M KOH operation of (a) as-prepared HKUST-1, (b) 250ºC 1 h calcined HKUST-1, (c) 250ºC 3 h calcined 

HKUST-1, (d) 250ºC 10 h calcined HKUST-1. (e) Comparison of the CO2RR activity between CuAc (200ºC 1 h calcined) derived Cu and 

HKUST-1 (250ºC 3 h calcined) derived Cu.

sites with the aid of a MOF. This performance tuning was real-

ized by distorting the symmetric paddle-wheel Cu dimer of 

HKUST-1 to the asymmetric motif using thermal treatment. 

The Cu dimer distortion was achieved by separating the ben-

zene tricarboxylate moieties. By varying the calcination isother-

mal time and keeping the calcination temperature at 250ºC, we 

controlled the distortion of HKUST-1 SBU while maintaining 

the HKUST-1 structure. The control of local atomic structure, 

bonding strain and electron configuration to the asymmetric Cu 

dimer motif were closely related to maintaining a low Cu-Cu 

CN in MOF-derived Cu clusters during the reaction. Using this 

method, we improved MOF-derived CO2RR performance to 

achieve a 45% C2H4 FE. This phenomenon is specific to the 

MOF, and the phase transformation during calcination, EPR 

signal, in-situ XAS, and catalytic performance were apprecia-

bly differed for HKUST-1 vs. CuAc. This work suggests addi-

tional avenues to use metal-organic heterogeneous catalysts in 

CO2RR. 

 

EXPERIMENTAL SECTION 

Cu Dimer Distorted HKUST-1 Fabrication. HKUST-1 

(C18H6Cu3O12, Cu3(btc)2∙xH2O, btc=benzene-1,3,5-tricarbox-

ylate) was prepared by the reaction between Cu nitrate 

(Cu(NO3)2) and trimesic acid (C9H6O6, benzene-1,3,5-tricar-

boxylic acid), purchased from Sigma-Aldrich. 1.82 g Cu nitrate 

was dissolved in 50 mL methanol. 0.875 g trimesic acid was 



 

dissolved in 50 mL methanol. After vortexing to produce a ho-

mogeneous solution, Cu nitrate solution was transferred to the 

trimesic acid solution. The mixed solution was stirred for 2 h at 

room temperature.20 After stirring, HKUST-1 containing solu-

tion was washed by centrifugation with methanol and dried in 

vacuum oven. Calcination proceeded at the furnace under air 

ambient. To investigate the phase after thermal treatment of 

HKUST-1, the calcination proceeded at 250, 300, and 400ºC 

with the temperature ramping rate of 10ºC/min. After confirm-

ing the HKUST-1 phase maintenance at 250ºC, the isothermal 

time of calcination was controlled as 1, 3, 10 h to distort sym-

metric Cu dimer in HKUST-1. CuAc (Cu(CH3COO)2∙H2O, 

Mw=199.65 g/mol) as a control sample was purchased from 

Sigma-Aldrich. The calcination proceeded at 200 and 250ºC for 

investigating the temperature where the CuAc phase was stable. 

CuAc phase was maintained at 200ºC 1 h calcination. 

Material Characterization. Thermal behavior of HKUST-1 

according to the temperature was investigated by TG/DSC with 

simultaneous thermal analyzer (NETZSCH STA 449 F3 Jupi-

ter). The experiment was carried out in air flow (50 ml/min) at 

a heating rate of 10ºC/min using an initial HKUST-1 mass of 

4.95 mg. The phase of HKUST-1 powder was verified by XRD 

with Rigaku MiniFlex 600 diffractometer with Copper Kα radi-

ation (λ=1.5406 Å). XPS for Cu oxidation state (Cu 2p) inves-

tigation was carried out by Thermo Scientific Al Kα source XPS 

system with a spot size of 400 μm. SEM and TEM analysis for 

HKUST-1 structure characterization was carried out by Hitachi 

FE-SEM S-5200 and Hitachi CFE-TEM HF3300. FT-IR was 

carried out by Thermo Scientific iS50 with the spectral range of 

4600-50 cm-1. Raman analysis was carried out by Renishaw 

with the 535 nm laser. The power was 0.1% ans. and we 

scanned from 100 to 3200 cm-1. Each scan was taken in 10 sec-

onds and we repeated the measurement for 6 times. The spec-

trum is the average of 6 scans. 

EPR Measurement. The local atomic structures of paddle-

wheel Cu dimer in HKUST-1 and CuAc were measured by 

EPR. It was carried out by Bruker ECS-EMX X-band EPR 

spectrometer at the room temperature of 300K. DPPH (2,2-di-

phenyl-1-picrylhydrazyl) was used for standardization of the 

peak position and intensity of EPR signal. It has been measured 

by field sweep mode and modulation amplitude was 4G. Ac-

cording to the order of as-prepared, 250ºC 1 h, 250ºC 3 h, 250ºC 

10 h calcined HKUST-1, the microwave frequency was 9.369 

GHz, 9.372 GHz, 9.370 GHz, 9.371 GHz, center field was 

3326.5 G, 3329.9 G, 3328.85 G, 3330.05 G, and sweep width 

was 5347.2 G, 5340.0 G, 5340.0 G, 5340.0 G.  The g factor and 

g strain were calculated by fitting the EPR signal with 

MATLAB based EasySpin program (‘pepper’ function: calcu-

lation of field-swept solid-state cw EPR spectra for powders). 

In-situ XAS analysis. XAS measurements at the Cu K-edge 

were performed at 9BM beamline of the Advanced Photon 

Source (APS, Argonne National laboratory, IL). In-situ XAS 

measurements were performed by using a custom flow cell in 

1M KOH electrolyte with CO2 gas flowing from the backside 

of a gas diffusion layer.40 In-situ XANES and EXAFS scan data 

were collected during the cell operation mode of chronoam-

perometry at the potential of -2.4 V vs. Ag/AgCl (-1.38 V vs. 

RHE, non-iR corrected), same with the CO2RR activity meas-

urement condition. 

Electrochemical CO2 Reduction. CO2RR activities of 

HKUST-1 and CuAc were measured by performing electrolysis 

in a flow cell. It was composed of HKUST-1 catalyst spray-

coated gas diffusion layer (GDL, Sigracet) as a cathode, anion 

exchange membrane, and Pt foil as an anode. The ink for spray 

coating on GDL was made by dispersing HKUST-1 powder in 

nafion + methanol solution with sonication process. The depos-

ited HKUST-1 mass per area was 0.56 mg/cm2. CuAc was pre-

pared on GDL with the same method of HKUST-1. 1M KOH 

electrolyte was flowed in cathode and anode separately. CO2 

gas was flowed behind the GDL with the flow rate of 50 sccm. 

Chronoamperometry was performed by electrochemical station 

(Autolab). The same potential at -2.4, -2.8, -3.2, -3.6 V vs. 

Ag/AgCl was applied to as-prepared, 250ºC 1 h, 250ºC 3 h, 

250ºC 10 h calcined HKUST-1. The electrode potentials were 

converted to RHE based on following equation: 

ERHE=EAg/AgCl+0.197V+0.059∙pH. The iR-correction proceeded 

with the resistance of 4.2 Ω. The collected gaseous products (H2, 

CO, CH4, C2H4) during CO2RR was analyzed in 1 mL volumes 

by gas chromatograph (PerkinElmer Clarus 600) with a thermal 

conductivity detector (TCD) and a flame ionization detector 

(FID). The number of moles of gas products were calculated 

from gas chromatograph peak area. Liquid products were ana-

lyzed by 1H NMR (Agilent DD2 500 spectrometer) in 10% D2O 

water suppression mode, with Dimethyl sulfoxide (DMSO) as 

an internal standard. 
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