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Chapter 1

Abstract: Electrochemical CO2 reduction holds great promise in reducing

atmospheric CO2 concentration. However, several challenges hinder the

commercialization of this technology. Energy efficiency, CO2 solubility in

aqueous phase, and electrode stability are among the current issues. In this

mini-review, we summarize and highlight the main advantages and

limitations that Metal-Organic Frameworks may offer to this field of

research, either when used directly as electrocatalysts or when used as

catalyst precursors.
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1.1. INTRODUCTION

The ever-increasing atmospheric CO2 concentration is one of the critical

issues that require an urgent solution within this century. From a global

carbon cycle point of view, industrial activity is the major CO2 contributor,

causing a rapid accumulation of this greenhouse gas in the atmosphere. To

counteract this unbalance, CO2 capture and utilization technologies should

be implemented. In this spirit, several technologies have been proposed for

CO2 utilization, based on thermocatalysis, photocatalysis, and

electrocatalysis, etc. All the above-mentioned catalytic approaches have

their economic advantages under certain conditions, and they may all

contribute to reducing atmospheric CO2 [1]. For example, thermocatalysis

would already be economically competitive if green H2 (e.g. generated from

water splitting using renewable energy) was massively available [2].

Photocatalysis, on the other hand, would be more favourable in remote

locations with strong solar irradiation. Electrocatalytic reduction of CO2

(CO2ER) is the other technology that holds great promise if efficient

electrocatalysts can be developed for the direct transformation of CO2 into

valuable products.

Initially, catalysts used for CO2ER were pure metal foils directly used as

electrodes [3]. With the advancement of nanotechnology, other

configurations have been used as catalysts in CO2ER, significantly

enhancing CO2ER efficiency [4]. In these nanostructured electrocatalysts,

the active phase is dispersed within a conductive support, such as carbon

cloth, carbon paper or glassy carbon. In the following context, the electrode

mainly refers to catalysts dispersed on a conductive support, and catalyst

engineering represents the engineering effort to improve CO2ER efficiencies
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(including Faradaic efficiencies towards valuable products, current densities,

and energy efficiencies) through the design of catalytic sites and/or the

optimization of the catalyst structure.

Metal-organic frameworks (MOFs) have recently emerged in the field of

catalysis because of their unique textural and topological properties [5]. On

the one hand, when MOFs are used directly as catalysts, not only the

atomically dispersed metal nodes can be engineered into active sites, but

also the organic linkers hold great potential as catalytic sites [6]. Besides,

the porous structure can be tuned to enhance mass transport. On the other

hand, MOFs can also be used as catalyst precursors, yielding MOF mediated

catalysts [7]. Following this approach, the MOF is decomposed under

controlled conditions to lead to the clustering of its metal component into

small nanoparticles or to the formation of single atom catalytic sites. At the

same time, the organic component (the linker) rearranges into a

carbonaceous matrix that may be conductive [8]. Xia et al. reviewed the use

of MOFs for electrochemical energy storage, including catalytic electrodes

[9]. Herein, we summarize the recent works on electrochemical CO2

reduction using MOF and MOF derived catalysts.

Next to reviewing the work done so far on this interesting topic, we have

to realize that the commercialization of CO2ER will not solely rely on

catalyst engineering. Indeed, the design of the electrochemical cell and the

optimization of reaction conditions (pressure, temperature, etc.) will play a

role as important as that of the catalyst itself.

In this mini-review, we first give a brief introduction to the challenges

faced by CO2ER, followed by a summary on MOF-related catalyst
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engineering and MOF derived electrocatalysts. We finalize with our

personal opinion on future developments.

1.2. MAIN CHALLENGES FOR CO2ER

CO2 electrochemical reduction can be seen as a reversed process of fuel

cells, and a lot of similarities are shared between these two processes, such

as cell configuration, electrolyte, etc. CO2ER with H-cell, one of the most

popular cell configurations so far, features cathode and anode compartments

filled with aqueous electrolyte and separated by a membrane. MOFs and

MOF-derived catalysts are mostly particles, and are used as supported

catalysts in CO2ER cells. CO2 approaches the catalytic sites through

diffusion in aqueous phase, and several valuable products can be generated,

such as CO, C2H4, HCOOH, oxalic acid, alcohols, etc. As proposed by

Koper and co-workers [10], the reduction of CO2 starts with the formation

of a •COO- intermediate. Subsequent reaction with a proton-electron pair

leads to the formation of HCOO-, while the absorption of only a proton

results in the formation of •COOH, which will be further reduced to •CO.

On the one hand, if the •CO intermediate is strongly bonded by the catalyst,

for example Cu, it will be reduced to additional products. On the other hand,

if the •CO intermediate is weakly bonded (i.e. in case of Ag, Au, or Zn) CO

will desorb and become the main product.

The challenges of CO2ER have been generally summarized and

discussed [1, 11], so we will only give a brief introduction to CO2ER here,

with specific emphasis on commercializing considerations.
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1.2.1. Overpotential (voltage efficiency)

One of the key drawbacks that hinder the commercialization of CO2ER

is energy efficiency, which is primarily limited by the high overpotential of

CO2ER.

In electrochemistry, overpotential is the potential (voltage) difference

between a half-reaction's reduction potential at thermodynamic equilibrium

and the potential at which the redox reaction occurs. The existence of

overpotential implies that more energy is required than thermodynamically

needed to drive a given reaction, and this energy loss, usually in thermal

form, directly affects voltage efficiency.

It is widely accepted that the overpotential for CO2 electrochemical

reduction originates from the sluggish kinetics to form a •CO2- intermediate

[11a, 11c]. This step has a standard potential of -1.9 V vs. SHE and is the

main reason for high overpotentials. This potential can be improved

(lowered) by stabilizing the intermediate, which is one of the primary

functions of catalysts.

1.2.2. Faradaic Efficiency (FE)

Faraday efficiency is described as energy losses in the current term.

Although all the current in CO2ER is consumed to form products, the

current directed towards undesirable reactions or products is usually

considered as energy loss.

One primary undesirable product is H2, generated by the competing

hydrogen evolution reaction (HER) in the aqueous electrolyte. As a

consequence, catalysts with high hydrogen overpotentials typically give

favourable FE for CO2ER.
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From a commercialization perspective, the potential market of CO2ER

will be fuel and commodity chemicals, where oil derived products are now

dominating. Taking the competition between CO2ER derived chemicals and

petrochemicals into consideration, it is clear that some CO2ER products, for

example CH4, are economically unfavourable. Formation of these products

should be avoided since the electricity cost to produce them will not be paid

off [1].

A scenario of CO2ER commercialization would be the direct treatment

of post-combustion gas from power plants, avoiding in this case expensive

(and highly energy consuming) separation. These streams usually contain a

relatively high concentration of unreacted O2. Thus, CO2ER catalyst for this

specific application should be inactive towards oxygen reduction reaction

(ORR) [12]. Moreover, the ORR products are reactive O2- and H2O2 species

sometimes, which offer a harmful environment for CO2ER catalysts [13].

1.2.3. CO2 Mass Transport

One of the key limiting factors in aqueous-phase CO2 conversion is the

mass transfer of CO2 to the cathode surface, especially given the low

solubility of CO2 in many electrolytes. In addition to catholyte CO2 capacity,

product bubble formation can disrupt the reaction system as well. Although

the low solubility of CO2 in aqueous phase can be overcome by using gas-

diffusion electrodes (GDE), the current density of cathode GDEs may also

be limited by the CO2 flux to the catalyst. The CO2 transport limit can be

seen as the critical issue that hinders the enhancement of current density

[14]. Configuration of electrochemical cells may largely influence the CO2

transportation, and in turn influences the current density, thus it should be
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noted that the comparison of current densities should take the cell

configuration into consideration [15].

1.2.4. Electrode Stability

Stability is an essential criterion for commercial catalysts. Excellent

stability can greatly reduce the operational costs [16]. In CO2ER, the

electrode stability requires not only the resistance to deactivation but also

the resistance to impurities [17]. The long-time running of CO2ER has been

reported in several articles [18]. However, the resistance to impurities has

not been widely covered. Again, taking the example of using the post-

combustion gas from power plant as CO2 feedstock, the post-combustion

gas will contain a relatively high level of impurities, such as SOx and NOx,

even after a primary treatment, and S has been identified as a harmful

component to many electrocatalysts [19]. The electrolyte is another source

of impurities [11c, 20]. In this regard, more research into impurity-resistant

electrodes will be important. Additionally, electrode stability should be

separated from system stability. For instance, electrode clogging because of

the formation of bicarbonate crystals during CO2ER is not related to the

electrode itself but to the reactor system and such should be solved through

system engineering.

1.3. MOF-RELATED CATALYSTS FOR CO2ER
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Table 1.1. Summary of CO2ER performance with MOF-related materials.

Electro-
catalyst[a]

Main
product

Peak
FE[b]

(%)

Peak jtotal
(mA cm-2)

Peak
potential [c]
(V)

Electrolyte

CR-MOF[21] Formic acid ~100 7.1 -0.78 0.5 M KHCO3

Cu-BTC[22] Oxalic acid ~51 19.22 -2.5 vs.
Ag/Ag+

0.01 M TBATFB
in DMF

ZIF-8[23] CO 65 ~3 -1.14 0.5 M NaCl

ZIF-8[24] CO 81 8.5 -1.1 0.25 M K2SO4

ZIF-108[24] CO 52 24.6 -1.3 0.25 M K2SO4

Cu-BTC[25] ethanol 10.3 10 -0.28 0.5 M KHCO3

Ligand-doped
ZIF-8[26] CO 90 10.1 -1.2 0.1 M KHCO3

Re-MOF[27] CO 93 >2 -1.6 vs.
NHE

0.1 M TBAH in
CH3CN+5%TFE

ZIF-BTC[28] CH4 80 3.1 -2.2 vs.
Ag/Ag+ BMIMBF4

Fe_MOF-
525[29] CO 50 ~6 -1.3 vs.

NHE
1 M TBATF6 in
DMF

PCN-
222(Fe)[30] CO 91 1.2 -0.6 0.5 M KHCO3

Cu2(CuTCPP)
nanosheet[31] HCOO- 68.4 ~4.5 -1.55 vs.

Ag/Ag+
CH3CN with 1 M
H2O and 0.5 M
EMIMBF4

Al2(OH)2TCP
P-Co
MOF[32]

CO 76 ~1 -0.7 0.5 M KHCO3

Ag2O/layered
ZIF[33] CO ~80 32 -1.3 0.25 M K2SO4

Cu-SIM NU-
1000[34] HCOO- 28 1.2 -0.82 0.1 M NaClO4

Cu2O@Cu-
MOF[35] CH4 63.2 -14 -1.71 0.1 M KHCO3

OD-Cu/C[36] CH3OH ~43.2 ~8.9 -0.3 0.1 M KHCO3
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MOF-derived
Cu NPs[37] CH4 ~50 7.5 -1.3 0.1 M KHCO3

ZIF-8 derived
Fe-N active
sites[38]

CO 93 5.2 -0.43 1 M KHCO3

Ni SA/N-
C[39] CO 71.9 10.48 -1.0 0.5 M KHCO3

N-coordinated
Fe[40] CO 93 2.8 -0.58 0.1 M KHCO3

Low-CN Cu
clusters[41] C2H4 45 262 -1.07 1 M KOH

N-coordinated
Co[42] CO 94 18.1 -0.63 0.5 M KHCO3

MOF-derived
In-Cu
bimetallic
oxides[43]

CO 92.1 11.2 -0.8 0.5 M KHCO3

ZIF-8 derived
NC[44] CO 78 1.1 -0.93 0.1 M KHCO3

ZIF-8 derived
NC[45] CO 95.4 1 -0.5 0.5 M KHCO3

Pyrolyzed
ZIF/MWCNT
[46]

CO 100 7.7 -0.86 0.1 M NaHCO3

[a] The MOF-related catalysts mentioned in this table were used in a supporting manner. A list of
abbreviations is presented at the end of the text.

[b] Peak FE represents the FE of main products.
[c] Peak potential represents the potential where peak FE occurs, and is against RHE unless

specifically noted.
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1.3.1. MOF as Electrocatalysts

Figure 1.1. Representative electron micrograph of directly using MOF as
electrocatalyst. TEM image of (a) lower and (b) higher magnification, SAED
pattern (inset) of Cu-BTC;[22] SEM images at 25 000× magnification of (a)
HKUST-1, (b) CuAdeAce, (c) CuDTA, and (d) CuZnDTA, not real colors;[25]
TEM images for ZIF-8-ZnSO4 (g), ZIF-8-Zn(NO3)2 (h), and ZIF-8-Zn(Ac)2 (i) [23].
Ac=acetate.

MOFs, combining the favourable characteristics of heterogeneous and

homogeneous catalysts, have been explored as a novel class of model

catalytic materials for understanding the electrochemical CO2 reduction.

The application of MOF-related catalysts for CO2 electrochemical

reduction started in 2012 [21], when a copper rubeanate metal-organic

framework (CR-MOF) was prepared by Hinogami et al. to

electrochemically reduce CO2 into valuable products. With an onset

potential of ~200 mV more positive than that of a Cu electrode in the

aqueous electrolyte, formic acid (HCOOH) was virtually the only CO2
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reduction product (FE = ~100%), whereas various products were generated

on a Cu electrode. The partial current of HCOOH by CR-MOF electrode

was ~7.1 mA cm-2, which was also higher than for the Cu electrode.

Kumar et al., also in 2012, reported cyclic voltammetry (CV) studies in

0.1 M KCl of Cu-BTC films on glassy carbon electrodes [22]. Well-defined

Cu(II)/Cu(I) and Cu(I)/Cu(0) reversible redox responses were observed. The

MOF film was then studied as electrocatalyst in N,N-dimethylformamide

(DMF). The production of oxalic acid was confirmed by GC-MS with a FE

of ~51% and a total current density of 19 mA cm-2.

Following these pioneering works, additional MOF-based catalysts have

been investigated for CO2ER. ZIF-8, an archetypical MOF material, was

synthesized with various zinc sources by Wang et al. and used as

electrocatalyst for CO2 reduction to CO [23]. ZIF-8 prepared with ZnSO4

delivered the best catalytic activity towards CO2 electroreduction, with a FE

towards CO (FECO) of 65% and a total current density (jTotal) of ~3 mA cm-2,

establishing a relation between the CO2ER performance and synthetic zinc

sources. The main catalytic active sites were claimed to be the discrete Zn

nodes in ZIF-8.

Jiang et al. further identified the imidazolate ligands coordinated with

the Zn(II) centre in ZIFs as the catalytic sites of ZIFs for CO2ER with the

help of in-situ X-ray absorption spectroscopy (XAS) measurements and

density functional theory (DFT) calculations [24]. They investigated ZIFs

with the same sodalite topology and different organic ligands, including

ZIF-8, ZIF-108, ZIF-7, and SIM-1 for CO2ER in aqueous electrolyte. ZIF-8

showed the highest FECO of 81.0% at -1.1 V vs. RHE among all the ZIF
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catalysts, and the CO current density could reach as high as 12.8 mA cm-2 at

-1.3 V vs. RHE over ZIF-108.

The effect of the linker on CO2ER was also investigated by Albo et al.

[25] Four Cu-based MOFs, namely, 1) Cu-BTC (HKUST-1); 2) Copper(II)

adeninate acetate (Cu-AdeAce); 3) Copper bisbidentate dithiooxamidate

(Cu-DTA) mesoporous metal-organic aerogel (MOA); and 4) CuZn-DTA

MOA, were synthesized and supported on gas diffusion electrodes. The

MOF-based electrodes showed electrocatalytic efficiency for the production

of methanol and ethanol in the liquid phase. The maximum cumulative FE

for CO2 conversion was measured at Cu-BTC based electrodes, which was

15.9 % at a current density of 10 mA cm-2. It was demonstrated that MOFs

with coordinately unsaturated metal sites were favourable for the

enhancement of the electrocatalytic reduction of CO2 to alcohols.

Furthermore, Cu-BTC based electrodes showed stable electrocatalytic

performance for 17 h.

In addition to the structural effect, the linker of MOFs can also be

functionalized to boost the catalytic activity. The poor conductivity of

MOFs largely hinders their direct application as electrocatalysts, thus, Dou

et al. reported a general strategy of ligand doping to enhance charge

transfer, thereby improving the electrocatalytic activity [26]. A strong

electron-donating molecule, 1,10-phenanthroline, was introduced into ZIF-8

as CO2 reduction electrocatalyst. Experimental and theoretical results

suggested that the electron-donating nature of phenanthroline enabled

charge transfer, which facilitated the generation of •COOH. As a

consequence, the ligand-doped ZIF-8 showed an FECO of 90% and a jTotal of

10.1 mA cm-2, both significantly improved compared with pristine ZIF-8.
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Ye et al. deposited a highly oriented monolithic Re-based MOF thin film

onto a conductive fluorine-doped tin oxide (FTO) electrode using liquid-

phase epitaxy [27]. The MOF film was grown exclusively along the [001]

direction, and exhibited a high FECO of ~93% when operated as an

electrocatalyst for the reduction of CO2, with a current density exceeding 2

mA cm-2.

As discussed above, the overpotential is one of the key issues which

needs to be addressed in CO2ER. A combination of ionic liquids (ILs) as the

electrolyte and Zn-BTC as the catalyst was applied by Kang et al. as a

strategy to lower overpotentials in CO2ER [28], which was the first work

combining a MOF electrode and pure IL electrolyte in this field. The Zn-

BTC electrode showed a higher selectivity to CH4 (>80%) and higher

current density (3 mA cm-2) at mild overpotentials (250 mV), than the

commonly used metal electrodes.

1.3.2. MOFs as Active Phase Supports

In addition to the direct application as electrocatalysts, the unique

textural properties of MOFs also offer a number of opportunities for their

application as active phase supports for CO2ER.

Porphyrin-based molecular catalysts have been widely used in CO2ER

[47]. The significance of molecular catalyst immobilization was highlighted

by Hu et al. by comparing the performance of cobalt meso-

tetraphenylporphyrin (CoTPP) in CO2ER under both supported and

unsupported conditions [48]. CoTPP performed poorly as a homogeneous

electrocatalyst giving low product selectivity at a high overpotential, while a

remarkable catalytic activity enhancement was seen with CO2 selectively

forming CO (> 90%) at a low overpotential upon directly immobilizing
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Figure 1.2. Representative electron micrograph of using MOF as catalyst supports.
(a) SEM image and (b) TEM image of Cu2(CuTCPP) nanosheets;[31] Top-view
SEM images (c) and cross-sectional SEM image (d) of the Cu-SIM NU-1000 thin
film;[34] SEM images of the MOF catalyst film before (e) and after electrolysis (f)
revealing the retention of the plate-like morphology;[32] (g) SEM and TEM (inset
in g) images of Cu2O spheres, (h) SEM image of Cu-MOF, (i) TEM and (j)
HRTEM images of Cu2O@Cu-MOF after reacting for 12 h [35].

CoTPP onto carbon nanotubes. Kramer et al. demonstrated that the

immobilization agent had an effect on the molecular catalyst’s performance

by comparing the CO2ER activity of cobalt phthalocyanine (CoPc)

supported on edge-plane graphite and poly-4-vinylpridine (P4VP) thin films

[49]. CoPc embedded in P4VP matrix displayed improved FECO and

turnover frequency, which was attributed to the chemical coordination

environment provided by the P4VP polymer matrix.

Hod et al. used Fe-porphyrin as CO2 reduction catalyst, which was

incorporated into MOF-525 as both a structural and functional element [29].

MOF-525 was first deposited onto a conductive indium tin oxide (ITO)
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substrate, and then Fe-porphyrin was formed via a post-metalation strategy.

The approach yielded a high surface coverage of electrochemically

addressable Fe-porphyrin sites (∼1015 sites cm-2), forming a mixture of CO

and H2 in roughly equal amounts (FECO = ~50 %) as products with a jTotal of

~6 mA cm-2. In spite of the low FE of CO2ER, these results demonstrated

that porphyrins can be electrochemically accessed when incorporated into a

MOF structure.

Electroactive porphyrins can also be used as ligands to form MOFs.

Dong et al. rationally introduced a Fe-TCPP porphyrin to form PCN-222(Fe)

as CO2ER catalyst [30]. After dip-coating onto carbon substrate, the

composite catalyst PCN-222(Fe)/C (mass ratio = 1:2) exhibited a maximum

91% FECO with 494 mV overpotential (where jTtoal = 1.2 mA cm−2) in an

aqueous solution, achieving a TOF of 0.336 site−1 s−1. The catalyst was

found to retain its crystallinity and stability after 10 h of electrolysis at

−0.60 V versus RHE (average FECO = 80.4%).

Wu et al. used porphyrinic MOF nanosheets for CO2ER [31]. The

Cu2(CuTCPP) nanosheets were cathodized on FTO glasses, and exhibited

significant activity for formate production with a FE of 68.4% at -1.55 V vs.

Ag/Ag+. Moreover, the C–C coupling product acetate was also generated

from the same catalyst at a voltage range of 1.40 - 1.65 V with the total

liquid product FE of 38.8 - 85.2%. Characterization results showed the

instability of Cu2(CuTCPP), with Cu(II) being transformed into CuO, Cu2O

and Cu4O3, which significantly catalyzed CO2 to formate and acetate.

Kornienko et al. employed an aluminium porphyrin-based MOF-55 [32],

comprising cobalt porphyrin active sites, for the electrocatalytic reduction of

CO2 to CO. An aluminium oxide thin film was first deposited via atomic
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layer deposition (ALD) as metal precursor, followed by subsequent MOF

formation through the reaction of the coated aluminium oxide with the

linker under solvothermal conditions. The thickness of the precursor could

easily be controlled by the number of ALD cycles, thereby controlling the

thickness of catalyst layers. The performance of the resulting MOF catalyst

initially improved with increasing film thickness until reaching a maximum

of ~2.8 mA cm-2, and the appearance of maximum performance possibly

indicated a trade-off between electron and mass transport. The optimized

catalyst thickness exhibited a FECO production of up to 76 % in a 7 h test.

In addition to molecular catalysts, MOFs have also been used for

supporting metal nanoparticles in CO2ER. Jiang et al. reported the

construction of Ag2O/layered ZIF composite structure by mixing pre-

synthesized layered ZIF-7 with AgNO3 aqueous solution, followed by

refluxing at 100 °C [33]. Ag2O/layered ZIF composite showed much higher

FECO (~80 %) and jCO (~32 mA cm-2) than the layered ZIF or Ag/C alone.

The performance enhancement was attributed to the synergistic effect

between Ag2O nanoparticles and the layered ZIF, as well as the facilitated

mass transport by the high specific surface area of Ag2O/layered ZIF.

Kung et al. embedded copper nanoparticles into a thin film of NU-1000

[34], by first installing single-site Cu(II) into the NU-1000 thin film

followed by electrochemical reduction of Cu(II) to metallic Cu. The

obtained Cu nanoparticles were electrochemically addressable and exhibited

a moderate electrocatalytic activity with a maximum FE towards HCOO- of

28 % and -1.2 mA cm-2 at -0.82 V vs. RHE. Both the crystallinity and

morphology of the thin film remained unchanged after electrocatalysis. The

authors also found that the particle sizes were largely dependent on the pore
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size of the MOF, which might offer an opportunity to achieve tunable

catalyst sizes through this pore confinement effect of MOFs.

In a recent study, Tan et al. reported a tailor-made Cu2O@Cu-MOF

electrocatalyst [35] by in-situ etching Cu2O spheres with H3BTC to form a

Cu-MOF shell. The as-prepared electrocatalyst resulted in an intriguing

performance towards the formation of hydrocarbons from CO2, with a high

FE towards CH4 and C2H4 of 79.4%, particularly, the FE of CH4 as high as

63.2% at −1.71 V vs RHE.

1.3.3. MOFs as Electrocatalyst Precursors

Although quite a few works using MOFs directly as catalysts claimed

that the MOF catalysts showed good stability during test, a lot of them

failed to conduct post-reaction analysis to confirm these statements [50].

Indeed, stability is a serious issue for MOFs, especially under the highly

negative potentials usually applied in CO2ER. These potentials are more

negative than the reduction potential of many metals used in MOF synthesis

(see Table 1.2). In this spirit, using a MOF as catalyst precursor can be a

favourable way to produce a stable and efficient catalyst.

The decomposition of MOFs under controlled conditions usually leads

to the clustering of its metal component into small nanoparticles. Zhao et al.

synthesized oxide-derived Cu/carbon (OD Cu/C) catalysts by facile

carbonization of Cu-BTC MOF (HKUST-1) [36]. The resulting materials

exhibited highly selective CO2 reduction to alcohols with total FE of 71.2%

at -0.7 V vs. RHE. High yields to methanol and ethanol were achieved on

OD Cu/C-1000 with the peak production rates of 12.4 mg L-1 h-1 at -0.3V

and 13.4 mg L-1 h-1 at -0.7V, respectively. Notably, the onset potential for
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Figure 1.3. Representative electron micrograph of using MOF as catalyst
precursors. TEM images of (a) ZIF–CNT–FA-p, and (b) ZIF–Fe–CNT–FA-p;[46]
(c) SEM and (d) TEM images of N-coordinated Co. (e-f) Magnified high-angle
annular dark-field–scanning transmission electron microscopy (HAADF-STEM)
images of N-coordinated Co showing the atomic dispersion of Co atoms;[42] (g-i)
SEM images of the OD-Cu/C processed with different temperature;[36] The
HAADF-STEM images of (j-l) Fe–N–C;[40] Structural investigations of as-
fabricated HKUST-1 by (m) SEM, (n) TEM bright field image, (o) TEM HAADF,
and (p-r) TEM EDS [41].

C2H5OH formation was among the lowest overpotentials reported to date for

the CO2 reduction to C2H5OH. The improvement in activity and selectivity

of the oxide-derived Cu/carbon were attributed to the synergistic effect

between the highly dispersed copper and the matrix of porous carbon.

Kim et al. used an electrochemical reduction strategy to decompose

MOFs [37], obtaining an efficient electrocatalyst for the synthesis of CH4.

Cu-based MOF-74 was chosen as the precursor, which was

electrochemically reduced to Cu nanoparticles (NPs). The porous structure
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Table 1.2. Standard electrode potentials of common metal nodes in MOFs [51].

Half reaction Potential (V vs. RHE)

Co3+ + e- ⇌ Co2+ 1.82

Ag+ + e- ⇌ Ag 0.8

Fe3+ + e- ⇌ Fe2+ 0.77

Cu+ + e- ⇌ Cu 0.52

O2 + 2H2O + 4e- ⇌ 4OH- 0.4

Cu2+ + 2e- ⇌ Cu 0.34

Cu2+ + e- ⇌ Cu+ 0.15

2H+ + 2e- ⇌ H2 0

Fe3+ + 3e- ⇌ Fe -0.04

Ni2+ + 2e- ⇌ Ni -0.25

Co2+ + 2e- ⇌ Co -0.29

Fe2+ + 2e- ⇌ Fe -0.41

Cr3+ + e- ⇌ Cr2+ -0.42

Cr3+ + 3e- ⇌ Cr -0.74

Zn2+ + 2e- ⇌ Zn -0.76

Ti3+ + 3e- ⇌ Ti -1.37

Zr4+ + 4e- ⇌ Zr −1.45

Ti2+ + 2e- ⇌ Ti -1.63

Al3+ + 3e- ⇌ Al -1.66
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of the MOF serves as a template for the synthesis of isolated Cu NPs with

high current densities and high FE towards CH4 in the electrochemical CO2

reduction reaction. The MOF-derived Cu NPs resulted in a FECH4 >50% and

a 2.3-fold higher current density at -1.3 V vs. RHE than commercially

available Cu NPs.

Besides metal nanoparticles, MOF-mediated synthesis can also act as a

method to generate isolated metal-nitrogen sites with high exposure of

active sites for efficient catalysis. Ye et al. fabricated isolated iron-nitrogen

sites, located on the surface of carbon matrix, through the pyrolysis of

ammonium ferric citrate (AFC)/ZIF-8 composites [38]. The AFC/ZIF-8

composite was synthesized by reacting the Zn precursor solution, in which

the AFC was also dissolved, with 2-methylimidazole solution, followed by

cleaning, centrifuging, and drying. The highly exposed iron-nitrogen sites

demonstrated high selectivity to CO (peak FECO = 93 %) and high activity

(jCO = 9.5 mA cm-2).

Zhao et al. adopted Ni ion exchanged ZIF-8 to assist the preparation of a

catalyst containing single Ni sites for efficient CO2 electroreduction [39].

The synthesis was based on an inexpensive ionic exchange between Zn

nodes and adsorbed Ni ions within the cavities of the MOF, which was

followed by pyrolysis of the ion-exchanged MOF. This single-atom catalyst

exhibited an outstanding turnover frequency for CO2 electroreduction (5273

h-1), with a FECO of over 71.9% and a jTotal of 10.48 mA cm-2 at an

overpotential of 890 mV.

Pan et al. studied the reactivity and structure of atomically dispersed M-

N4 (M = Fe and Co) single sites in CO2ER. Nitrogen coordinated Fe or Co

single site atomically dispersed into a carbon matrix (M-N-C) were prepared
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by using MOF precursors which were further studied as model catalysts [40].

Fe was intrinsically more active than Co in M-N4 for the reduction of CO2

to CO, in terms of a higher FECO (93% vs. 45%) and current density. First

principle computations elucidated that the M-N2+2-C8 moieties, which were

distributed at the edge of carbon matrix and bridged two adjacent armchair-

like graphitic layers, were the active sites for the CO2ER.

Selectivity is one of the key issues faced by CO2ER, especially when

Cu-based catalysts are used. Nam et al. reported a strategy involving MOF-

regulated Cu cluster formation that shifted CO2 electroreduction with Cu

based catalysts towards multiple-carbon products [41]. The symmetric

paddle-wheel Cu dimer secondary building block of HKUST-1 was

distorted to an asymmetric motif by separating adjacent benzene

tricarboxylate moieties using thermal treatment. By varying materials

processing conditions, the asymmetric local atomic structure, oxidation state

and bonding strain of Cu dimers were modulated. The formation of Cu

clusters with low coordination numbers from distorted Cu dimers in

HKUST-1 was observed during CO2 electroreduction, leading to a FE

towards C2H4 of 45%. The enhanced performance was closely related to

maintaining a low Cu-Cu coordination number among the Cu clusters

during the reaction.

Another example of regulating coordination number to tune the

selectivity was reported by Wang et al. [42]. A series of atomically

dispersed Co catalysts with different nitrogen coordination numbers were

prepared for the CO2ER. The best catalyst, atomically dispersed Co with

two-coordinate nitrogen atoms, achieved both high selectivity (FECO = 94 %)

and superior activity (jTotal = 18.1 mAcm-2) at an overpotential of 520 mV.
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The CO formation turnover frequency reached a record value of 18200 h-1.

These results demonstrated that lower a coordination number facilitated

activation of CO2 to the •COO- intermediate and hence enhanced CO2ER

activity.

Very recently, Guo et al. introduced a new method to tune the CO2ER

selectivity via MOF-derived bimetallic oxide catalyst [43]. MOF-derived In-

Cu bimetallic oxides were synthesized by pyrolysis of a Cu-In bimetallic

MOF. By controlling In-Cu ratios, the FECO could reach 92.1%, along with

a jTotal of 11.2 mA cm-2. The excellent performance was mainly attributed to

stronger CO2 adsorption, higher electrochemical surface area and lower

charge transfer resistance by the bimetallic catalyst.

Besides metal-based catalysts, a carbon-rich organic linker, combined

with the low-boiling point of some metal nodes, such as Zn, make MOFs a

promising precursor to produce carbon-based electrocatalysts [52].

Following this strategy, Wang et al. synthesized a nitrogen-doped carbon

(NC), through the pyrolysis of the well-known metal-organic framework

ZIF-8 [44]. The resulting NC-based CO2ER electrode showed a FECO as

high as ~78%. It was also found that the pyrolysis temperature determined

the amount and the accessibility of N species in the carbon electrode, in

which pyridinic-N and quaternary-N species played key roles in the

selective formation of CO. Generally the materials derived from Zn-based

ZIFs are nothing less than nitrogen containing carbons and are active

without other metal addition. Therefore it should be kept in mind to

benchmark their performance against those materials prepared via other

routes [53].
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The pyrolysis temperature effect and the mechanism in the ZIF-8-

derived NC was further studied by Zheng et al. [45]. NC catalysts were

prepared by decomposing ZIF-8 at different temperatures in argon. The

catalytic performances showed that the higher pyrolysis temperature

resulted in a better CO2ER activity. The NC catalyst with the best

performance achieved high selectivity with 95.4 % FECO at −0.5 V vs. RHE.

The catalyst also maintained stability during 20 h operation, after which the

FECO was still greater than 90%. The experiments showed that a higher

pyrolysis temperature reduced the total nitrogen contents but changed the

nature and density of N-species. DFT calculations revealed that higher

pyrolysis temperature led to enhanced activity by promoting the formation

of pyridinic N, which provided more efficient active sites.

To relieve the electron transportation limit with MOF-mediated

approach, Guo et al. synthesized a composite material by co-pyrolysis of in-

situ grown ZIF-8 on multi-walled carbon nanotubes (MWCNTs) substrate

[46]. This composite could selectively catalyze the electrochemical

reduction of CO2 to CO in aqueous solution with ~100 % FE and a current

density up to 7.7 mA cm-2 at an overpotential of 740 mV. By comparison,

the pyrolyzed ZIF-8 without MWCNT only showed a FECO of ~50%.

Addition of Fe to the ZIF could lower the overpotential, but also changed

the selectivity. The MWCNT support was crucial to achieving superior

efficiency, by enhancing electron transport through the MWCNT network

and simultaneously expediting the CO2 transport in the mesoporous

structure constructed by the MWCNTs.
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1.4. CONCLUDING REMARKS

CO2ER is widely regarded as one of the most promising technologies to

solve the CO2 emission issue, though it is still faced by several challenges

on the path towards commercialization. In this work, we have summarized

recent works on CO2 electroreduction with MOFs and MOF mediated

catalysts. Generally speaking, the main advantages of MOFs in CO2ER

originate from their unique textural and structural properties. When MOFs

are used directly as catalysts for CO2ER, the atomically dispersed metal

nodes can offer highly active sites, and the organic linkers can also be

modified into catalytic sites or charge transfer agents. The porous structure,

put up by the metal nodes and organic linkers, makes catalytic sites more

accessible to CO2 either if catalysis takes place on the MOF itself or on

supported species. Moreover, the compatibility of MOFs with ILs facilitates

their application in this medium. The use of MOFs as catalyst precursors

usually leads to highly dispersed metal particles or carbon-based catalysts,

maximizing catalyst utilization. The homogeneously dispersed metal sites

can be inherited by the MOF-derived catalysts to form efficient single-site

catalysts with unprecedented TOFs. And the highly tunable building blocks

of MOFs enable the formation of bi-metallic structures, providing a facile

route to the synthesis of metal alloys, opening the door to breaking scaling

relationships in CO2ER [10].

Although remarkable results have been reported with MOF-related

catalysts, there are still issues that need to be carefully addressed in future

research. Stability is one of the most concerning issues for CO2ER. While

most authors have claimed that pristine MOFs based on easily reducible

metals are stable under reaction conditions, the catalyst stability has only



Chapter 1

been confirmed in a few cases by post-analysis characterization [30, 32, 34-

35]. Here, we would like to clarify that stability of the crystalline MOF does

not necessarily need to be an issue. Indeed, from an application point of

view, electrochemical reduction of MOFs to form small metal nanoparticles

may render very interesting catalytic systems. However, as scientists, we

should make sure that we do not jump into wrong conclusions by attributing

the observed catalytic performance to the MOF scaffold.

As it is the case in thermal catalysis, probably the most exciting results

in terms of performance have been reported for MOF-derived catalysts [7a,

54]. We believe that this route offers great possibilities for the further

engineering of CO2ER catalysts and for the optimization of metal use in

catalysis, an aspect that may become critical if CO2 electrolyzers are

massively applied.

Last but not least, it is fair to admit that so far most catalytic results have

been reported using aqueous electrolytes and semi-batch experiments, where

only low current densities can be achieved due to the low solubility of CO2

in the aqueous phase. We are sure that, as it is already happening for

“traditional” electrocatalysts, MOF-derived systems will soon be tested

under commercially more relevant conditions by making use of gas-

diffusion electrochemical cells in which high current densities (>100 mA

cm-2) have been achieved [55]. Through carbon capture technologies from

point sources liquid CO2 will become available at pressures exceeding 100

bar and solubility may not be limiting any more. Also aspects of molecular

and electron transport require careful attention, as shown by Guo et al. [46].
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Overall, we are confident that MOF-related catalysts engineering when

combined with system integration of CO2ER, will mark a substantial

contribution to the field of electrocatalytic CO2 reduction.

1.5. ABBREVIATIONS

BMIM

BTC

1-butyl-3-methylimidazolium

Benzene-1,3,5-Tricarboxylate

CN Coordination Number

CR-MOF Copper Rubeanate Metal-Organic Framework

EMIM

FE

1-ethyl-3-methylimidazolium

Faradaic Efficiency

HER Hydrogen Evolution Reaction

MWCNT Multi-walled Carbon Nanotube

NC Nitrogen-doped Carbon

ORR Oxygen Reduction Reaction

Pc Phthalocynine

P4VP Poly-4-vinylpridine

PCN Porous Coordination Network

RHE Reversible Hydrogen Electrode

SHE Standard Hydrogen Electrode

SIM Substituted Imidazolate Material

TBAH Tetrabutylammonium Hydroxide

TBATF6

TBATFB

TCPP

Tetrabutylammonium Hexafluorophosphate

Tetrabutylammonium Tetrafluoroborate

Tetrakis(4-carboxyphenyl)porphyrin
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TFE

TOF

Trifluoroethanol

Turnover Frequency

ZIF Zeolitic Imidazolate Framework
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Chapter 1

OBJECTIVEAND OUTLINE OF THIS THESIS

Among the various CO2 utilization methods, electrochemical CO2

reduction shows promising potential to counteract the anthropogenic

CO2 emissions, because of its mild operation conditions and its ability to

promptly reach steady operation, ideal for transient operation under

fluctuating renewable electricity supply. The commercialization of this

process still awaits efficient and stable catalysts. Meanwhile, metal-

organic frameworks have recently emerged as precusors for catalyst

synthesis. MOF-mediated synthesized catalysts usually have a higly

porous structure and uniformly dispersed active sites, which both favour

catalysis. This thesis serves to explore the potential of MOF-mediated

approaches in electrochemical CO2 reduction, by expanding the toolkit

of MOF-mediated synthesis (MOFMS), designing and optimizing active

sites by MOF-mediated synthesis.

This thesis consists of three parts.

Part I (Chapter 1) gives an introduction to the progress made in the

application of MOF-related electrocatalysts in the electrochemical

reduction of CO2.

Part II (Chapter 2 and 3) focuses on the utilization of the metal

content of MOFs to fabricate CO2ER electrodes. In Chapter 2, we use

an innovative method of electro-decomposing a Ag-coordination

polymer to construct a gas-diffusion electrode for high-rate CO2ER. In

Chapter 3, this method is extended to the production of a Ag-Cu

composite electrode to tune the selectivity of CO2ER towardsethylene

production.
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Part III (Chapter 4 and 5) focuses on the utilization of the organic

constituent of MOFs to prepare carbon-based electrocatalysts for CO2ER.

In Chapter 4, ZIF-8 is used as sacrificial template to synthesize

Nitrogen-doped carbon electrocatalysts. In Chapter 5, to introduce a

mesoporous structure in the carbon matrix of the pyrolyzed ZIF-8

(Chapter 4) a silica template-assisted approach is applied. At the same

time, the silica template can stabilize single atom Fe-sites, which is

reported to facilitate CO2ER.

Overall, this thesis highlights the potential of MOF-mediated catalyst

engineering in CO2ER. This MOF-mediated approach can offer

inexpensive and facile routes for designing CO2ER catalyst structures.

The chapters in the thesis are written as independent papers, so some

introductory overlap may exist.
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Abstract: We report the preparation and electrocatalytic performance of

silver-containing gas diffusion electrodes (GDE) derived from a silver

coordination polymer (Ag-CP). Layer-by-layer growth of the Ag-CP onto

porous supports was applied to control Ag loading. Subsequent electro-

decomposition of the Ag-CP resulted in highly selective and efficient CO2-

to-CO GDE in aqueous CO2 electroreduction. Afterwards, the MOF-

mediated approach was transferred to a gas-fed flow electrolyzer for high-

current density tests. The in-situ formed GDE, with a low silver loading of

0.2 mg cm−2, showed a peak performance of jCO ≈ 385 mA cm−2 at around

−1.0 V vs. RHE and stable operation with high FECO (> 95%) at jTotal = 300

mA cm−2 over a 4 h run. These results demonstrate that the MOF-mediated

approach offers a facile route to manufacture uniformly dispersed Ag

catalysts for CO2ER by eliminating ill-defined deposition steps (drop-

casting etc.), while allowing control of the catalyst structure through self-

assembly.
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2.1. INTRODUCTION

Atmospheric CO2 concentration has been increasing drastically since the

industrial revolution, this has spurred different initiatives into reducing

emissions and directly utilizing CO2 [1]. Among the various methods

proposed, CO2 electrochemical reduction (CO2ER) is one of the most

promising technologies due to the relatively mild operating conditions and

the increasing sources of green electricity [2]. Moreover, the

electrochemical reduction of CO2 can be driven towards one single product,

avoiding expensive purification and separation steps. In this sense, the

selective electrochemical conversion of CO2 to CO constitutes an excellent

perspective technology. Au [3], Ag [4], and Zn [5] have been identified as

the most efficient catalysts for this process. The high price of Au and the

low stability of Zn place Ag as the most attractive option [4b, 6]. As it is the

case in classical heterogeneous catalysis, optimization of the final catalyst

composition and metal loading are critical to the commercialization of

CO2ER. Most studies to date have focused on the application of metal plates

[4b, 7] or supported nanoparticles [3-4, 5, 8]. In the former case, the high

metal content per electrode area results in such high Capital Expenditures

(CAPEX) that these technologies become non-viable. Therefore, the use of

supported metal catalysts seems more realistic. Catalyst layer morphology

has an effect on cathode performance: a more uniform active phase

distribution and lower particle agglomeration lead to better catalytic

performance [9]. However, the fabrication of uniformly dispersed catalysts

remains a significant challenge. Herein, we propose the MOF-mediated

synthesis as a facile and scalable method to manufacture highly dispersed

supported Ag catalysts with very low metal loadings for CO2ER.
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The use of metal-organic frameworks as catalyst precursors has gained

significant attention in the last few years [10]. Following this approach, a

pre-synthesized MOF is treated at high temperature in a controlled

atmosphere and transformed into a supported metal nanoparticle catalyst

[11]. The high activities per metal atom exhibited by the resulting catalysts,

even when the total metal content can be as high as a 50 wt% [10a],

demonstrate the enormous potential of this approach. In this work, we

demonstrate that MOF mediated synthesis (MOFMS) can also be realized

through electro-decomposition.

Here, an Ag coordination polymer (Ag-CP) is grown directly onto

carbon based microporous layer (MPL) gas diffusion electrodes by a layer-

by-layer (LBL) method, followed by the electro-decomposition of the

coordination polymer to achieve a well-defined carbon supported Ag

structure (denoted as Ag/MPL). The in-situ formed carbon cloth supported

Ag gas diffusion electrodes exhibit high CO2ER efficiency in both, the

traditional aqueous three-electrode system and a gas-fed flow electrolyzer.

Overcoming CO2 transport limitations in the latter resulted in a peak

performance of jCO = 385 mA cm−2 CO partial current density and 1864 mA

mg−1 mass activity due to the extremely low Ag loading. The work opens up

the possibility for the direct manufacture of CO2ER electrodes with

optimum catalyst utilization using the MOF-mediated approach.

2.2. RESULTS AND DISCUSSION

The self-assembly between 2,5-pyridinedicarboxylic (pydc) acid and

AgNO3 in several common solvents at room temperature leads to the

formation of an Ag-CP microcrystalline powder (Table S2.1-2.2 and Figure

S2.1) [12]. The crystal structure of Ag-CP was elucidated from powder X-
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Figure 2.1. (a) Representation of the lamellar crystal packing and the unit cell of
Ag-CP viewed along the a-axis. (b) Coordination mode of 2,5-pyridinedicarboxylic
acid (µ3-bridging through O3 atom). (c) Hexagonal arrangement of Ag in the
polymeric layer. Color scheme of the atoms: silver – green, carbon – grey, oxygen
– red, nitrogen – blue. Hydrogen atoms are omitted for clarity. (d) Low-, and (e)
high-magnification TEM images of Ag-CP (inset in e is a magnified image of the
red box area). (f) XPS Ag3d regional spectrum of Ag-CP, and (g) TGA curve of
Ag-CP in air.

ray diffraction (PXRD) data by means of simulated annealing procedure

followed by Rietveld refinement [13]. The Ag-CP crystallizes in

orthorhombic Pbn21 space group (Figure S2.2-2.3, Table S2.3) and reveals a

layered arrangement of silver atoms coordinated to 2,5-pydc ligands (Figure

S2.4, Table S2.4). The linker moieties lie on both sides of the Ag ion double

layer: one carboxylic group is bonded to three crystallographically

equivalent silver atoms exhibiting a 3-bridging mode; another one is

protonated and participates in the formation of hydrogen bonds between two

Ag-CP 2D networks (Figure 2.1a-c and Figure S2.5).

Characterization results of Ag-CP are displayed in Figure 2.1d-g. The

Ag-CP particles have a particle size ranging from 25 nm to 35 nm (Figure

2.1d). The high-magnification TEM image (inset of Figure 2.1e) shows
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well-defined d-spacing with a distance of ~ 0.27 nm. Ag3d XPS spectrum of

Ag-CP (Figure 2.1f) exhibits two highly symmetric peaks with binding

energies of 367.4 eV and 373.4 eV, corresponding to Ag3d5/2 and Ag3d3/2
photoelectron lines, respectively. Photoelectron shift of Ag3d line reveals

that only oxidized Ag is present in the sample, which agrees with the Ag-O

interaction in the crystal structure. Survey XPS spectrum of Ag-CP (Figure

S2.6) proves the presence of Ag, C, N and O in the sample, and the atomic

content of each element is summarized in Table S5. The TGA curve of Ag-

CP (Figure 2.1g) exhibits a total weight loss of ~64.1%. Since Ag2O is

thermodynamically unfavourable at high temperature [14], the final product

is metallic Ag with a silver content of ~35.9%. The formation of metallic

Ag after the high-temperature calcination of Ag-CP in air can also be

confirmed by XRD (Figure S2.7). N2 physisorption of Ag-CP (Figure S2.8)

shows a type II isotherm and absence of microporosity.

Ag-CP was deposited onto the support by the subsequent adsorption of

pydc and Ag+ from their DMF solutions (Figure 2.2a). The Ag-CP loading

increases strictly linearly from the 2. deposition step (LBL cycle) up to 12

or 20 cycles, as it is seen in Figure 2.2b for bare carbon fibre and MPL

containing carbon cloth alike. Utilizing the top part of the microporous layer,

however, helps to achieve good surface coverage at lower Ag-CP loading

(0.144 - 0.375 mg cm−2 step−1). Taking the theoretical density of the unit cell

(2.557 g cm−3) from Table S3 into consideration, a 0.563 μm thick Ag-CP

layer - and since the longest cell parameter is around 3.2 nm, practically

150-200 unit cell thickness is deposited in each cycle onto the MPL support.

The higher-than-linear deposition in the 1. LBL cycle (Figure 2.2b inset) is

due to the high surface area of the carbon grains in the MPL,



Maximizing Ag Utilization in High Rate CO2 Electrochemical Reduction

Figure 2.2. (a) Scheme of the preparation of Ag/MPL catalysts; the sequential
deposition of Ag-CP via the alternating adsorption of the dicarboxylic linker and
the metal node, and the cross-sectional elemental maps of C, F, Ag and Al.
Fluorine can be found on the PTFE-treated carbon fabric, while Al signal comes
from the sample holder. (b) Increasing surface loading in subsequent deposition
steps on bare carbon fibre and MPL/carbon cloth. The error bar at the 3 LBL point
was determined from 8 parallel samples.

as first the Ag-CP is built up directly onto the carbon surface (see EDS

elemental maps of a 20 LBL sample in Figure 2.2a and S2.9). The actual

CO2ER catalyst is then formed by the in-situ electrochemical reduction of

the supported coordination polymer (Figure 2.2a). The final Ag loading also

changes linearly with the number of deposition steps as it is seen in the bare

carbon fibre based samples (Ag/CF-nC, n = 3,6,9,12) in Figure S2.10. The

difference between the Ag-CP and Ag loading was ~35.2 wt%, which is in

good agreement with the Ag content in the crystallographically determined

formula (39.4 wt%) and with the previous TGA analysis (~35.9 wt%).

Although several MOF-derived electrocatalysts have been reported in

the literature lately, to the best of our knowledge, no detailed mechanistic

description of the electrochemical reduction and transformation of MOFs

into the resulting NPs exists. We propose, that as the reducing potential is

applied to the electrode and the metal node is reduced back to zero valence

silver, the linker molecules are not able to coordinate and hence maintaining
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the continuous polymeric structure anymore. The collapsing structure

releases silver atoms at the surface of the support, and nanoparticles and –

with increasing Ag-CP coverage – agglomerated silver network are formed

through conventional aggregation.

According to the SEM images (Figure 2.3 and Figure S2.11-2.14), Ag-

CP fully covers the MPL of the gas diffusion electrode after at least 2 LBL

cycles (Figure 2.3a-d). A spot of Ag-CP on the 1 LBL sample is clearly seen

in Figure S11a, whereas in Figure S12a-14a the CP coverage is continuous.

The subsequent electro-decomposition of Ag-CP resulted in well-dispersed

of Ag nanoparticles (Figure 2.3e-h) due to the homogeneous distribution of

the Ag-CP precursor. The Ag/MPL-1C electrode (Figure 2.3e) has a

relatively sparse distribution of Ag particles, while Ag/MPL-6C shows an

agglomerated network of silver structures. Well-dispersed individual Ag

particles were obtained by using 2 and 3 LBL cycles (Figure 2.3f-g).

Although the thick carbon fabric supported Ag NPs are not suitable for

TEM investigation, we removed the MPL grains by ultra-sonication and the

Ag particle size distributions were determined (Figure S2.15). Since no

significant differences in the PSDs were found, we propose that there is no

direct connection between variation of activity and particle size in our

system.

After the L-B-L growth process, the PXRD pattern of the carbon cloth-

supported Ag-CP is compared with the simulated pattern of the pure Ag-CP

in Figure S2.16a. The sharp reflections demonstrate good crystallinity of

Ag-CP. The position of the Ag-CP/CF reflections corresponds well to those
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Figure 2.3. SEM images of electrodes prepared with (a, e) 1, (b, f) 2, (c, g) 3, and
(d, h) 6 LBL cycles before and after electro-decomposition.

metallic Ag is formed (Figure S2.16b), with three major reflections centered

at 44.6°, 52.5°, and 77.2° corresponding to the (111), (200), and (220)

crystal facets of metallic Ag. The broad peak centered at ~27° is likely to be

generated by the amorphous carbon in the carbon support. And after CO2ER,

the metallic Ag pattern is maintained, demonstrating the stability of the

electrode.

Evolution of Ag chemical states in the sample before and after in-situ

catalyst formation (i.e., in CO2 electrolysis) were determined by XPS

(Figure S2.17). After deconvolution, two doublets can be distinguished in

the Ag3d line, corresponding to metallic Ag (red peaks in Figure S2.17

centered at 374.2 eV and 368.2 eV) and Ag2O (blue peaks centered at 373.6

eV and 367.6 eV) [4b, 15]. The ratio of metallic Ag: oxidized Ag increases

from 2.4 to 6 after one CO2ER performance test, indicating the reduction of

Ag2O during this process.

In order to demonstrate the advantage of the LBL method over drop-

casting, a carbon fiber (CF) supported Ag-CP electrode was prepared via the

L-B-L method and the widely-used drop-casting (DC) method (Scheme

S2.1). When drop-casted, the Ag-CP particles spread around the carbon
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fibres, filling the space in between them (Figure S2.18a,b). After electro-

decomposition, large flower-like Ag particles grow onto the fibres, leaving a

large part of the carbon support uncoated (Figure S2.18c,d). By comparison,

the L-B-L method with 9 cycles produced uniformly dispersed Ag-CP

(Figure S2.18e,f) and Ag particles (Figure S2.18g,h) fully covering the

surface of carbon fibers.

Chronoamperometric (i.e., controlled-potential) electrochemical CO2

reduction tests were carried out in a traditional two-compartment aqueous

cell in 0.1 M KHCO3 electrolyte using a Pt counter electrode. The CO2

electroreduction performance of Ag/MPL-nC electrodes is presented in

Figure 2.4. Only CO and H2 were detected as products by gas and liquid

chromatography (GC and UPLC), and all the catalysts show stable CO2ER

performance after an initial 15 min period, where the in-situ formation of

the Ag/MPL takes place via electro-decomposition (Figure S2.19).

As shown in Figure 2.4a, the total geometrical current density increases with

increasing cathode potential (jTotal, max ≈ 43-44 mA cm−2 at around −1.05 V

vs. RHE for Ag/MPL-3,6C) along with the steady increase in the FECO
(Figure 2.4b), reaching a maximum FECO of 90-95% (FEH2 = 10-5%)

between −0.6 and −1.1 V vs RHE for the Ag/MPL-1,2,3C electrodes. The

number of LBL cycles also plays an important role in electrode performance

with 3 cycles showing the optimal compromise between the wide potential

window for high FECO and the high jCO (~30 mA cm−2 at −1.0 V vs. RHE) at

a minimum Ag loading (Figure 2.4c and Table S2.6).

In order to investigate if the presence of linker molecules and Ag in the

electrolyte solution affects CO2ER performance, electrolysis were carried

out at −2.0 and −1.6 V vs SCE using fresh electrolyte right after the in-situ
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Figure 2.4. CO2 electrochemical reduction performance of Ag/MPL-nC electrodes.
(a) Total current density, (b) FE for CO, and (c) their LBL cycle dependency at
−1.0 V vs RHE. (d) Variation of jTotal and jCO with the electrochemical active
surface area (EASA) at the same potential.

formation of the Ag/MPL-3C catalyst from the Ag-CP/MPL-3C precursor

(Figure S2.20). No significant change in the product distribution was seen,

however, the total current density drops by 15-25% after the change of the

solution. We speculate that this is due to the loss of Ag from the surface

rinsing the electrode. The long-term stability of the CO2ER performance

was also tested using the Ag/MPL-3C sample in a refreshed electrolyte

solution, and stable CO2-to-CO activity was attained in a 5-hour electrolysis

(Figure S2.21). The CO2ER performance of the Ag/MPL-3C electrode was

compared to similar Ag catalysts reported in the literature (Table S2.7) [4b,

6, 16].
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To address the increased jTotal and jCO, the electrochemical active surface

area (EASA) of the Ag-CP and Ag/MPL-nC samples was determined by the

monolayer silver oxide method in 0.1 M KOH [16-17]. The charge for

monolayer oxide formation was calculated in Figure S2.22. EASA almost

linearly increases with ongoing LBL cycles (Figure S2.23), which then does

not accompanied by the same increase in the total and CO current density.

The latter levels off at 3 deposition cycles (Figure 2.4d). Even though the

total amount of silver in Ag/MPL-6C increased considerably compared to

Ag/MPL-3C (twice as many LBL cycles), it is not accompanied by the

increase in the number of accessible active sites. The effect of electro-

decomposition, i.e., the formation of Ag particles can be followed in Figure

S2.23. The EASA saturates after 2 LBL cycles at a lower level, as the

increase in Ag loading (in the form of Ag-CP) is not followed by an

increase of the number of active sites, demonstrating that only Ag in the

outer surface acts as a CO2-to-CO electrocatalyst.

CO2 mass transport limitation is one of the bottlenecks that prevent

achieving high current densities in aqueous phase CO2 electrolysis [18].

Therefore, we turned to a gas-fed flow electrolyzer to perform high current

density chronopotentiometric CO2 electrolysis on the Ag/MPL-3C electrode

[19]. The cathode side was fed by a humidified CO2 stream without using

any liquid catholyte, and a nickel mesh was used as an oxygen evolution

catalyst in recirculated 1 M KOH anolyte at the anode side. The two

compartments were separated by Sustainion S-50 polyimidazolium-based

anion exchange membrane. The catalytically active Ag particles were in-situ

formed from the pre-synthesized Ag-CP via an initial chronoamperometric
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Figure 2.5. CO2ER performance of the Ag/MPL-3C electrode in a gas-fed zero gap
flow electrolyzer. (a) Faradaic efficiency and total current density, and (b) mass
activity and energy efficiency for CO. (c) Stability test at −300 mA cm−2 for 4 h,
the bar diagram represents the FE (left y-axis) of CO (red) and H2 (blue), and the
black line represents the cathode potential (right y-axis).

run at constant −2 V vs Hg/HgO potential under CO2 electroreduction

conditions (Figure S2.24). CO was formed with high selectivity right from

the beginning of the activation step, and jCO levels off after about 20 min at

typically around 200-300 mA cm−2.

Immediately after the initial CA run, chronopotentiometric CO2

electrolysis was done at different current densities. A moderately high

current density of −25 mA cm−2 was achieved at a cathode potential of

around −0.36 V vs RHE (Figure 2.5a). Towards higher current densities the
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cathode potential climbed to −1.04 V vs. RHE, which corresponds to a cell

voltage of 3.78 V, at jTotal = −400 mA cm−2. High FECO (> 96%) was

achieved in the whole tested current density range, peaking at FECO = 99.5%

at jTotal = −200 mA cm−2 (ECathode = −0.84 V vs. RHE). The flow cell CO2ER

performance of the Ag/MPL-3C catalyst are summarized in Table S2.8, and

compared to literature data on high current density flow cell CO2-to-CO

electrolysis (Table S2.9, Figure S2.25a) [6c, 20].

Active phase dispersion and accessibility plays a crucial role in catalytic

performance. To this end, the MOF mediated synthesis, combined with

electro-decomposition, offers a straightforward approach to achieving high

mass activity of the catalyst. In Ag/MPL-3C the Ag-CP and Ag loadings are

0.55 mg cm−2 and 0.20-0.21 mg cm−2, respectively, which in turn results in a

mass activity of 1864-1926 mA mgAg−1 (Figure 2.5b), one of the highest

values ever reported (Table S2.9, Figure S2.25b) [6c, 20]. The energy

efficiency of CO formation remains above 50% at moderate current

densities (< 100 mA cm−2), and drops to the 32-42% range during high

current density operation due to the elevated cell potential (Figure 2.5b).

The main source of the low energy efficiencies is either the high overvoltage

(energy wasted as dissipated heat) and/or low CO selectivity (energy wasted

as undesired products) [18a].

Ag/MPL-3C showed stable high current density performance at −300

mA cm−2 for 4 h (Figure 2.5c). The estimated average potential was −0.94 V

vs RHE in the first 3.5 h. The fluctuation in the potential reading is due to

the intensive bubble formation at the nickel mesh anode catalyst, as the

counter electrode potential was directly determined in this setup. The cell

potential oscillated at around 3.2 V in the first 3 h, then it shifted to higher
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voltages (Figure S2.26). Moreover, gas flow fluctuation due to carbonate

precipitation in the cathode flow channels is a further issue to be solved in

industrial scale high rate operations in alkaline environment CO2

electrolysis [18a, 20e]. Images of a crystalline precipitate is seen after a

long-term electrolysis in Figure S2.27 without (a) and with (b) reactant

stream humidification, its XRD pattern (Figure S2.28) shows that mainly

KHCO3 was formed in the flow channels and on the macroporous side of

the carbon cloth GDE. The temporary increase in FEH2 at around 1.5 h is

most probably the result of the building-up of the KHCO3 layer on the

cathode side of the cell. This on one hand, partly blocks the CO2 flow, but

on the other hand provides a suitable environment for CO2ER as HCO3− ion

layer at the cathode is known for stabilizing the CO2ER performance in flow

electrolyzers [18a, 20e].

2.3. CONCLUSIONS

In summary, the MOF-mediated approach, i.e., LBL deposition of Ag-

CP followed by electro-decomposition, offers a facile route to manufacture

uniformly dispersed Ag catalysts for CO2ER. In spite of the small amount of

Ag in the final electrodes (0.2 mg cm−2), gas diffusion electrodes show

excellent CO2ER performance in traditional aqueous cells (FECO ≈ 90-95%

and jCO, max = 38.8 mA cm−2 at −1.07 V vs RHE) and in a gas-fed

electrolyzer (jCO, max = 385 mA cm−2 at −1.04 V vs. RHE). The enhanced

catalyst dispersion and utilization resulted in one of the highest silver mass

activities (1864 mA mgAg−1) in the literature to date. The direct synthesis of

metal electrocatalyst eliminates the need for ill-defined deposition steps

(drop-casting etc.), while allowing tight control of the catalyst structure

through self-assembly.
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2.5. Supporting Information for Chapter 2

2.5.1. Optimization of the synthetic conditions for Ag-CP

In Ag-CP synthesis, the resulting coordination polymer is precipitated

from the DMF solution forming a gel-like product. In order to optimize the

crystallization conditions, a series of screening experiments have been

performed varying solvent and Ag : 2,5-pydc molar ratio, which are

presented in Table S2.1. The screening results suggest that the appearance

of the Ag coordination polymer is solvent driven. The use of DMF as a

solvent media results in the formation of gel-like precipitation which can be

separated from mother liquor by several centrifugation runs, while DMSO

and aqueous solutions yield the microcrystalline precipitates.

Since the Ag : pydc molar ratio did not show to be a very influential

parameter to increase the crystal size of Ag-CP, another set of screening

experiments were performed varying solvents and temperatures. Due to the

low solubility of the 2,5-pyridine dicarboxylic acid (2,5-pydc) in water, the

experiment involving aqueous medium was performed by partial

neutralization of the corresponding organic acid with 0.5 equivalent of

Na2CO3. In all experiments the amounts of the reacting components were

kept unchanged at Ag : 2,5-pydc molar ratio of 1:1. Table S2.2 represents

the appearance of distinct chemical phases as a function of solvent and

temperature, indicating that the Ag-CP appears as a predominant crystal

phase from DMF, DMSO and H2O solvents only at room temperature.

Increasing the synthesis temperature for DMF and DMSO resulted in a

mixture of Ag-CP and Ag2O, whereas the same thermal effect in case of an

aqueous solution gives Ag2O as the main reaction product.
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Table S2.1. Summary of the optimization experiments at room temperature
representing the appearance of Ag-CP as function of Ag: 2,5-pydc molar ratio and
solvent.

Ag : 2,5-pydc
Solvent

5 : 1 3 : 1 1 : 1 2 : 3 1 : 3

DMF* gel gel gel gel gel

DMSO** solid solid solid solid solid

H2O*** solid solid solid solid solid

*DMF: N,N’-dimethylformamide.
**DMSO: dimethyl sulfoxide.
*** Clear reaction mixture was prepared by partially deprotonating 2,5-pyridine dicarboxylic acid
(2,5-pydc) with 0.5 equivalent of Na2CO3 in deionized water and adding the former one to AgNO3

aqueous solution.

Figure S2.1. Experimental powder X-ray diffraction patterns of the solid products
resulting from the reaction between equimolar amounts of AgNO3 and 2,5-
pyridinedicarboxylic acid in different solvent media at room temperature.
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Table S2.2. The resulting products in solvent screening and products observed
during the optimization of the synthetic conditions for Ag-CP.

Solvent
Temperature

DMF DMSO H2O*

RT

80 °C

90 °C

100 °C

110 °C

120 °C

130 °C

140 °C

Color scheme for identifications of phases appeared as a solid product:

Ag2O Ag-CP

* Clear reaction mixture was prepared by partially deprotonating 2,5-pyridine dicarboxylic acid (2,5-
pydc) with 0.5 equivalent of Na2CO3 in deionized water and adding the former one to AgNO3
aqueous solution.

2.5.2. Crystal structure of silver 2,5-pyridinedicarboxylate coordination

polymer (Ag-CP): determination and details

In order to optimize the count statistics and peak shape profiles, data

collection was carried out in the 2range of 4-80 with a step size of 0.02

and a scan speed of 15 s/step. The indexing procedure was performed by

DICVOL [1] followed by intensity extraction and unit cell refinement

applying a Pawley fitting procedure (Figure S2.2) [2]. The lattice type and

space group were assigned based on the evaluation of systematic absences.

Foregoing analyses suggest that the Ag-CP crystallized in the orthorhombic
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Pbn21 space group with the lattice parameters listed in Table S2.3. The

structure solution proceeded by simulated annealing procedure using

EXPO2014 software[3] yielding the trial models comprised of silver and

2,5-pyridinedicarboxylate fragments. The chemically rational model was

chosen as a final structure model and, subsequently, has been subjected to

Rietveld refinement involving silver coordinates, scale factor, zero-point,

cell parameters, four background parameters, peak asymmetry and preferred

orientation corrections. Details of structure refinement are summarized in

Table S2.3 and the final Rietveld plot is shown in Figure S2.3. Atomic

coordinates, the principal bond distances and angles are given in Table S2.4.

Figure S2.2. Representation of Pawley fit made on Ag-CP experimental data and
indexed in orthorhombic Pbn21 space group with the unit cell parameters: a =
6.0320(5) Å, b = 32.1632(6) Å, c = 3.6147(8) Å, ==° Experimental
pattern is plotted as black line, Pawley fit – red dots, difference as solid blue line
and observed reflections are green sticks. Obtained figures of merit are Rp = 3.99
and Rwp = 5.51.
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Figure S2.3. Rietveld refinement plot made on Ag-CP experimental data using the
model obtained by simulated annealing. Experimental pattern is plotted as black
line, Pawley fit – red dots, difference as solid blue line and observed reflections are
green sticks. Obtained figures of merit are Rp = 10.76 and Rwp = 16.60.
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Table S2.3. Crystal structure parameters and refinement details for Ag-CP.

Compound Ag-CP

Empirical formula AgC7H4NO4

Formula weight / g·mol-1 273.95

Temperature / K 293

Wavelength / Å 1.5406

Crystal system orthorhombic

Space group Pbn21

a / Å 6.0320(5)

b/ Å 32.1632(6)

c / Å 3.6147(8)

/ ° 90, 90, 90

V / Å3 701.3

 4

Calculated density / g·cm-3 2.557

Data collection powder X-ray diffraction

Data collection range 2/ ° 4 – 80

R factors Rp = 10.74, Rwp = 16.60, RBragg = 5.69
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Table S2.4. Final atomic coordinates, selected bond distances (Å) and bond angles
(°) for Ag-CP.

Atom x y z Bond Length
, Å Angle Degree,

°

Ag1 0.20610 0.23075 0.40667 Ag1–O3 * 2.293 O3–Ag1–O3a 92.18

C1 0.22810 0.10860 0.39081 Ag1–O3a * 2.708 O3–Ag1–O3b 134.81

C2 0.34625 0.07112 0.38480 Ag1–O3b * 2.297 O3a–Ag1–O3b 115.46

C3 0.54564 0.06962 0.18899 Ag1–N1 * 2.982 Ag1–O3–C6 124.19

C4 0.62333 0.10484 1.00502 O1–C7 1.270 Ag1–O3–Ag1d 92.18

C5 0.50082 0.14180 0.01696 O2–C7c 1.271 Ag1–O3–Ag1e 95.99

C6 0.58368 0.17933 0.82084 O3–C6 1.273 Ag1d–O3–C6 124.19

C7 0.26244 0.03402 0.58057 O4–C6 1.272 Ag1e–O3–C6 111.25

N1 0.30630 0.14270 0.20969 C5–C6a 1.486 Ag1d–O3–Ag1e 95.26

O1 0.14349 0.03795 0.86824 C2–C7 1.476

O2 0.30829 0.99775 0.46366

O3 0.47505 0.21328 0.82727

O4 0.76552 0.17805 0.64266

Translation of symmetry code to equivalent position: (a) x,y,1+z; (b) -1/2+x,1/2-y,-

1/2+z; (c) x,1+y,z ; (d) x,y,1+z; (e) 1/2+x,1/2-y,1/2+z.

* The values agree with those reported for silver (I) pyridinecarboxylate fragments

found in the Cambridge Structural Database (CSD)[4] with the MOGUL software [5].

Figure S2.4. Representation of asymmetric unit for Ag-CP with the corresponding
atomic labelling scheme. Hydrogen atoms are omitted for clarity.
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Figure S2.5. Network of hydrogen bonds formed in Ag-CP by protonated
carboxylic group in 5-position viewed along c-axis. Hydrogen bonding formed by
O2…O2a (2.739 Å), O1…O2a (2.747 Å) and O1…O1b (2.944 Å): a 1-x, -y, -
1/2+z and b -x, -y, -1/2+z.

2.5.3. Experimental details

Materials. Silver nitrate (>99% purity), 2,5-pyridinedicarboxylic acid

(2,5-pydc, 98% purity), potassium hydroxide (99.99% purity), potassium

bicarbonate (99.99% purity) and N,N-dimethylformamide (DMF, 99.8%

purity) were purchased from Sigma-Aldrich and were used without further

purification. Both, bare macroporous woven carbon cloth (SPUN Carbon

Fibres Technology Quintech) and microporous layer containing gas

diffusion layer (ELAT LT1400 from Fuel Cell Store) was used throughout

the study. The woven nickel mesh anode (300 μm thickness) and the

titanium plate (250 μm thickness) were acquired from Nilaco Corporation,
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while the anion-exchange membrane (Sustainion S-50) and the reference

electrodes, Ag/AgCl (Sat’d KCl), Standard Calomel Electrode, Hg/HgO (1

M NaOH), were purchased from Dioxide Materials and BAS Corporation,

respectively. High-purity CO2 (99.9999%) gas was used in the CO2

electroreduction tests, obtained from AHG Industrial Gases.

Synthesis of Ag coordination polymer. This method was inspired by a

report on the synthesis of a silver carboxylate metal-organic framework [6].

In a typical synthesis, 3.84 g AgNO3 (22.6 mmol) and 1.2 g 2,5-pydc (7.2

mmol) were separately dissolved in 200 mL DMF under vigorous stirring,

forming clear solutions. Then these two solutions were mixed and kept

under stirring for 24 h. After that, the slurry was centrifuged and the

collected precipitate was washed twice, first with methanol and then with

distilled water. The solid was finally dried in a vacuum oven at 80 °C. The

synthesis yielded microcrystalline powder composed of tiny crystallites not

suitable for single crystal structural analysis. Thus, in order to grow bigger

crystals and improve the crystallinity of the compound, an extensive

screening study was performed to optimize the synthetic conditions for Ag-

CP (see section 1).

Preparation of Ag/carbon fiber (Ag/CF) electrodes. Ag/CF electrodes

were prepared by layer-by-layer growth of Ag-CP onto the carbon fibres

(green box in Scheme S1a) followed by electro-decomposition (orange box

in Scheme S1a). A carbon cloth electrode, composed of weaved carbon

fibres, was immersed into 0.1 M KOH for 1 hour and dried in air to activate

the surface of the carbon fibres [7]. 0.3 g 2,5-pydc (1.8 mmol) was dissolved

in 50 mL DMF (36 mM) as organic linker solution, and 0.96 g AgNO3 (5.64

mmol) was dissolved in 50 mL DMF (113 mM) as metal precursor solution.
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Another 50 mL DMF was used as cleaning agent in between the immersion

in the organic linker and the metal precursor solutions. The successive

immersion of the carbon cloth electrode in the organic linker solution, pure

DMF, and metal precursor solution is denoted as one growth cycle. Each

immersion lasted for 2 min. The resulting electrodes were denoted as Ag-

CP/CF-9C (9 being the number of LBL growth cycles). After the layer-by-

layer growth of Ag-CP, the electrode was fitted into a 3-electrode

electrochemical cell with the Ag-CP/CF acting as the working electrode,

and 0.1 M KHCO3 was used as electrolyte. A potential of −1.8 V vs

Ag/AgCl was applied by an Autolab PGSTAT302N potentiostat for 2 h to

reduce the Ag-CP and obtain the final Ag/CF-9C samples.

Preparation of drop-casted Ag/carbon fiber (Ag/CF-DC) electrode.

Ag/CF-DC electrodes were prepared from the powdered coordination

polymer via drop-casting (DC) of Ag-CP onto the bare woven carbon cloth

(red box in Scheme S1b) from a suspension of 50 mg Ag-CP in 5 mL

ethanol and 0.2 mL Nafion solution, followed by electro-decomposition

(orange box in Scheme S1b). The resulting electrode was denoted as Ag-

CP/CF-DC, and it underwent the same electro-decomposition process as

described above to obtain the final Ag/CF-DC e electrode. The Ag-CP and

Ag loadings on the carbon cloth are determined by weighing the electrodes

after each preparation step, and summarized in Table S2.6.

Preparation of Ag/microporous layer (Ag/MPL) electrodes. For the CO2

electroreduction experiments (both in a traditional 3-electrode liquid cell

and in the flow cell electrolyzer) Ag/CF electrodes were prepared in a

similar way described above. The major difference was, that only the

microporous layer (MPL) of the carbon cloth substrate was (pre-)treated

during the synthesis (surface version of the Scheme S1a method). We took
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advantage of the high PTFE content, and thus, the hydrophobicity of the

cloth, as it floats on top of the aqueous solution. The MPL side got in

contact with the KOH solution and was etched to make it more hydrophilic

due to the formation of OH-containing functional groups. The same two-

step synthesis was applied using 2,5-pydc linker and AgNO3 silver source in

DMF at the same concentration (36 and 113 mM, respectively). The carbon

cloth was floating on top of the DMF-based solution as well, depositing the

silver containing coordination polymer (Ag/CP) only on top of the MPL.

This further reduces the silver loading needed for high performance CO2ER

with decreasing the thickness of the active area and facilitating the

dispersion of the metal on the support. Furthermore, this catalytically active

top layer becomes important in flow cell CO2 electrolysis performed in a

zero gap cell, meaning the MPL side (along with the catalyst layer) of the

porous carbon substrate was pressed against an anion exchange membrane.

This leaves the macroporous structure intact for gas diffusion, while

utilizing the top skin of the substrate. The resulting electrodes were denoted

as Ag-CP/MPL-nC (n being the number of LBL growth cycles, n = 1, 2, 3,

6). A potential of −1.8 V vs Ag/AgCl was applied by a potentiostat to

reduce Ag-CP/MPL-nC into the final Ag/MPL-nC electrodes.

Characterization techniques. X-ray diffraction (XRD) patterns of Ag-CP,

Ag particles supported on carbon fibres were collected using a Bruker D8

Advance X-ray diffractometer, and the radiation source was a Co-Kα

radiation (λ = 0.179026 nm). The Ag content in Ag-CP was determined by

thermogravimetric (TG) analysis. TG analysis was conducted on a Mettler

Toledo TGA/SDTA851e instrument. The temperature was increased from

room temperature to 1000 °C with a ramp of 5 °C·min-1 in air, at a flow rate
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of 100 mL min-1. N2 adsorption-desorption isotherms were recorded to

determine the porous structure of Ag-CP. A Micromeritics Tristar 3020

apparatus was used to collect N2 isotherms at 77 K. The sample was

degassed beforehand at 120 °C under N2 atmosphere. Scanning electron

microscopy (SEM) analysis was performed on either a Nova Nano 630 or a

Teneo scanning electron microscope from FEI Company. A FEI TEM

(model Titan 80-300 ST) operated at 300 kV was used for transmission

electron microscopy (TEM) analysis. A K-alpha Thermo Fisher Scientific

spectrometer was used for the XPS investigation using monochromatic Al-

Kα radiation at ambient temperature and a chamber pressure of about 10-8

mbar. All spectra measured were corrected by setting the reference binding

energy of carbon (1s) at 284.8 eV. Spectra were analyzed using the Thermo

Avantage software package. The deconvolution of spectra was performed

using a mixed Gauss-Lorentzian function, the quantification was done by

using the Scoffield sensitivity factors. Difference in depth of analysis for

different photoelectron lines was accounted using the TPP-2M method.

Low- and high current density electrochemical CO2 reduction. Screening

of the Ag/MPL-nC (n = 1, 2, 3, 6) samples in CO2ER was conducted in a

custom-made airtight, two-compartment, three-electrode cell, Ag/MPL-nC

samples were used as working electrode and Pt as counter electrode

separated from the cathode part by a glass frit. A standard calomel electrode

was used (SCE) was used as the reference electrode. The CO2

electroreduction was carried out using in CO2-saturated 0.1 M KHCO

solution (pH = 6.8) under stirring at a CO2 flow rate of 10 mL min−1 in all

experiments. All potentials for CO2 reduction are reported with respect to

the reversible hydrogen electrode (RHE).
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The high current density continuous-flow CO2 electrolysis was

performed in a custom-built zero-gap electrochemical cell. The flow

electrolyzer was modified from a Fuel Cell Technologies 5 cm2 PEM single

cell to fit to the specific task of CO2ER. A membrane electrode assembly

(MEA) is a sandwich-like structure of an ion-exchange membrane and a

cathode and anode side catalyst layer on gas diffusion electrodes pressed

against it. MEAs first found widespread use in polymer electrolyte fuel cells,

and water electrolyzers, and recently it is being spread in flow CO2

electrolysis using zero-gap flow cells [8]. We constructed our MEAs with a

catalyst active area of 1.9 cm2 of the Ag/ microporous layer covered carbon

cloth (ELAT LT1400) cathode and 5.0 cm2 of a woven nickel mesh anode.

An imidazolium-functionalized anion-exchange membrane (Sustainion S-50)

separated the two compartments. The MEA was sandwiched between two

flow-field blocks of stainless steel (Type 316L) and PTFE as cathode and

anode, respectively. Since PTFE is an insulator, a patterned titanium plate

used as anode charge collector. Silicone gaskets (15 mil, Fuel Cell Store)

were used to make the cell gas tight, and the aluminium end plates were

screwed together using a torque wrench at 20-30 in-lbs (~2.3-3.4 N m). 1 M

KOH aqueous anolyte solution was recirculated in the anode compartment

by a Watson Marlow 323 peristaltic pump at 10 mL min−1. The cathode side

was fed with humidified CO2 stream with ~1-5 vol% N2 as internal standard

at 40 ml min−1 total flow rate, controlled by a calibrated Brooks Delta Smart

II mass flow controller. CO2 electrolysis was conducted under constant

current conditions (CP, chronopotentiometry) using a potentiostat (BioLogic

SP-150). The potential of the counter electrode was continuously monitored

via a Hg/HgO (1 M NaOH) reference electrode inserted into the anolyte
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chamber right behind the Ti anode current collector. The product

distribution in CO2 electroreduction experiments was determined by gas

chromatography in the gas phase. Gas products were analyzed every 5 min

via a SRI Instruments T-3000 micro gas chromatograph equipped with

MolSieve 5A and Poraplot Q columns and a micro TCD detector. The

reported Faradaic efficiencies are averages over the time of the electrolysis.

No liquid products were obtained in the experiments reported herein.

In a typical experiment, the Ag-CP layer on the microporous side of the

carbon cloth was first transformed into an Ag/carbon cloth catalyst via a 30-

min-long chronoamperometric (CA) run at a constant potential of −2 V (vs.

Hg/HgO). The in-situ formed catalysts were then tested via

chronopotentiometry at constant current densities of −25, −50, −100, −200,

−300, and −400 mA cm−2 for 30 min. Since we used a GDL based

electrolyzer, fluctuations in the potential readings were observed due to the

intensive bubble formation. The reported cell and cathode potentials are

averages over the respective electrolysis run. Since it is a zero-gap cell

without using a liquid catholyte, the working electrode potential could be

approximated from the directly determined counter electrode potential and

the full cell voltage. The raw cathode potential readings were manually

corrected to the RHE scale via eq. (1) taking the membrane resistance into

account as an iR drop. The uncorrected Ru resistance between the counter

and reference electrode was determined via EIS connecting the originally

counter electrode nickel mesh as working electrode. Due to the small

distance between the CE and RE and the high conductivity of the electrolyte

solution, the resulting iRu was negligible even at the highest applied current

density −400 mA cm−2.
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The parameters characterizing the electrochemical performance of the

catalysts were calculated according to the following equations.

RHE correction:

The measured potentials vs. Ag/AgCl (sat’d KCl) and Hg/HgO (1 M

NaOH) in the H-cell and the flow cell, respectively, were converted to the

reversible hydrogen electrode (RHE) scale according to the following

equation:

� �䧸ᆡ� �䧸�� � ��䧸ᆡ� ��� � ���
� 䧸ᆡ� �䧸� � 香�香 � � � �䧸 (1)

E(vs. RE): the experimentally measured potential vs. the respective

reference electrode;

E°Ag/AgCl(sat’d KCl) = 0.197 (V vs. SHE) at 23 °C;

E°Hg/HgO(1 M NaOH) = 0.118 (V vs. SHE) at 23 °C;

SHE: Standard hydrogen electrode;

pH: The pH of the used electrolyte solution: 13.5 for 1 M KOH, and 6.8

for CO2 saturated 0.1 M KHCO3;

Faradaic efficiency (FE):

The fraction of the total charge consumed to form product ‘x’ was

calculated according to

��� �
� � � � 䧸� � �
�� � �

(2)

FEx: the Faradaic efficiency of product ‘x’;

n: the number of electrons consumed to produce one molecule of

product, n = 2 for both CO and H2;

vx: the volume fraction of a certain gas product;

f: the overall gas flow rate at ambient pressure and temperature (m3 s-1);

F: Faraday constant (F=96 485.3329 C mol-1);
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Vm: the molar volume constant at ambient pressure and temperature

(Vm=24.465 L mol-1);

j: steady-state cell total current at each applied potential (mA).

Partial current density:

�� �
��� � �ݐ�݋��

�香香
(3)

jx: partial current density of product x (mA cm−2);

FEx: Faraday efficiency of product x (%);

jTotal: total current density all product combined (mA cm−2);

Energy efficiency:

The ratio of between the stored energy in product ‘x’ and the electrical

energy applied to the system was determined according to eq. (4):

��� �
��

��䧸��
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EEx: energy efficiency of product x (%);

E°: equilibrium cell potential (E°= E°cathode – E°anode = −0.10 V –

1.23 V = −1.33 V for CO2 to CO);[9]

UCell: overall cell potential (V).

Electrochemical active surface area (EASA) experiment. The

electrochemical active surface areas of Ag electrodes were compared using

the monolayer oxidation method in a traditional three-electrode aqueous

electrochemical cell with platinum and Ag/AgCl (Sat’d KCl) counter and

reference electrodes, respectively [10]. The current density peak at about
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1.15-1.20 V vs. RHE corresponds to the formation of monolayer silver

oxide or AgOH (Figure S2.22a).

The measurement was carried out in 0.1 M KOH with bubbling N2. The

electrodes were reduced at −0.4 V vs RHE for 10 min in order to reduce the

already existing silver oxide layer, and then immediately oxidized by a

constant potential of 1.15 V vs RHE to form monolayer silver oxide. By

measuring the charge used during oxidation, the relative active surface area

of a Ag catalyst can be calculated. The reported values are averages of four

consecutive measurements (Figure S22b). Both, the Ag-CP/MPL-nC and

the Ag/MPL-nC electrodes (Figure S22c-f) were tested.

2.5.4. Supplementary experimental results

Figure S2.6. XPS survey spectrum of Ag-CP.
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Table S2.5. Atomic (surface) content of elements in Ag-CP determined by XPS.

Element Atomic content (%)

C 68.8

Ag 3.5

N 3.2

O 24.5

Figure S2.7. XRD pattern of Ag-CP after calcination at 600 °C in air (black) and
the simulated XRD pattern of metallic Ag (red).
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Figure S2.8. N2 isotherm of Ag-CP at 77 K.

Scheme S2.1. Schematic synthesis route of (a) Ag/CF-nC electrode and (b) Ag/CF-
DC electrode. Green, orange, and red boxes represent LBL growth of Ag-CP,
electro-decomposition of Ag-CP, and drop-casting of Ag-CP on carbon cloth,
respectively.
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Figure S2.9. Cross-sectional SEM image (a) and the corresponding EDS elemental
map (b) of the 20 LBL cycle sample (Ag-CP/MPL-20C). The component maps of
(c) carbon, (d) silver, (e) fluorine and (f) Al are also shown. The fluorine signal
comes from the PTFE treated carbon fabric, while Al is the sample holder.

Figure S2.10. Variation of the Ag-CP and Ag (before and after in-situ electro-
decomposition) loading with the number of sequential deposition steps (LBL
cycles) on bare carbon fibre support.
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Figure S2.11. SEM images of the 1 LBL cycle sample (Ag/MPL-1C) before (a-b)
and after (c-d) in-situ electro-decomposition.

Figure S2.12. SEM images of the 2 LBL cycle sample (Ag/MPL-2C) before (a-b)
and after (c-d) in-situ electro-decomposition.
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Figure S2.13. SEM images of the 3 LBL cycle sample (Ag/MPL-3C) before (a-b)
and after (c-d) in-situ electro-decomposition.

Figure S2.14. SEM images of the 6 LBL cycle sample (Ag/MPL-6C) before (a-b)
and after (c-d) in-situ electro-decomposition.
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Figure S2.15. TEM images of the microporous layer supported Ag nanoparticles
and the corresponding particle size distributions of the n = (a) 1, (b) 2, (c) 3, (d) 6
Ag/MPL-nC samples.
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Figure S2.16. XRD patterns of the (a) carbon supported Ag-CP (black) and the
simulated pattern of Ag-CP (red); (b) as-prepared carbon supported Ag electrode
before (black) and after (blue) one CO2ER test and simulated pattern of metallic
Ag (red).

Figure S2.17. Ag 3d region XPS spectra of the Ag powders collected from carbon
supported Ag electrode before (a) and after (b) one CO2ER test with blue, red, and
green peaks representing Ag2O, metallic Ag and K, respectively.
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Figure S2.18. SEM images of an electrode prepared onto bare woven carbon fibers
by conventional drop casting (a-b) before and (c-d) after electro-decomposition.
SEM images of an electrode prepared onto bare woven carbon fibers by L-B-L
method (e-f) before and (g-h) after electro-decomposition.

Figure S2.19. Typical chronoamperometric in-situ reduction of the Ag-CP/MPL-
3C sample in the liquid cell at −1.8 V vs SCE (−0.88 V vs. RHE). Stable CO2

reduction performance was achieved from 15 min of the reaction.
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Figure S2.20. Chronoamperometric CO2 electroreduction using the Ag/MPL-3C
sample in the liquid cell at −2.0 V and −1.6 V vs SCE (−0.94-0.98 and −0.78-0.81
V vs. RHE). In (a) and (c) the CO2ER tests were conducted in the original
electrolyte solutions, where the catalysts were in-situ reduced, while in (b) and (d)
the previously reduced samples were re-measured in fresh electrolyte.
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Figure S2.21. Chronoamperometric CO2ER stability test using the Ag/MPL-3C
sample in the liquid cell at −1.6 V vs SCE (−0.83 V vs. RHE). Stable CO2

reduction performance was achieved in the 5-hour electrolysis.

Figure S2.22. (a) Cyclic voltammetry of Ag-CP/MPL-3C in 0.1 M KOH at 20 mV
s−1 scan rate. Current density as a function of time at around 1.18 V vs RHE for the
determination of EASA in Ag/MPL-3C (4 parallel measurements), and the first
monolayer reduction curves for Ag/MPL-nC, where n = (c) 1, (d) 2, (e) 3, and (f) 6.
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Figure S2.23. Variation of the electrochemical active area (EASA) of the Ag-
CP/MPL-3C and Ag/MPL-3C with ongoing LBL cycles.

Table S2.6. Loading amount of Ag-CP and Ag on carbon cloth electrodes.

Electrode
Ag-CP

loaded (mg)

Ag loaded

(mg)

Ag loading density

(mg cm-2)

Dropcasted 46.5 19.4 3.10

Ag/CF-3C 7.1 3 0.48

Ag/CF -6C 13.8 5.1 0.82

Ag/CF -9C 22.4 7.6 1.22

Ag/CF -12C 27.3 9.5 1.52

Ag/MPL-3C 0.55 0.38-0.4 0.20-0.21
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Table S2.7. Summary of recently reported Ag-based electrodes in H-type CO2

electrolyzers.

Catalyst Loading Electrolyte
FECO

(%)

jCO
(mA/cm
-2 )

Mass
activity
(mA/mg)

Ref.

Polycrystalline
Ag

Bulk
(thickness
0.25mm)

0.1 M
KHCO3

~85 ~2.1 ~0.008 [11]

Oxide-derived
Ag

Bulk
(thickness
0.25mm)

0.1 M
KHCO3

~95 ~2.7 ~0.011 [12]

3-D porous Ag
Bulk
(thickness
0.5mm)

0.1 M
KHCO3

94.7 ~10.0 ~0.020 [13]

Triangular Ag
nanoplate

~0.637 mg
cm-2 - 90 3.0 4.710 [14]

Nanoporous
Ag 10 mg cm-2 0.5 M

KHCO3
~92 8.0 ~2.000 [15]

Plasma-
activated Ag

Bulk
(thickness
0.008mm)

0.1 M
KHCO3

>90 2.25 ~0.280 [16]

Preferentially
oriented Ag

Bulk
(thickness
0.1mm)

0.5 M
KHCO3

96.7 ~9.0 ~0.090 [17]

Ag
nanoparticle 10 mg/cm2 EMIM-BF4 >96 ~0.92 0.137 [18]

Anodic-etched
Ag

Bulk
(thickness
0.25mm)

0.1 M
KHCO3

92% 1.50 ~0.006 [10a]

Ag/MPL-3C 0.205
mg/cm2

0.1 M
KHCO3

93.0% 30.2 147.15 This
work
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Figure S2.24. Typical chronoamperometric curve of the in-situ reduction of a
Ag/CP-3C/carbon cloth sample into a Ag/carbon cloth catalyst in the zero gap flow
cell during the first half hour of the CO2 electrolysis. The catalyst was selective to
CO right from the beginning of the reaction, and reaches stable high current
between 20 and 30 min of the run.

Table S2.8. CO2 to CO electroreduction performance in a gas-fed flow electrolyzer
in terms of cell (UCell) and cathode potentials (ECathode), Faradaic efficiency (FECO),
mass activity, and energetic efficiency (EECO) on the Ag/MPL electrode.

jTotal
(mA cm−2)

UCell

(V)

ECathode

(V vs.

RHE)

FECO

(%)

Mass activity for

CO (mA mgAg−1)

EECO

(%)

−25 −2.07 −0.36 96.9 117.3 62.4

−50 −2.35 −0.55 97.9 237.0 55.5

−100 −3.07 −0.70 98.5 476.7 42.7

−200 −3.37 −0.84 99.5 962.9 39.3

−300 −3.59 −0.94 98.8 1435.1 36.6

−400 −3.78 −1.02 96.3 1864.3 33.8
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Table S2.9. A comparison of CO2-to-CO electroreduction literature data achieved
with flow cell in terms of maximum CO current density (jCO), cell voltage (Ucell),
cathode potential (ECathode), CO Faradaic efficiency (FECO) and CO energy
efficiency (EECO).

Catalyst
UCell

(V)

ECathode

(V vs.
RHE)

FECO

(%)

jCO
(mA
cm−2)

Mass
activity
(mA/mg)

EECO

(%)
Ref.

AgDAT −3.5 −0.90 93.0 109.3 1267.8 35.4 [19]

AgPz −3.5 −0.77 90.4 76.8 1780.9 34.4 [19]

AgPc −3.5 −0.98 75.7 107.6 1721.0 28.8 [19]

Ag NP −3.0 −0.91 94.7 248.4 276.0 42.0 [20]

Nanoporous Ag - −0.80 93.1 34.7 0.9 - [15]

Ag NP/MWNT −3.0 −0.80 102.1 356.6 1782.9 45.3 [21]

Ag NP/XC-72R −3.0 −0.85 98.9 116.2 112.9 43.9 [22]
40 wt% Ag
NP/P25 TiO2

−3.0 −0.81 93.3 100.6 257.6 41.4 [22]

20 wt% Ag
NP/P25 TiO2

−3.0 −0.84 92.6 102.4 533.2 41.1 [22]

5 wt% Ag NP/P25
TiO2

−3.0 −0.79 45.6 45.6 2695.7 23.9 [22]

Ag NP −3.0 −1.08 91.2 436.4 218.2 40.4 [23]

Ag NP −3.0 −1.21 97.5 280.9 351.1 43.2 [24]

Au/PyPBI/MWNT - −1.18 62.1 159.9 940.3 - [25]

g-C3N4/MWNT −3.0 −1.01 98.1 90.2 37.7 43.5 [26]

Ag/carbon foam −3.0 −1.07 65.0 121.6 211.8 32.5 [27]

Au/PyPBI/MWNT −2.5 −0.65 63.6 203.0 1127.5 33.3 [9]

Covestro Ag ODC −4.7 - 73.5 232.4 ~0.9-1.7 21.9-
24.2 [28]

Sputtered Ag/
PTFE - −0.67 89.7 180.0 - - [29]

CD-Ag/PTFE - −0.81 90.6 157.7 - - [29]

Ag/PTFE −5.9 −0.84 84.3 252.9 126.5 19.1 [30]

Ag NP/carbon felt - - 60.4 108.7 72.4 - [31]

Ni-N-C - −1.11 73.5 220.8 220.8 - [32]

Porous Zn GDE - −0.68 73.0 218.9 33.7 - [33]

Ag/MPL-3C −3.8 −1.02 96.3 385.2 1864.3 33.8 This
work
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Figure S2.25. A comparison of flow cell CO2-to-CO electroreduction literature
data in terms of (a) maximum CO current density (jCO) and (b) mass activity for
CO against cathode potential (ECathode). The inset graph in panel b shows mass
activity curves for catalysts with a reported maximum mass activity of higher than
1500 mA mg−1.
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Figure S2.26. Cell potential in the long-term stability test of the Ag/CP-3C sample
derived Ag/carbon cloth sample in a flow electrolyzer.

Figure S2.27. Crystal precipitates in the cathode flow channels after long-term
electrolysis (a) without and (b) with humidifying the CO2 gas feed.
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Figure S2.28. XRD pattern of the crystalline precipitate from the cathode gas flow
channels. The pattern for KHCO3 is plotted for comparison.



Chapter 2

2.5.5. References for supporting information

1. Boultif, A.; Louer, D., Powder pattern indexing with the dichotomy method. J Appl

Crystallogr 2004, 37, 724-731.

2. Pawley, G. S., Unit-Cell Refinement from Powder Diffraction Scans. J Appl

Crystallogr 1981, 14 (Dec), 357-361.

3. Altomare, A.; Corriero, N.; Cuocci, C.; Falcicchio, A.; Moliterni, A.; Rizzi, R., EXPO

software for solving crystal structures by powder diffraction data: methods and

application. Cryst Res Technol 2015, 50 (9-10), 737-742.

4. Groom, C. R.; Bruno, I. J.; Lightfoot, M. P.; Ward, S. C., The Cambridge Structural

Database. Acta Crystallogr B Struct Sci Cryst Eng Mater 2016, 72 (Pt 2), 171-9.

5. Bruno, I. J.; Cole, J. C.; Kessler, M.; Luo, J.; Motherwell, W. D.; Purkis, L. H.; Smith,

B. R.; Taylor, R.; Cooper, R. I.; Harris, S. E.; Orpen, A. G., Retrieval of

crystallographically-derived molecular geometry information. J Chem Inf Comput Sci

2004, 44 (6), 2133-44.

6. Lu, X.; Ye, J.; Zhang, D.; Xie, R.; Bogale, R. F.; Sun, Y.; Zhao, L.; Zhao, Q.; Ning, G.,

Silver carboxylate metal–organic frameworks with highly antibacterial activity and

biocompatibility. Journal of Inorganic Biochemistry 2014, 138, 114-121.

7. Endrődi, B.; Kecsenovity, E.; Samu, A.; Darvas, F.; Jones, R. V.; Török, V.; Danyi, A.;

Janáky, C., Multilayer Electrolyzer Stack Converts Carbon Dioxide to Gas Products at

High Pressure with High Efficiency. ACS Energy Letters 2019, 4 (7), 1770-1777.

8. Weekes, D. M.; Salvatore, D. A.; Reyes, A.; Huang, A.; Berlinguette, C. P.,

Electrolytic CO2 Reduction in a Flow Cell. Accounts Chem Res 2018, 51 (4), 910-918.

9. Verma, S.; Hamasaki, Y.; Kim, C.; Huang, W.; Lu, S.; Jhong, H.-R. M.; Gewirth, A.

A.; Fujigaya, T.; Nakashima, N.; Kenis, P. J. A., Insights into the Low Overpotential

Electroreduction of CO2 to CO on a Supported Gold Catalyst in an Alkaline Flow

Electrolyzer. ACS Energy Letters 2018, 3 (1), 193-198.

10. (a) Ma, M.; Liu, K.; Shen, J.; Kas, R.; Smith, W. A., In Situ Fabrication and

Reactivation of Highly Selective and Stable Ag Catalysts for Electrochemical CO2

Conversion. ACS Energy Letters 2018, 3 (6), 1301-1306; (b) Rosen, J.; Hutchings, G.

S.; Lu, Q.; Rivera, S.; Zhou, Y.; Vlachos, D. G.; Jiao, F., Mechanistic Insights into the



Maximizing Ag Utilization in High Rate CO2 Electrochemical Reduction

Electrochemical Reduction of CO2 to CO on Nanostructured Ag Surfaces. Acs Catal

2015, 5 (7), 4293-4299.

11. Ma, M.; Trzesniewski, B. J.; Xie, J.; Smith, W. A., Selective and Efficient Reduction

of Carbon Dioxide to Carbon Monoxide on Oxide-Derived Nanostructured Silver

Electrocatalysts. Angewandte Chemie 2016, 55 (33), 9748-52.

12. Won da, H.; Shin, H.; Koh, J.; Chung, J.; Lee, H. S.; Kim, H.; Woo, S. I., Highly

Efficient, Selective, and Stable CO2 Electroreduction on a Hexagonal Zn Catalyst.

Angewandte Chemie 2016, 55 (32), 9297-300.

13. Daiyan, R.; Lu, X. Y.; Ng, Y. H.; Amal, R., Highly Selective Conversion of CO2 to

CO Achieved by a Three-Dimensional Porous Silver Electrocatalyst. Chemistryselect

2017, 2 (3), 879-884.

14. Liu, S.; Tao, H.; Zeng, L.; Liu, Q.; Xu, Z.; Liu, Q.; Luo, J. L., Shape-Dependent

Electrocatalytic Reduction of CO2 to CO on Triangular Silver Nanoplates. J Am Chem

Soc 2017, 139 (6), 2160-2163.

15. Lu, Q.; Rosen, J.; Zhou, Y.; Hutchings, G. S.; Kimmel, Y. C.; Chen, J. G.; Jiao, F., A

selective and efficient electrocatalyst for carbon dioxide reduction. Nat Commun 2014,

5, 3242.

16. Mistry, H.; Choi, Y. W.; Bagger, A.; Scholten, F.; Bonifacio, C. S.; Sinev, I.; Divins,

N. J.; Zegkinoglou, I.; Jeon, H. S.; Kisslinger, K.; Stach, E. A.; Yang, J. C.; Rossmeisl,

J.; Roldan Cuenya, B., Enhanced Carbon Dioxide Electroreduction to Carbon

Monoxide over Defect-Rich Plasma-Activated Silver Catalysts. Angewandte Chemie

2017, 56 (38), 11394-11398.

17. Peng, X.; Karakalos, S. G.; Mustain, W. E., Preferentially Oriented Ag Nanocrystals

with Extremely High Activity and Faradaic Efficiency for CO2 Electrochemical

Reduction to CO. ACS Appl Mater Interfaces 2018, 10 (2), 1734-1742.

18. Rosen, B. A.; Salehi-Khojin, A.; Thorson, M. R.; Zhu, W.; Whipple, D. T.; Kenis, P.

J.; Masel, R. I., Ionic liquid-mediated selective conversion of CO(2) to CO at low

overpotentials. Science 2011, 334 (6056), 643-4.

19. Tornow, C. E.; Thorson, M. R.; Ma, S.; Gewirth, A. A.; Kenis, P. J. A., Nitrogen-

Based Catalysts for the Electrochemical Reduction of CO2 to CO. Journal of the

American Chemical Society 2012, 134 (48), 19520-19523.



Chapter 2

20. Ma, S.; Luo, R.; Moniri, S.; Lan, Y.; Kenis, P. J. A., Efficient Electrochemical Flow

System with Improved Anode for the Conversion of CO2 to CO. J Electrochem Soc

2014, 161 (10), F1124-F1131.

21. Ma, S.; Luo, R.; Gold, J. I.; Yu, A. Z.; Kim, B.; Kenis, P. J. A., Carbon nanotube

containing Ag catalyst layers for efficient and selective reduction of carbon dioxide. J

Mater Chem A 2016, 4 (22), 8573-8578.

22. Ma , S.; Lan , Y.; Perez, G. M. J.; Moniri, S.; Kenis , P. J. A., Silver Supported on

Titania as an Active Catalyst for Electrochemical Carbon Dioxide Reduction.

ChemSusChem 2014, 7 (3), 866-874.

23. Verma, S.; Lu, X.; Ma, S.; Masel, R. I.; Kenis, P. J. A., The effect of electrolyte

composition on the electroreduction of CO2 to CO on Ag based gas diffusion

electrodes. Physical Chemistry Chemical Physics 2016, 18 (10), 7075-7084.

24. Kim, B.; Hillman, F.; Ariyoshi, M.; Fujikawa, S.; Kenis, P. J. A., Effects of

composition of the micro porous layer and the substrate on performance in the

electrochemical reduction of CO2 to CO. J Power Sources 2016, 312, 192-198.

25. Jhong, H.-R. M.; Tornow, C. E.; Kim, C.; Verma, S.; Oberst, J. L.; Anderson, P. S.;

Gewirth, A. A.; Fujigaya, T.; Nakashima, N.; Kenis, P. J. A., Gold Nanoparticles on

Polymer-Wrapped Carbon Nanotubes: An Efficient and Selective Catalyst for the

Electroreduction of CO2. Chemphyschem 2017, 18 (22), 3274-3279.

26. Jhong, H.-R. M.; Tornow, C. E.; Smid, B.; Gewirth, A. A.; Lyth, S. M.; Kenis, P. J. A.,

A Nitrogen-Doped Carbon Catalyst for Electrochemical CO2 Conversion to CO with

High Selectivity and Current Density. ChemSusChem 2017, 10 (6), 1094-1099.

27. Ma, S.; Liu, J.; Sasaki, K.; Lyth, S. M.; Kenis, P. J. A., Carbon Foam Decorated with

Silver Nanoparticles for Electrochemical CO2 Conversion. Energy Technology 2017,

5 (6), 861-863.

28. Haas, T.; Krause, R.; Weber, R.; Demler, M.; Schmid, G., Technical photosynthesis

involving CO2 electrolysis and fermentation. Nature Catalysis 2018, 1 (1), 32-39.

29. Dinh, C.-T.; García de Arquer, F. P.; Sinton, D.; Sargent, E. H., High Rate, Selective,

and Stable Electroreduction of CO2 to CO in Basic and Neutral Media. ACS Energy

Letters 2018, 3 (11), 2835-2840.

30. Gabardo, C. M.; Seifitokaldani, A.; Edwards, J. P.; Dinh, C.-T.; Burdyny, T.; Kibria,

M. G.; O’Brien, C. P.; Sargent, E. H.; Sinton, D., Combined high alkalinity and



Maximizing Ag Utilization in High Rate CO2 Electrochemical Reduction

pressurization enable efficient CO2 electroreduction to CO. Energ Environ Sci 2018,

11 (9), 2531-2539.

31. Salvatore, D. A.; Weekes, D. M.; He, J.; Dettelbach, K. E.; Li, Y. C.; Mallouk, T. E.;

Berlinguette, C. P., Electrolysis of Gaseous CO2 to CO in a Flow Cell with a Bipolar

Membrane. ACS Energy Letters 2018, 3 (1), 149-154.

32. Möller, T.; Ju, W.; Bagger, A.; Wang, X.; Luo, F.; Ngo Thanh, T.; Varela, A. S.;

Rossmeisl, J.; Strasser, P., Efficient CO2 to CO electrolysis on solid Ni–N–C catalysts

at industrial current densities. Energ Environ Sci 2019, 12 (2), 640-647.

33. Luo, W.; Zhang, J.; Li, M.; Züttel, A., Boosting CO Production in Electrocatalytic

CO2 Reduction on Highly Porous Zn Catalysts. Acs Catal 2019, 9 (5), 3783-3791.



This chapter is based on the following publication:

R. Wang, F. Kapteijn, J. Gascon, Metal-organic Framework Mediated Ag-Cu

Composite for Enhanced Production of Ethylene in CO2 Electrochemical Reduction, in

preparation.

Metal-Organic Framework

Mediated Ag-Cu Composite for

Enhanced Production of Ethylene

in Electrochemical CO2

Reduction



MOF-mediated Ag-Cu Composites for Enhanced Production of Ethylene

Abstract: Electrochemical reduction of CO2 to value-added products has

been attracting tremendous attention because of its economic and

environmental impact. The combination of Cu with another metal to form

alloys or composites shows promising potential in directing the CO2

electroreduction selectivity towards C2H4. In this chapter, a facile

construction is reported of an Ag-Cu composite by spin-coating of a Ag

coordination polymer (CP) on Cu, followed by electro-reduction of the Ag-

CP. H2 evolution is suppressed after Ag coating while CO production is

boosted, with peak FE towards CO as high as 45%. Moreover, by tuning the

content of Ag, the FE towards C2H4 can reach 43%. The total current

density of Ag-Cu composites is also enhanced by more than 50% compared

with the Cu foil.
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3.1. INTRODUCTION

Anthropogenic activities have caused tremendous increase of

atmospheric CO2 concentration during the last two centuries, and the high

CO2 concentration is widely considered to be a major reason for the

environmental problems faced by the human society. To tackle this problem,

several CO2 utilization technologies have been proposed [1], such as

photocatalytic methods [2], thermo-catalytic methods [3], and

electrocatalytic methods [4]. Among these methods, CO2 electrochemical

reduction is of great industrial potential owing to the mild operation

conditions and the possibility to generate some highly value-added products

[4].

Researchers have demonstrated that the products of CO2 electrochemical

reduction were closely related to the catalyst [4a, 5]. Metal catalysts are

divided into four categories based on their main products, and when it

comes to the formation of hydrocarbons, Cu stands out as the sole metal to

catalyze CO2 electrochemical reduction into various products, with methane

and ethylene as dominant ones [5a]. Although methane is a useful fuel,

especially for power plants, the market price of methane is actually much

inferior to ethylene [6]. Thus, from an economic point of view, the

development of catalysts that do not stimulate methane formation in

electrochemical CO2 reduction would be highly desirable for the

commercialization of CO2ER. The suppression of CH4 production on Cu has

been demonstrated through several engineering methods, such as plasma

activation of Cu [7], choice of electrolyte [7], and nanostructuring Cu [7-8],

etc. Recently, researchers have been exploring metal alloys or composites to
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tune the selectivity of Cu-based electrocatalysts, especially towards C2H4

production [9].

Feng et al. [10] used laser ablation to prepare Cu-Zn alloy catalysts that

exhibited a FE towards C2H4 as high as 33.3% at −1.1 V vs. RHE. The high

proximity of Cu and Zn atoms on the electrocatalyst surface was shown to

facilitate the stabilization of the *CO intermediate and the transfer of the

*CO intermediate from Zn atoms to their neighbouring Cu atoms, where

dimerization and protonation of the *CO intermediate occurred to form

ethylene. Hoang et al. [11] constructed Cu-Ag alloy films with

homogeneous mixture through co-electrodeposition. The alloy film

exhibited a FE for C2H4 as high as 60% at −0.7 V vs. RHE and a total

current density of approximately -300 mA cm-2. Mechanistic studies

suggested that the high selectivity towards C2 products originates from a

synergistic effect of the enhanced stabilization of the Cu2O overlayer and

the optimal availability of the CO intermediate, both of which resulted from

the incorporation of Ag in the alloy. Wang et al. [12] reported the efficient

production of ethylene by constructing a Ag−Cu bimetallic catalyst by

sequential precipitation of Ag/Cu2O heterostructure followed by

electroreduction, enhancing FE to ethylene to 42%. The high yield of

ethylene can be rationalized by the relay catalysis of the Ag and Cu

component around the Ag/Cu interface, with CO forming on Ag and then

transferring to Cu for further reduction. As for the mechanisms of the

catalysis by the combination of Ag and Cu, Gurudayal et al. [13]

demonstrated a sequential cascade pathway to convert CO2 to C2+

hydrocarbons and oxygenates in a two-step electrocatalytic process using

CO as the intermediate. CO2 to CO conversion was performed by using Ag,

and further conversion of CO to C-C coupled products is performed with
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Cu. Huang et al. [14] used Ag/Cu nanocrystals to uncover the key role

played by the Ag/Cu interface in promoting CO2RR. Segregated Ag and Cu

domains sharing a tunable interface were obtained by a seeded growth

synthesis, wherein preformed Ag nanoparticles were used as nucleation

seeds for the Cu domain. It was found that the tandem catalysis and

electronic effects, both enabled by the addition of Ag to Cu in the form of

segregated nanodomains, synergistically account for an enhancement in the

Faradaic efficiency for C2H4.

Here a facile MOF-mediated strategy is introduced to produce a Ag-Cu

composite for electrochemical CO2 reduction. A Ag coordination polymer

(Ag-CP) was synthesized and spin-coated onto Cu foil, followed by

electrochemical reduction of the Ag-CP into metallic Ag, thereby generating

in-situ a composite of Ag and Cu. The loading amount of Ag can be tightly

controlled through spin-coating cycles. The Ag-Cu electrode was measured

for CO2 electrochemical reduction with a H-cell, and shows a Faradaic

efficiency towards C2H4 as high as 43% and a current density of -9.3 mA

cm- 2 at -1.13 V vs. RHE, with H2 and CO as the main by-products. With the

increase of the Ag loading on the electrode, the H2 evolution was gradually

suppressed. This MOF-mediated strategy opens a door for facile synthesis

of composite catalysts for electrochemical reduction of CO2 into valuable

hydrocarbon products.

3.2. EXPERIMENTAL

3.2.1. Materials

Silver nitrate (>99%), 2,5-pyridinedicarboxylic acid (2,5-pydc, 98%),

potassium hydroxide (99.99%), potassium bicarbonate (99.99%) and N,N-
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dimethylformamide (DMF, 99.8%), hydrochloric acid (36.5-38 wt.%), Cu

foil (thickness 0.25 mm, 99.98% trace metal basis) were purchased from

Sigma-Aldrich and were used without further purification. Nafion solution

(5 %, in ethanol) was purchased from Fuel Cell Store.

3.2.2. Synthesis of Ag-CP

This synthesis method was adopted from literature [15] and Chapter 2.

In a typical synthesis, 3.84 g AgNO3 (22.56 mmol) and 1.2 g 2,5-pydc (7.2

mmol) were separately dissolved in 200 mL DMF each under vigorous

stirring to form clear solutions. Then these two solutions were mixed and

kept under stirring for 24 h. After that, the slurry was centrifuged and the

collected precipitate was washed twice, first with methanol and then with

distilled water. The solid was finally dried in a vacuum oven at 80 °C.

3.2.3. Hydrochloric acid (HCl) etching of Cu foil

The concentrated HCl was first diluted to 0.1 M with distilled water.

Pristine Cu foils were cut into small pieces of 2.5 cm × 2.5 cm. The Cu foils

were placed in a plastic box and immersed in 0.1 M HCl solution (Figure

S3.1a). The plastic box was then wrapped with aluminium foil, and kept in

the fume hood for overnight treatment (Figure S3.1b), after which the Cu

foils were washed 3 times with distilled water and dried in a vacuum oven

overnight at 60 °C. The Cu foils after HCl etching were denoted as etched

Cu foil. The etched Cu foils appeared significantly different in comparison

with the pristine Cu foils (Figure S3.2).
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3.2.4. Spin-coating of Ag-CP onto etched Cu foil.

A suspension of Ag-CP in ethanol and Nafion was prepared by mixing

100 mg Ag-CP into 8 mL ethanol and 2 mL Nafion solution, and kept under

magnetic stirring for 2 h to form a uniform suspension.

For the spin-coating process, one piece of etched Cu foil was fixed on

the holder of spin-coater, the rotation speed of the spin-coater started from

zero to 2000 rpm in 4 s, and then was kept at 2000 rpm for 10 s, during

which 1 mL Ag-CP suspension was casted on etched Cu foil in a drop-by-

drop manner; after that, the rotating speed was further increased to 3000

rpm in 5 s, and kept at 3000 rpm for 10 s to guarantee the uniform

dispersion of Ag-CP. The spin-coating process was repeated for various

cycles to control the Ag loading amount. The sample after spin-coating of

Ag-CP was denoted as Ag-CP/Cu-n (n represents the spin-coating cycles,

n = 2, 4, 6).

3.2.5. Electroreduction of Ag-CP.

To fabricate an electrode, a silver wire was soldered on the uncoated side

of Cu foil, and the uncoated side was sealed with metal glue to prevent its

contact with electrolyte. The Ag-CP/Cu-n electrodes were put in a three-

electrode electrochemical cell, with 0.1 M KHCO3 as electrolyte, Ag/AgCl

(sat’d KCl) as reference electrode, and Pt gauze as counter electrode. A

potential of -1.8 V vs. Ag/AgCl was applied for 10 min to electrochemically

reduce the Ag-CP to metallic Ag. The electrodes after electroreduction of

Ag-CP were denoted as AgCu-n. As seen from Figure S3.3, with more spin-

coating cycles, the coated side of the electrode became darker.
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3.2.6. Controlled-potential CO2 electrolysis.

CO2 electroreduction experiments were performed in a H-type

electrochemical cell as previously reported [16]. The cell was divided into

two compartments, the anode compartment and cathode compartment, by a

proton-exchange membrane (Nafion 117). The anode compartment

contained a counter electrode (Pt gauze), while the cathode electrode

contained the working electrode and a reference electrode (Ag/AgCl

electrode). Both compartments had a volume of 100 mL, and were filled

with 85 mL electrolyte prior to the performance tests, leaving a headspace

of 15 mL. CO2 was then fed into the reactor by bubbling through the liquid

with a flow rate of 100 mL min-1 until the electrolyte was saturated, after

which the CO2 flow was fixed at 10 ml min-1. To start the controlled-

potential electrolysis, an operation potential was applied by a potentiostat

(Autolab PGSTAT302N) in the range of -1.0 to -2.0 V vs. Ag/AgCl. The

cathode compartment was connected to an on-line gas chromatograph

(Global Analyzer Solution Compact GC), which was triggered every 24 min

to analyze the gas product. The online-GC is equipped with a thermal

conductivity detector (TCD), connected with Parabond (Q 2 m x 0.32 mm)

and Carboxen 1010 (20 m x 0.32 mm) columns, and flame ionization

detector (FID), connected with a Porabond Q (15 m x 0.32 mm x 10 μm)

column. He is used as carrier gas, and the online-GC is pre-calibrated with

mixture gas bottle (5% CH4, C2H4, C2H6, C3H3, C3H8, and CO, diluted with

N2) and H2 bottle (5% H2 diluted with N2). All the experiments lasted 120

min. At the end of the electrocatalytic test, a liquid sample (~0.2 mL) was

collected from the electrolyte solution for ultra-performance liquid

chromatography (UPLC) analysis. The UPLC is equipped with a RI detector
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and a TUV detector, and a Shodex KC811 column. The UPLC is pre-

calibrated for the analysis of liquid phase product, such as methanol, ethanol,

and formate, etc. After each experiment, the electrochemical reactor was

cleaned with distilled water, and the proton-exchange membrane was

immersed into 0.1 M H2SO4 for regeneration.

Faradaic efficiency (FE) of a gas product i was calculated based on the

following equation:

FEi = (n×F×vi×f) / (Vm×j) (1)

Where:

n: the number of electrons consumed to produce one product molecule;

vi : the volume fraction of a certain gas product;

f: the overall gas flow rate (in the unit of m3 s-1);

F: Faraday constant (F= 96485 C mol-1);

Vm: the molar volume constant at ambient pressure (Vm=0.024465 m3

mol-1);

j: steady-state cell total current at each applied potential (A).

3.2.7. Electrochemical active surface area measurement.

The electrochemically active surface area (ECSA) for each electrode was

estimated from the electrochemical double-layer capacitance of the catalytic

surface [17]. The electrochemical capacitance was determined by measuring

the non-Faradaic capacitive current associated with double-layer charging

from the scan-rate dependence of cyclic voltammograms (CVs). To measure

double-layer charging via CV, a potential range in which no apparent

Faradaic processes occur was determined from static CV. This range is

typically a 0.1 V potential window centred at the open-circuit potential

(OCP) of the system. The OCPs for each electrode are given in Table S3.1.
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All measured current in this non-Faradaic potential region is assumed to be

due to double-layer charging. The charging current, ic, was then measured

from CVs at multiple scan rates. The double-layer charging current is equal

to the product of the scan rate, v, and the electrochemical double-layer

capacitance, CDL, as given by the equation below:

ic = v · CDL (2)

Thus, a plot of ic as a function of v yields a straight line with a slope

equal to CDL.

The CV curves of pristine Cu foil, etched Cu foil, and AgCu-n

electrodes at different scan rates are shown in Figure S3.4, and the linear

slopes of charging currents vs. scan rates were calculated and displayed in

Figure S3.5. The related data are summarized in Table S3.1. The roughness

factor is defined as the ratio between the ECSA of one electrode and ECSA

of pristine Cu foil, which represents the relative ECSA.

3.2.8. Characterization techniques.

X-ray diffraction (XRD) patterns of etched Cu foils, Ag-CP/Cu-n, and

AgCu-n electrodes were collected using a Bruker D8 Advance X-ray

diffractometer, and the radiation source was a Co-Kα radiation (λ =

0.179026 nm). The Ag content in Ag-CP was determined by

thermogravimetric (TG) analysis. Scanning electron microscopy (SEM)

analysis was performed on either a Nova Nano 630 or a Teneo scanning

electron microscope from FEI Company. A K-alpha Thermo Fischer

Scientific spectrometer was used for the XPS investigation using

monochromatic Al-Kα radiation at ambient temperature and a chamber

pressure of about 10-8 mbar. All spectra measured were corrected by setting

the reference binding energy of carbon (C1s) at 284.8 eV. Spectra were
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analyzed using the Thermo Avantage software package. The deconvolution

of spectra was performed using a mixed Gauss-Lorentzian function, the

quantification was done by using the Scoffield sensitivity factors.

Difference in analysis depth for different photoelectron lines was accounted

for by the TPP-2M method.

3.3. RESULTS AND DISCUSSION

In the XRD analysis two sets of reflections are observed in AgCu-n

samples (Figure 3.1), corresponding to those of metallic Cu and Ag. More

spin-coating cycles of Ag-CP lead to stronger Ag reflections, indicating

higher Ag loadings. The coating of Ag-CP onto Cu foil does not directly

result in AgCu composites, as follows from the XRD patterns of Ag-

CP/Cu- n samples. Clear reflections of Ag-CP can be observed for Ag-

CP/Cu-n electrodes (Figure S3.6), showing the presence of Ag-CP on the

Cu surface.

Figure 3.2a-c reveals a small amount of Ag2O (with Ag3d5/2 and Ag3d3/2
peaks centred at ~367.6 eV and ~373.6 eV, respectively)[18] in the Ag-CP,

while the electro-reduced AgCu-4 samples only show metallic Ag peaks

(with Ag3d5/2 and Ag3d3/2 peaks centred at ~368.2 eV and ~374.2 eV,

respectively), indicating a complete reduction of Ag2O to the detection limit

after the electro-reduction of Ag-CP. The Cu2p results (Figure 3.2d-f)

exhibit a mixture of CuO (with Cu2p3/2 centred at ~934.6 eV and Cu2p1/2
centred at ~954.4 eV) and metallic Cu (with Cu2p3/2 centred at ~932.7eV

and Cu2p1/2 centred at ~952.5 eV) [19]. The satellite peaks of Cu2p are

typical for the presence of Cu2+. CuO is partially reduced to metallic Cu
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Figure 3.1. XRD patterns of AgCu-n samples, simulated Ag, and etched Cu foil.

Figure 3.2. Regional Ag3d and Cu2p XPS peaks of (a, d) Ag-CP/Cu-4, (b, e)
AgCu-4 before CO2 electrolysis, and (c, f) AgCu-4 after CO2 electrolysis.
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Figure 3.3. SEM images of (a-b) AgCu-2, (c-d) AgCu-4, and (e-f) AgCu-6.

when a negative potential is applied (during both the electro-reduction of

Ag-CP and the CO2 electrolysis), because the ratio of CuO : metallic Cu

shows a clear decreasing trend (Table S3.2).

The HCl etching caused a difference in the appearance between pristine

and etched Cu foils. The Cu foil surface structure at the micro level was also

affected, as shown by the SEM analysis (Figure S3.7). After HCl etching,

the Cu foil surface was highly roughened. The etched roughness was
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Figure 3.4. Faradaic efficiencies of CO, CH4, C2H4, ethanol, and formate measured
on (a) etched Cu foil, (b) AgCu-2, (c) AgCu-4, and (d) AgCu-6 in controlled-
potential CO2 electrolysis.

possibly a reason for the increased ECSA of etched Cu foil compared to the

pristine Cu foil (Table S3.1).

The SEM images of AgCu-n samples (Figure 3.3) demonstrate that more

cycles of Ag-CP lead to a higher surface coverage of Ag particles. AgCu-2

still has a highly roughened surface, while the roughness induced by HCl

treatment on AgCu-4 and AgCu-6 has been largely mitigated by an

increased Ag coverage. Moreover, AgCu-6 has larger Ag particles than

AgCu-2 and AgCu-4.
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Although loading of Ag particles does not add to an observed surface

roughness, the ECSA after Ag loading is boosted compared with pristine

and etched Cu foils, and the ECSA shows a high dependence on the spin-

coating cycles, i.e., the more Ag loading, the higher ECSA (Figure S3.4-

S3.5 and Table S3.1).

The uniformity of Ag dispersion on the surface is demonstrated by the

EDX elemental mapping (Figure S3.8-3.10), and the elemental content is

summarized in table S3.3. Specifically, the Ag content shows an almost

linear relation with Ag-CP coating cycles, demonstrating that the MOF-

mediated approach, especially in combination with spin-coating, can be a

precise way to tune the loading quantity when preparing metal composites.

The elemental content ratio of Ag:Cu as determined from the XPS survey

spectra (Figure S3.12 and Table S3.4) also exhibits a clearly increasing

trend with the number of spin-coating cycles, indicating the decreased

exposure of the Cu surface with higher Ag loadings.

The Faradaic efficiency distribution of the CO2 reduction reaction

(CO2RR) products on etched Cu foil and AgCu-n electrodes as a function of

the applied potential is shown in Figure 3.4. For all these four electrodes CO,

CH4, and C2H4 are the main gas-phase CO2RR products, while ethanol and

formate are the detectable liquid-phase CO2RR products. For etched Cu foil,

no product is formed with a FE above 15%. After Ag loading, CO and C2H4

start to stand out as dominant products, especially for AgCu-4 and AgCu-6,

C2H4 (on AgCu-4) and CO (on AgCu-6) exhibit a significantly higher FE

than all the other products. The Ag loading also results in an improvement

in the production of ethanol, which exhibits a peak FEethanol of 7% at -1.13 V

vs. RHE on AgCu-6. Formate production is slightly decreased on AgCu-2
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Figure 3.5. (a) Total current density, and (b) Faradaic efficiency for H2 for etched
Cu foil and AgCu-n samples; (c) Faradaic efficiencies towards formate, ethanol,
C2H4, CH4, CO, and H2 at -1.13V vs. RHE.

and AgCu-4, but finally enhanced on AgCu-6, with a peak FEformate of ~10%.

Moreover, the Ag loading also mitigate the overpotentials for the formation

of C2H4 and ethanol. For AgCu-n electrodes, significant amount of C2H4 and

ethanol can already be observed at -0.53 V vs. RHE, while almost no C2H4

and ethanol is formed on etched Cu foil at the same overpotential.

The decoration of Ag on the Cu surface significantly improves the

current density (Figure 3.5a), and the higher Ag loading the higher the

current density. Specifically, the current density at -1.33V vs. RHE is

increased by more than 50% (from 7.9 mA cm-2 to 13.5 mA cm-2) after 6
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cycles of Ag-CP. The increased current density can be explained by ECSA

improvement by Ag loading (Figure S3.4-S3.5 and Table S3.1).

The Faradaic efficiency towards H2 shows an opposite trend with total

current density (Figure 3.5b), that is the higher Ag loading suppresses FE of

H2. An optimum FEH2 occurs at -1.13V vs. RHE, where the FEH2 is lowered

from ~70% (etched Cu foil) to ~25% (AgCu-6). The Faradaic efficiencies of

all the products (hydrocarbons, ethanol, formatted, and H2) from cathode

add up to slightly less than 100%, and the missing FE is likely to originate

from those products which are small in amount and cannot be accurately

detected. The Faradaic efficiencies of several major products, C2H4, CH4,

CO, and H2, at -1.13V vs. RHE are plotted in Figure 3.5c. Along with the

suppression of H2 evolution with higher Ag loading, CO production is

gradually boosted from 5% (etched Cu foil) to 44% (AgCu-6), possibly

indicating the loaded Ag particles mainly function as independent CO

evolution sites. In addition to H2 evolution, loading Ag on the Cu surface

also suppresses CH4 production. At -1.13V vs. RHE, the FE of CH4 was

reduced from 12% (etched Cu foil) to less than 5% (AgCu-4 and AgCu-6).

The FE of C2H4 first increases from 14% (etched Cu foil) to 43% (AgCu-4).

Increasing the Ag loading from AgCu-4 to AgCu-6 likely boosts the

formation of large Ag particles on the surface, as observed from SEM

(Figure 3.3), making Ag the dominant catalytic phase on the surface,

resulting in the decrease in FE of C2H4 and increasing the FECO.

Based on the 'relay' (bifunctional) catalysis model proposed by Wang et

al. [12], the CO2 molecule first adsorbs on the Ag surface, and *CO

intermediate is formed by transferring two electron-proton pairs to the

adsorbed CO2 molecule. Afterwards, the CO intermediate is transported to
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Cu surface for further reduction to hydrocarbons and alcohols. Although a

detailed pathway still needs to be examined by DFT calculation, this model

can be used to explain the performance of the bifunctional Ag-Cu

composites that were constructed. By decorating the Cu foil by Ag particles,

which are favorable for CO production, a relatively large amount of CO is

fed to the Cu surface instead of pure CO2, resulting in an increased

production of C2H4, being a major product in electrochemical CO reduction

on Cu surface [20].

A compilation of recent studies on Cu-based electrodes for

electrochemical CO2 reduction into C2H4 under similar experimental

conditions as ours is listed in Table S3.5. By comparison, the Ag-Cu

composites constructed by the MOF-mediated approach exhibit an

outstanding FEC2H4, and a relatively higher current density than most of the

reported works.

3.4. CONCLUSIONS

In summary, we have shown here a facile route to construct a Ag-Cu

composite electrocatalyst for CO2 reduction through spin-coating of Ag-CP

on the Cu foil, followed by the electro-reduction of Ag-CP. The spin-

coating method ensures the uniform dispersion of Ag, and exhibits a tight

control over the coating amount of Ag. The Ag loading on Cu surface can

significantly suppress the H2 evolution while facilitating CO production and

increasing the current density in CO2ER. Furthermore, the Ag-Cu composite

favours the production of C2H4 over Cu, with increasing Ag contents the FE

of C2H4 first increases to as high as 43% on AgCu-4, but decreases on

AgCu-6, attributed to the larger Ag particles becoming the dominant

catalytic phase on the surface. The construction of metal composites through
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MOF-mediated approach hold a promising potential for the scalable

fabrication of electrodes for the electrochemical reduction of CO2 into

valuable hydrocarbons, here demonstrated for a bifunctional Ag-Cu system.
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3.6. Supporting Information for Chapter 3

Figure S3.1. HCl etching of Cu foils. (Top) all samples collected in the treatment
box, (bottom) covered with Al-foil for overnight treatment in fume hood.

Figure S3.2. Appearance of Cu foil before (left) and after (right) HCl etching.
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Figure S3.3. Appearance of etched Cu foil and AgCu-n electrodes.

Figure S3.4. CV curves at different scan rates for (a) pristine Cu foil, (b) etched Cu
foil, (c) AgCu-2, (d) AgCu-4, and (e) AgCu-6.
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As described in experimental section, the cyclic voltammograms at

different scan rate were measured to determine electrochemical capacitance,

which is proportional to the electrochemically active surface areas. To

measure double-layer charging via CV, a potential range in which no

apparent Faradaic processes occur was determined from static CV. This

range is typically a 0.1 V potential window cantered at the open-circuit

potential (OCP) of the system. All measured current in this non-Faradaic

potential region is assumed to be due to double-layer charging. The

charging currents constitute a linear relation with scan rate, as shown in

Figure S3.5, and a higher value of slope represents a higher

electrochemically active surface area.
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Figure S3.5. Charging current vs. scan rate for (a) pristine Cu foil, (b) etched Cu
foil, (c) AgCu-2, (d) AgCu-4, and (e) AgCu-6.
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Table S3.1. Summary of ECSA-related data.

Sample Open-circuit
potential (V)

CDL(anode)–
CDL(cathode) (mF)

Roughness
factor

Pristine Cu foil -0.11 0.14 1

Etched Cu foil -0.11 0.24 1.75

AgCu-2 -0.095 0.29 2.06

AgCu-4 -0.06 0.34 2.42

AgCu-6 -0.11 0.38 2.73

Figure S3.6. XRD patterns of Ag-CP coated Cu foil samples, simulated Ag-CP,
and etched Cu foil.
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Table S3.2. Elemental Ag and Cu contents of Ag-CP/Cu-4 and AgCu-4 before and
after CO2ER as determined by XPS.

Sample
Element content

Ag Cu
Ag2O: Metallic Ag Metallic Cu:CuO

Ag-CP/Cu-4 0.18 0.13

AgCu-4 before CO2ER --[a] 0.9

AgCu-4 after CO2ER --[a] 1.4

[a] Ag2O is not detected in these samples.

Figure S3.7. SEM images of non-treated (a-b) Cu foil and (c-d) etched Cu foil.
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Figure S3.8. EDX element mapping of AgCu-2.

Figure S3.9. EDX element mapping of AgCu-4.



Chapter 3

Figure S3.10. EDX element mapping of AgCu-6.

Table S3.3. Element content of AgCu-n samples as determined by EDX.

Spin-coating

cycles

Elemental content (atom%)

Cu Ag C O F

2 44.4 6.7 35.6 4.1 9.2

4 27.6 12.5 33.5 4.8 21.8

6 20.2 18.1 35.8 4.4 21.5
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Figure S3.11. Linear relation of Ag element contents determined by EDX with
spin-coating cycles.

Table S3.4. Elemental surface ratio of Ag:Cu as determined by XPS.

Spin-coating cycles Elemental content ratio of Ag:Cu

2 0.06

4 0.37

6 1.92
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Figure S3.12. XPS survey spectra of (a) AgCu-2, (b) AgCu-4, and (c) AgCu-6.
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Table S3.5. Faradaic efficiencies to C2H4 obtained on Cu-based alloys and
composites.

Electrode Peak
FEC2H4

Corresponding
Potential of
Peak FEC2H4
(V vs. RHE)

jTotal
(mA cm-2) Catholyte Ref [a]

Ag−Cu
bimetallic
catalyst

42% -1.1 ~6 0.1 M
KHCO3 1

Ag−Cu
Nanodimers ~40% -1.1 ~1 0.1 M

KHCO3 2

Cu-Zn alloy 33.3% -1.1 6.1 0.1 M
KHCO3

3

Ag−Cu2O
electrode 11% -1.3 ~4 0.1 M

K2CO3 4

Cu10Zn 15 -0.95 ~20 0.1 M
KHCO3 5

Cu3Ag ~20 - 30 0.1 M
KHCO3 5

Ag-Cu
composite 43% -1.13 ~9 0.1 M

KHCO3
This
work

[a] The references listed in the table are as follows:
1. Wang, J.; Li, Z.; Dong, C.; Feng, Y.; Yang, J.; Liu, H.; Du, X., Silver/Copper Interface for Relay

Electroreduction of Carbon Dioxide to Ethylene. ACS Appl Mater Inter 2019, 11 (3), 2763-2767.
2. Huang, J.; Mensi, M.; Oveisi, E.; Mantella, V.; Buonsanti, R., Structural Sensitivities in Bimetallic

Catalysts for Electrochemical CO2 Reduction Revealed by Ag–Cu Nanodimers. Journal of the
American Chemical Society 2019, 141 (6), 2490-2499.

3. Feng, Y.; Li, Z.; Liu, H.; Dong, C.; Wang, J.; Kulinich, S. A.; Du, X., Laser-Prepared CuZn Alloy
Catalyst for Selective Electrochemical Reduction of CO2 to Ethylene. Langmuir 2018, 34 (45),
13544-13549.

4. Lee, S.; Park, G.; Lee, J., Importance of Ag–Cu Biphasic Boundaries for Selective Electrochemical
Reduction of CO2 to Ethanol. ACS Catal 2017, 7 (12), 8594-8604.

5. Ren, D.; Ang, B. S.-H.; Yeo, B. S., Tuning the Selectivity of Carbon Dioxide Electroreduction
toward Ethanol on Oxide-Derived CuxZn Catalysts. ACS Catal 2016, 6 (12), 8239-8247.
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Abstract: A Nitrogen-doped carbon was synthesized through the pyrolysis

of the well-known metal-organic framework ZIF-8, followed by a

subsequent acid treatment, and has been applied as catalyst in the

electrochemical reduction of carbon dioxide. The resulting electrode shows

Faradaic efficiencies to carbon monoxide as high as ~80%, with hydrogen

being the only by-product. Pyrolysis temperature determines the amount and

the accessibility of N-species in the carbon electrode, in which pyridinic-N

and quaternary-N species play key roles in the selective formation of carbon

monoxide.
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4.1. INTRODUCTION

The CO2 concentration in the atmosphere has increased drastically since

the first industrial revolution. The current CO2 level is considered to be the

cause of severe environmental problems [1], increasing the need to find

solutions both to revert CO2 emissions and to utilize the CO2 already present

in the atmosphere. In both cases, valorization of CO2 may provide human

society with new routes for the production of important chemical

commodities traditionally manufactured from oil. Several pathways have

been proposed to utilize CO2 [2], such as CO2 methanation [3], reverse

water gas shift [4], CO2 hydrogenation to hydrocarbons or alcohols [5], CO2

electrochemical reduction [6], and CO2 photocatalytic reduction [7], etc.

Among the above-mentioned CO2 utilization methods, the electrochemical

reduction of CO2 seems to hold great promise in a more than likely future

scenario with affordable green electricity at moderate prices. In such a

scenario, the selective formation of one single product is highly desired,

while the integration of potential products with existing chemo-catalytic

technologies would be ideal. In this sense, the direct production of carbon

monoxide is regarded as one of the most promising alternatives, since CO is

an essential feed-stock for the chemical industry.

Various electrocatalysts, including noble and earth-abundant metals and

their coordination complexes, have been widely studied in the CO2

electroreduction reaction [8]. Copper is found to be active in the direct

synthesis of hydrocarbons and oxygenates from CO2 [9]. Silver and gold

electrodes are reported to selectively convert CO2 to CO [10]. Nevertheless,

their limited availability and sensitivity to poisoning impede to a large

extent their practical applications. Hence, the exploration of alternative
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materials with high energy efficiency, selectivity, and durability remains

challenging.

Recently, introduction of heteroatoms (e.g. nitrogen) into the carbon

structure has been reported to improve the chemical, electrical, and

functional properties of carbon materials [11]. For instance, a carbon

nanotubes (CNTs) with N as dopant show a high efficiency in CO2

reduction to CO, while the nitrogen-free CNTs only produce very little

amount of CO. The high CO selectivity was later attributed to the presence

of pyridinic-N and quaternary-N [12]. Zhang et al. also investigated the

effect of N-content in the N-doped CNTs on the catalytic activity in this

reaction, and found an linear increase of the Faradaic efficiency towards

formate with the N-content [13].

Metal-organic-frameworks (MOFs) have emerged as promising

precursors for the synthesis of nanomaterials, because of their unique

structure, atomic dispersion, and textural properties [14]. Controlled thermal

decomposition of MOFs in an inert gas atmosphere has been demonstrated

as a facile route to synthesize carbon materials with well-developed porosity

[15]. In this study, a prototypical nitrogen containing MOF, ZIF-8, was

chosen as a sacrificial template for the synthesis of N-doped carbon

catalysts (NC-T, T referring the pyrolysis temperature). The synthesis

involves a high-temperature pyrolysis and a subsequent acid treatment

(Scheme 1). The as-synthesized N-doped carbon samples were then used for

electrochemical CO2 reduction.
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Scheme 4.1. Schematic illustration of the synthesis of the NC-T catalysts. (1)
Room temperature synthesis of ZIF-8 crystals. (2) Pyrolysis of the ZIF-8 crystals in
N2 at different temperatures. (3) Acid leaching to generate the NC-T catalysts.

4.2. EXPERIMENTAL SECTION

4.2.1. Materials

2-Methylimidazole (MeIm, purity 99%), zinc nitrate hexahydrate

(Zn(NO3)2·6H2O, >98%), and methanol (>99.8%) were purchased from

Sigma-Aldrich Chemical Co. All the chemicals were used without further

purification.

4.2.2. Characterization techniques

X-ray diffraction (XRD) patterns were recorded on a Bruker D8

Advance X-ray diffractometer equipped with a Co-Kα radiation (λ =

0.179026 nm). Raman spectra were obtained with a commercial Renishaw

in Via Reflex confocal microscope using a 532 nm laser, and measurements

were carried out in samples without any pre-treatment at ambient conditions.

Thermogravimetric (TG) analysis was carried out using a Mettler Toledo

TGA/SDTA851e instrument. The experiments were performed from room

temperature to 1000 °C with a ramp of 5 °C min-1 under a N2 flow (100 mL

min-1). The N2 adsorption-desorption measurements were performed by
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using a Micromeritics Tristar 3020 apparatus at 77 K. Scanning electron

microscopy (SEM) analysis and the EDX element mapping were performed

on a Nova Nano 630 scanning electron microscope from FEI Company.

Transmission electron microscopy (TEM) analysis was performed using a

FEI TEM (model Titan 80-300 ST) at 300 kV. XPS measurements were

performed on a K-alpha Thermo Fisher Scientific spectrometer using

monochromatic Al-Kα radiation at ambient temperature and chamber

pressure of about 10-8 mbar. All the spectra measured were corrected by

setting the reference binding energy of carbon (1s) at 284.8 eV. Spectra

were analyzed using the Thermo Avantage software package. The

deconvolution of spectra was performed using a mixed Gauss-Lorentz

function where the Lorentzian contribution was set to 20% for C1s, N1s and

O1s, and to 30% for Zn2p. Quantification was done by using the Scoffield

sensitivity factors. Difference in depth of analysis for different

photoelectron lines was accounted using the TPP-2M method.

4.2.3. Catalysts synthesis

Synthesis of ZIF-8. ZIF-8 precursors were synthesized according to a

previous report with some modification [16]. Typically, 2.933 g

Zn(NO3)2·6H2O and 6.489 g 2-methylimidazole were separately dissolved

in 200 mL methanol. The clear linker solution was rapidly poured into the

metal precursor solution under magnetic stirring and kept at room

temperature for 24 h. Afterwards, the bright white product was collected by

filtration, washed three times with methanol, and dried at 80 °C under

vacuum.

Synthesis of MOF-5. MOF-5 precursors were synthesized based on the

method previously reported with some modification [17]. In a typical
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synthesis, 5.065 g terephthalic acid and 16.99 g Zn(OAc)2·2H2O was

dissolved in 400 mL and 500 mL DMF, respectively. After stirring for 15

min, the zinc salt solution was added to the organic solution, and the

mixture was stirred for another 2.5 h. The product was filtered and washed

three times with DMF. The final product was dried at 80 °C under vacuum.

Synthesis of NC-T and C-900. For the preparation of NC-T, 1 g ZIF-8

was pyrolyzed in a ceramic crucible inside a quartz tubular reactor (approx.

L = 1.0 m × ID = 5.0 cm) horizontally situated in a ceramic fiber oven

(Carbolite, Sheffield). The reactor was flushed with nitrogen (100 ml min-1)

at 30 °C for 0.5 h, followed by further carbonization at different temperature

for 4 h under N2 (100 ml min-1) at a ramp of 2 °C min-1. The obtained black

powders were further immersed in 400 mL 0.5 M H2SO4 solution for 24 h at

80 °C and then dried at 60 °C in a vacuum oven for 24 h. These samples are

denoted as ‘NC-T', where T refers to the pyrolysis temperature (T = 700,

800, 900 °C). For the synthesis of C-900, 1 g MOF-5 was pyrolyzed at 900

°C, washed in 0.5 M H2SO4 solution, and dried under vacuum at the same

conditions as that of NC-900.

4.2.4. Electrochemical performance

Preparation of working electrode. For preparation of the electrode, 50

mg catalyst was weighed and suspended in a mixture of tetrahydrofuran (4

mL), Nafion solution (0.5 mL) and isopropyl alcohol (4 mL). Then the

mixture was kept in an ultrasonic bath for 2 h. The suspension was drop

casted onto a carbon cloth electrode with an area of 12.5 cm2 (2.5 cm × 2.5

cm, both sides effective). The electrode was then dried overnight at 80 °C

under vacuum. The final catalyst loading of ~50 mg was confirmed by
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weighing the working electrode before and after drop-casting, so the catalyst

per area was ~4 mg cm-2.

CO2 electrochemical reduction performance. CO2 electroreduction

experiments were performed in a continuous flow reactor as previously

reported [6d]. The reactor was divided into two compartments, the anode

and cathode compartment, by a proton-exchange membrane. The anode

compartment contained a counter electrode (Pt gauze), while the cathode

electrode contained the working electrode and a reference electrode

(Ag/AgCl electrode). Both compartments had a volume of 100 mL, and

were filled with 85 mL electrolyte prior to the performance tests, leaving a

headspace of 15 mL. CO2 was then fed into the reactor by bubbling through

the liquid with a flow rate of 100 mL min-1 until the electrolyte was

saturated, after which the CO2 flow was fixed at 10 ml min-1. To start the

controlled potential electrolysis, an operation potential was applied by a

potentiostat (Autolab PGSTAT302N) in the range of -1.0 to -2.0 V vs.

Ag/AgCl. The cathode compartment was connected to an on-line gas

chromatograph (Global Analyzer Solution Compact GC), and the on-line

GC would be triggered every 24 min to analyze the gas product. All the

experiments last 120 min. At the end of the electrocatalytic test, a liquid

sample (~1 mL) was collected from the electrolyte solution for ultra-

performance liquid chromatography (UPLC) measurement. After each

experiment, the electrochemical reactor was cleaned with distilled water,

and the proton-exchange membrane was immersed into 0.1 M H2SO4 for

regeneration.

Faradaic efficiency (FE) of the gas product was calculated based on the

following equation:
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( )
( )m

n F fFE V j
  


(1)

Where:

n: the number of electrons consumed to produce one product molecule,

for the product of CO or H2 (n=2), while for the product of CH4 (n=8);

v: the volume fraction of a certain gas product;

f: the overall gas flow rate (m3 s-1);

F: Faraday constant (F= 96485 C mol-1);

Vm: the molar volume constant at ambient pressure (Vm=0.024465 m3

mol-1);

j: steady-state cell total current at each applied potential (A).

4.3. RESULTS AND DISCUSSION

4.3.1. Synthesis and Structural Characterization

ZIF-8 was synthesized by mixing methanolic solutions of zinc nitrate

and MeIm (2-methylimidazole) at room temperature. The powder X-ray

diffraction (PXRD) pattern confirms the formation of pure crystalline ZIF-8

(Figure 4.1a) [18]. After pyrolysis and a subsequent acid treatment, the

characteristic peaks of ZIF-8 disappear, and two broad reflections positioned

at 2θ = 30°and 50.5° are observed in the N-doped carbon samples (Figure

4.1b), attributed to the (002) and (100) planes of the graphitic carbon,

respectively [19].
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Figure 4.1. XRD pattern of ZIF-8 (a) and carbon-based samples (b); TG profile of
ZIF-8 (c); N2 sorption isotherms of the as-synthesized materials (d).

The graphitization degree of the carbon matrix in the N-doped carbon

samples was analyzed by Raman spectroscopy (Figure S4.1). All the Raman

spectra of NC-T exhibit the characteristic G and D bands of carbon at 1580

cm-1 and 1350 cm-1, which are correlated to graphitic sp2 carbon and

disordered or defect carbon, respectively [14c]. The Raman spectra exhibit

an apparent correlation with pyrolysis temperature. The intensity ratio

between G and D band (IG/ID) is similar between NC-800 and NC-900,

suggesting a comparable graphitization degree of the carbon matrix [20].

For the Raman spectrum of NC-700, a shoulder at 1500 cm-1 can also be
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observed. This peak is likely to originate from the non-pyrolyzed

imidazolates [21], and leads to an overestimation of the IG/ID ratio. Indeed,

the presence of non-pyrolyzed imidazolates in NC-700 can be further

confirmed by thermogravimetric (TG) analysis (Figure 4.1c). In the TGA

curve, a mass loss of ~ 10 wt.% can be observed until 600 °C, probably

attributed to the release of moisture and residual MeIm molecules from the

porosity of ZIF-8 [18]. The sample mass then decreases sharply with

elevating temperature, which can be ascribed to the decomposition of the

organic linker (MeIm) and the gradual evaporation of metallic zinc (boiling

point of metallic Zn is 907 °C) [22].

The Brunauer-Emmett-Teller (BET) area (SBET) and pore volume (Vpore)

of ZIF-8 and NC-T samples were determined by N2 adsorption-desorption

isotherms at 77 K (Figure 4.1d), and the corresponding textural properties

are summarized in Table S4.1. ZIF-8 with a high SBET of 1752 m2 g-1 and

Vpore of 1.42 cm3 g-1, exhibits a typical microporous structure with some

intergranular mesoporosity, as concluded from the presence of hysteresis

loop above P/P0 ≈ 0.8 [23]. After pyrolysis and acid leaching, the SBET and

Vpore of NC-T samples decrease drastically, attributed to the collapse of the

well-defined microporous structure of ZIF-8 during the pyrolysis process.

Besides, an apparent dependence between surface area and pore volume

with pyrolysis temperature can be observed in NC-T samples. Specifically,

the NC-900 sample exhibits the highest SBET and micropore volume (Vmicro),

but the lowest mesopore volume (Vmeso) among all NC-T samples,

suggesting that a higher pyrolysis temperature can remove more organic

residuals from the pores but lead to more agglomeration of carbon

nanoparticles [20a].
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The morphology of the synthesized materials was studied using electron

microscopy. Transmission electron microscopy (TEM) image (Figure 4.2a)

of the as-prepared ZIF-8 exhibits a typical rhombic dodecahedral shape with

a size of 30-50 nm. The corresponding energy-dispersive X-ray

spectroscopy (EDX) element mapping images (Figure S4.2a-d) demonstrate

the homogeneous dispersion of carbon, nitrogen, and zinc throughout the

ZIF-8 crystal. After high-temperature pyrolysis and acid treatment, highly

dispersed C, N, and Zn EDX-signals in the pyrolyzed NC-T samples can be

detected (Figure S4.2e-p). The absence of any observable zinc (oxide)

nanoparticles in the carbon matrix of the as-synthesized NC-T samples are

further verified by TEM analysis (Figure 4.2b-d), indicating that the acid

treatment is sufficient to remove all zinc (oxide) nanoparticles from these

nitrogen-doped carbon samples. In addition, some large pores are observed

in the NC-T samples (e.g. the yellow circle in Figure 4.2b), attributed to the

presence of voids between nanoparticles, in line with the N2 sorption results.

The as synthesized precursors and catalysts were further characterized

by means of X-ray photoelectron spectroscopy (XPS). The XPS survey

spectra clearly demonstrate the presence of C, N, O, and some Zn in the

structure of all the samples (Figure S4.3 a,b and Table S4.2). XPS survey

spectra indicate that these NC-T samples exhibit similar oxygen and zinc

contents, and the presence of the O1s signal can be attributed to the

oxidation of the carbon surface after exposure to the air and the subsequent

acid leaching. The similar Zn contents of NC-T samples detected by XPS

analysis further confirm that the acid leaching easily removes those Zn

(oxide) nanoparticles in the carbon porosity, while the remaining Zn signals
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Figure 4.2. TEM images of ZIF-8 (a), NC-700 (b), NC-800 (c), and NC-900 (d).

in all these NC-T samples have been proven by Wang et al. to be porphyrin-

like Zn (Zn-Nx) with high resistance against acid leaching [24]. N1s signals

of NC-T samples can be deconvoluted into four types of nitrogen species

with binding energy around 398.3 eV, 399.9 eV, 401.2 eV, and 402.5 eV,

which can be attributed to pyridinic-N, pyrrolic-N, quaternary-N, and

oxidized-N, respectively [25], as shown in Figure 4.3a-c. We speculate that,

upon pyrolysis, N-atoms in the pentagonal ring of the original imidazole
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Figure 4.3. N1s XPS region spectra of (a) NC-700, (b) NC-800, and (c) NC-900;
(d) N-species distribution in NC-900 from XPS.

units are mostly converted into pyridinic-, pyrrolic-, and quaternary-N

species. The percentage of each N species is calculated from XPS analysis

and included in Figure 4.3d and Table S4.2. Obviously, the NC-T sample

synthesized at a higher pyrolysis temperature contains a lower overall N-

content, which can be attributed to the removal of some relatively unstable

N-species such as pyridinic and/or pyrrolic-N at high temperature,

consistent with previous reports [25-26]. Pyridinic-N dominates in all NC-T

samples, and the NC-800 sample has the highest pyridinic-N content of

9.3 at.%.
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4.3.2. Catalytic Performance

The performance of the N-doped carbon catalysts in the electrocatalytic

reduction of carbon dioxide was evaluated in 0.1 M KHCO3 solution

saturated with CO2 under controlled potential electrolysis. No liquid-phase

products could be detected during the reaction by ultra-performance-liquid

chromatography (UPLC), and the gas products were analyzed by on-line gas

chromatography (GC). CO and H2 are the only detectable reduction

products over the whole potential range (Figure 4.4a and b), except at -

1.33 V vs. RHE (reversible hydrogen electrode), where some CH4 is

produced (Figure S4.4). When the Faradaic efficiency of CO (FECO) is

plotted as a function of the potential in the range of -0.53 to -1.33 V vs.

RHE, a volcano-like curve is obtained, with an optimum at -0.93 V vs. RHE

for all these N-doped carbon samples. At the same time, the FECO of NC-T

samples depends on the pyrolysis temperature, and the N-doped carbon

pyrolyzed at a higher temperature exhibits a higher FECO, with NC-900

showing the highest FECO of ~78% at -0.93 V vs. RHE, which is comparable

to the data reported recently from nitrogen-doped carbon catalysts (Table

S4.3) [12-13, 27]. Figure 4.4c shows the partial current density to CO (jCO)

for the N-doped carbon samples within the potential range from -0.53 to -

1.33 V vs. RHE. NC-900 exhibits the highest jCO among these catalysts. The

electrocatalytic stability of the NC-900 sample in CO2 reduction is as well

evaluated by constant potential electrolysis of CO2 (Figure S4.5a). At an

applied potential of -0.93 V vs. RHE, the NC-900 sample exhibits a stable

current density of -1.1 mA cm-2 and FECO of ~80 % during 120 min reaction

time, without obvious deactivation.



Chapter 4

Figure 4.4. CO2 electrochemical reduction performance of NC-T samples. (a)
Faradaic efficiency to CO, (b) Faradaic efficiency to H2, and (c) Partial CO current
density.

To probe the origin of the CO2 reduction catalytic activity obtained with

the NC-900 sample, a carbon material (C-900) was also prepared by

pyrolysis of MOF-5 ([Zn4O(bdc)3], bdc = benzene-1,4-dicarboxylate) [15a],

followed by acid leaching under the same conditions as NC-900. As

expected, C, O, and Zn signals but no N-species can be detected in the XPS

survey spectrum of C-900 (Figure S4.3 and Table S4.2). Although C-900

exhibits a higher SBET than that of NC-900 (Figure 4.1d and Table S4.1), it

shows a FECO as low as ~2%, along with a poor current density of -0.6 mA

cm-2 at -0.93 V vs. RHE (Figure S4.5b). This result indicates that the

presence of N in the carbon structure significantly improves the activity for

CO2 electroreduction, and that residual Zn has a negligible contribution. It

has been reported that pyridinic-N and quaternary-N species in the carbon

matrix can facilitate the transfer of a proton-electron pair to CO2, thereby

lowering the energy barrier for the production of COOH*, an intermediate

for CO formation, resulting in a high catalytic activity, while the pyrrolic-N

plays a less important role in this process [12]. Unexpectedly, NC-800 is

less active although it has a higher content of pyridinic-N than NC-900. On

the one hand, a zinc-porphyrin complex (Zn-Nx) was indeed reported to
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preferably produce hydrogen under a similar electrochemical measurement

conditions [28], but since NC-900 and NC-800 exhibit similar Zn contents,

as proven by XPS analysis, the lower activity of NC-800 cannot be simply

attributed to the presence of these Zn-species. On the other hand, NC-800

and NC-900 samples also show similar graphitization degrees according to

Raman measurement. Thus, we attribute the lower activity of NC-800

mainly to the lower SBET of NC-800, which probably impedes the

accessibility of active sites during CO2 electroreduction process.

4.4. CONCLUSIONS

A facile route is proposed for the preparation of nitrogen-doped carbon

materials via pyrolysis of ZIF-8 and subsequent acid treatment. In CO2

electroreduction, these N-doped carbon samples are up to 78% selective to

CO formation, the higher the pyrolysis temperature the better the catalytic

performance. The high activity can be attributed to the presence of a large

amount of pyridinic-N and quaternary-N species in the carbon structure,

which are known to lower the energy barrier for the formation of COOH*,

an intermediate to produce CO. In addition, the well-developed porosity

further promotes the activity by making more active sites accessible.
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4.6. Supporting Information for Chapter 4

Figure S4.1. Raman spectra of NC-T and C-900 samples.

Table S4.1. N2-adsorption-desorption data of as-synthesized samples.

Samples
S / (m2/g) V / (cm3/g)

Total Micro Meso Total Micro Meso

ZIF-8 1752 1615 137 1.42 0.62 0.80
NC-700 392 273 119 0.80 0.12 0.68
NC-800 488 399 89 0.65 0.15 0.50
NC-900 740 672 68 0.53 0.26 0.27
C-900 1833 703 1130 1.84 0.31 1.53
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Figure S4.2. SEM and the corresponding EDX analysis of ZIF-8 (a-d), NC-700 (e-
h), NC-800 (i-l) and NC-900 (m-p) with EDX elements of C (red), N (yellow), and
Zn (green).
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Figure S4.3. XPS survey spectra of (a) ZIF-8 and MOF-5 precursors and (b) final
catalyst samples.

There are two small peaks appearing around 472 eV and 495 eV for the

NC-T samples (Figure S4.3b) correspond to the Auger lines of zinc: Zn

L2M45M45 at ~472 eV and Zn L3M45M45 at ~495 eV, so they should be

observed in XPS if the sample contains zinc.

Table S4.2. Content of elements in N-doped carbon samples obtained from XPS
analysis.

Samples C O Zn Ntotal

N
Pyridinic

-N
(398.3
eV)

Pyrrolic-N
(399.9 eV)

Quaternary
-N

(401.2 eV)

N-
oxide
(402.
5 eV)

ZIF-8 72.4 15.3 2.4 9.9 - - - -
MOF-5 76.9 21.7 1.4 - - - - -
NC-700 70.0 10.8 1.2 18.0 9.0 7.0 1.6 0.4
NC-800 70.9 10.5 1.2 17.4 9.3 5.8 1.7 0.6
NC-900 77.2 10.2 1.0 11.6 6.2 3.4 1.8 0.3
C-900 86.3 13.4 0.3 - - - - -
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Figure S4.4. Faradaic efficiency distribution of NC-T samples at -1.33 V vs. RHE.

Figure S4.5. Stability test of CO2 electrochemical reduction of (a) NC-900 and (b)
C-900 at - 0.93 V vs. RHE.
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Table S4.3. Faradaic efficiencies to CO obtained for carbon-based electrocatalysts.

Electrocatalyst Peak FE
Corresponding
Potential (V vs.
RHE) of Peak FE

FE around
-0.93 V vs.
RHE

Electrolyte Ref [a]

Pyrolyzed ZIF
supported on carbon

nanotube
~100% -0.86 ~100% 0.1 M NaHCO3 1

Pyrolyzed ZIF 50% -0.56 ~26% 0.1 M NaHCO3 1

N-doped carbon
nanotube 80% -1.05 ~62% 0.1 M KHCO3 2

N-doped nanoporous
carbon/CNT
membrane

81% -0.80 ~65% 0.1 M KHCO3 3

N-doped nanocarbon 85% -0.90 ~82% 0.5 M NaHCO3 4

PEI enhanced N-
doped carbon
nanomaterial

82% -1.12 ~60% 0.1 M KHCO3 5

N-doped carbon
nanotube 80% -0.80 ~75% 0.1 M KHCO3 6

Carbon nanofiber 98% -0.70 - EMIM-BF4 7

g-C3N4/carbon
nanotube composite 60% -0.65 47% 0.1 M KHCO3 8

N-doped carbon
coated mulita-walled
carbon nanotube

95% -0.79 ~95% 1 M KCl 9

S,N-codoped
nanoporous carbon 11.3% -0.99 ~8% 0.1 M KHCO3 10

N-doped carbon 78% -0.93 78% 0.1 M KHCO3 This work

[a] The references listed in the table are as follows:
1. Guo, Y., Yang, H., Zhou, X., Liu, K., Zhang, C., Zhou, Z., Wang, C. and Lin, W., 2017.

Electrocatalytic reduction of CO2 to CO with 100% faradaic efficiency by using pyrolyzed
zeolitic imidazolate frameworks supported on carbon nanotube networks. Journal of Materials
Chemistry A, 5(47), pp.24867-24873.

2. Sharma, P.P., Wu, J., Yadav, R.M., Liu, M., Wright, C.J., Tiwary, C.S., Yakobson, B.I., Lou, J.,
Ajayan, P.M. and Zhou, X.D., 2015. Nitrogen‐Doped Carbon Nanotube Arrays for
High‐Efficiency Electrochemical Reduction of CO2: On the Understanding of Defects, Defect
Density, and Selectivity. Angewandte Chemie International Edition, 54(46), pp.13701-13705.

3. Wang, H., Jia, J., Song, P., Wang, Q., Li, D., Min, S., Qian, C., Wang, L., Li, Y.F., Ma, C. and Wu,
T., 2017. Efficient Electrocatalytic Reduction of CO2 by Nitrogen-Doped Nanoporous
Carbon/Carbon Nanotube Membranes: A Step Towards the Electrochemical CO2 Refinery.
Angewandte Chemie International Edition, 56(27), pp.7847-7852.
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4. Xu, J., Kan, Y., Huang, R., Zhang, B., Wang, B., Wu, K.H., Lin, Y., Sun, X., Li, Q., Centi, G. and
Su, D., 2016. Revealing the Origin of Activity in Nitrogen‐Doped Nanocarbons towards
Electrocatalytic Reduction of Carbon Dioxide. ChemSusChem, 9(10), pp.1085-1089.

5. Zhang, S., Kang, P., Ubnoske, S., Brennaman, M.K., Song, N., House, R.L., Glass, J.T. and Meyer,
T.J., 2014. Polyethylenimine-enhanced electrocatalytic reduction of CO2 to formate at nitrogen-
doped carbon nanomaterials. Journal of the American Chemical Society, 136(22), pp.7845-7848.

6. Wu, J., Yadav, R.M., Liu, M., Sharma, P.P., Tiwary, C.S., Ma, L., Zou, X., Zhou, X.D., Yakobson,
B.I., Lou, J. and Ajayan, P.M., 2015. Achieving highly efficient, selective, and stable CO2

reduction on nitrogen-doped carbon nanotubes. ACS nano, 9(5), pp.5364-5371.
7. Kumar, B., Asadi, M., Pisasale, D., Sinha-Ray, S., Rosen, B.A., Haasch, R., Abiade, J., Yarin, A.L.

and Salehi-Khojin, A., 2013. Renewable and metal-free carbon nanofibre catalysts for carbon
dioxide reduction. Nature communications, 4, p.2819.

8. Lu, X., Tan, T.H., Ng, Y.H. and Amal, R., 2016. Highly selective and stable reduction of CO2 to
CO by a graphitic carbon nitride/carbon nanotube composite electrocatalyst. Chemistry-A
European Journal, 22(34), pp.11991-11996.

9. Jhong, H.R.M., Tornow, C.E., Smid, B., Gewirth, A.A., Lyth, S.M. and Kenis, P.J., 2017. A
Nitrogen‐Doped Carbon Catalyst for Electrochemical CO2 Conversion to CO with High
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Abstract: Mesoporous nitrogen-doped carbon nanoparticles with atomically

dispersed iron sites (named mesoNC-Fe) are synthesized via the pyrolysis of

a bi-metallic (Fe/Zn) ZIF-8. Hydrolysis of tetramethyl orthosilicate (TMOS)

in the framework prior to pyrolysis plays an essential role in maintaining a

high surface area during the formation of the carbon structure, impeding the

formation of iron (oxide) nanoparticles. To gain insight on the nature of the

resulting atomically dispersed Fe moieties, HERFD-XANES, EXAFS and

valence-to-core X-ray emission spectroscopies have been used. The

experimental spectra combined with theoretical calculations suggest that

iron has a coordination sphere of a porphyrinic environment and OH/H2O

moieties, which is responsible for the high activity in CO2 electroreduction.

DFT calculations further demonstrate that the favourable CO formation in

these structures originates from the decreased free energy barriers of

*COOH formation and the impeded adsorption of *H.
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5.1. INTRODUCTION

The increasing global demand for energy has inevitably led to rising CO2

emissions due to the combustion of fossil fuels (e.g. coal, petroleum and

natural gas), which is considered to accelerate global warming and climate

deterioration [1]. Two major approaches can be followed to decrease CO2

content in the atmosphere: to capture and geologically store CO2, or to

convert CO2 into valuable chemical fuels. The latter approach seems to be

more attractive, especially considering the stability of CO2 storage [2].

Various catalytic approaches for CO2 reduction, such as thermocatalytic

reduction, photocatalytic reduction and electrocatalytic reduction have been

proposed [3]. The mild operation conditions and the various valuable

products make electrochemical CO2 reduction a promising candidate for

CO2 utilization.

Numerous metal catalysts are active in CO2 electroreduction, such as Au,

Ag, Cu, etc. [4]. The catalytic performances of different metals were found

to depend on the binding energy between the metal atoms and CO, a key

intermediate in CO2 reduction. Metals having an intermediate binding

energy with CO are found to be active in the synthesis of hydrocarbons and

oxygenates that require a transfer of more than two electrons [4c]. When the

binding energy between the metal and CO becomes weak, CO is the main

product, as CO molecules can easily desorb from the metal surface prior to

further reduction to alcohols and/or hydrocarbons [5]. In the latter case, CO

can be used as feedstock in an additional heterogeneous catalysis processes

(e.g. Fischer-Tropsch synthesis) in order to obtain fuels and other valuable

chemicals [6].
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Nitrogen-doped carbon (hereafter denoted as NC) supported transition

metal catalysts exhibit unique chemical and electrical properties, and are

supposed to act as alternatives to expensive noble metal catalysts in

electrocatalysis [7]. Interestingly, the catalytic activity and product

selectivity to a large extent depend on the configuration of the transition

metal in the carbon framework. For instance, iron nanoparticles anchored on

NC supports were reported to mainly produce H2 [8]. In contrast, atomically

dispersed iron atoms prefer to bond with heteroatoms, such as N, C and/or O

in the carbon matrix, and CO is the primary product from these isolated iron

sites [7a]. Until now, extensive efforts have been made to understand the

local structure of these atomically dispersed metal sites in the NC matrixes,

and the coordination environment of metal centers largely depends on the

materials and methods of preparation [9].

As a subclass of metal organic frameworks (MOFs), zeolitic imidazolate

frameworks (ZIFs) have recently emerged as promising templates to

synthesize novel materials, because of their unique textural properties and

atomic metal dispersion [10]. For instance, NC with atomically dispersed

metal sites in the framework has been successfully prepared by adding little

amount of their inorganic metal salts in the synthesis solution of ZIF-8,

followed by thermal treatment at high temperature under inert atmosphere

[11]. The preferred formation of these atomically dispersed metal sites can

be attributed to the generation of free N-coordination sites in the carbon

matrix after Zn evaporates, which helps to stabilize the foreign metal atoms

(FMA) [11b, 12]. However, thermal treatment at high temperature

inevitably causes severe fusion and aggregation of carbon nanoparticles,
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which shows low surface area and pore volume, and therefore reduces the

number of accessible active sites during catalysis [13].

Herein, we report a facile approach to prepare mesoporous NC with

atomically dispersed iron sites (mesoNC-Fe). This approach consists of (i)

hydrolysis of tetramethyl orthosilicate (TMOS) in the structure of an iron-

containing ZIF-8 material (ZIF-8-Fe), (ii) high-temperature pyrolysis and

(iii) SiO2 template leaching. The SiO2-assisted approach is vital to (i) inhibit

the formation of iron nanoparticles, (ii) preferentially generate atomically

dispersed iron sites, and (iii) create high surface area and mesoporosity in

the carbon matrix. This catalyst was tested in CO2 electroreduction and

showed high CO Faradaic efficiency (FECO), partial current density of CO

(jCO) and good catalytic stability. Because of the non-crystalline nature of

the iron active phase, specific X-ray spectroscopies are applied to unravel

the chemical environment of iron: HERFD-XANES, EXAFS and valence-

to-core X-ray emission spectroscopies. Comparison of the experimental

spectra (both XAS and XES) with the theoretical spectra calculated for

various plausible models allows us to approximate to the coordination

sphere of iron.

5.2. EXPERIMENTAL

5.2.1. Materials

2-Methylimidazole (MeIm, purity 99%), zinc nitrate hexahydrate

(Zn(NO3)2·6H2O, >98%), iron nitrate nonahydrate (Fe(NO3)3·9H2O, >99%),

tetramethyl orthosilicate (TMOS ≥99%), and methanol (>99.8%) were

purchased from Sigma-Aldrich Chemical Co. All the chemicals were used

without further purification.
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5.2.2 Catalyst synthesis

For the synthesis of ZIF-8-Fe, a mixture of Zn(NO3)2·6H2O and

Fe(NO3)3·9H2O with Zn/Fe molar ratio of 25 (nZn/nFe=25) was dissolved in

200 mL methanol. A mixture of MeIm (6.489 g) in 200 mL methanol was

rapidly poured into the above solution with vigorous stirring for 24 h at

room temperature. The total molar amount of (Zn + Fe) was fixed to be 10

mmol. Afterwards, the products were collected by filtration, washed

thoroughly with methanol, and dried overnight at 80 °C under vacuum.

For the preparation of ZIF-8-Fe@SiO2, 1 g ZIF-8-Fe was suspended in 5

mL TMOS in an autoclave, and further transferred into a rotation oven and

heated up to 333 K and kept at 333 K overnight. After the oven was cooled

down to room temperature, the mixture was carefully washed with ethanol

by filtration. Then the obtained ZIF-8-Fe@TMOS material was placed in a

cotton thimble of 22 mm diameter inside a glass tube of 25 mm diameter.

The glass tube was fitted to a round bottom flask containing 500 mL water.

A needle to bubble ~10 ml min-1 N2 flow into water was also fitted. The

temperature was raised to 50 °C to create a wet N2 stream to hydrolyze the

TMOS molecules for 24 h, after which the sample was collected and dried

in an oven at 60 °C overnight.

NC-Fe@SiO2 was prepared by pyrolysis of 1 g ZIF-8-Fe@SiO2 at

900 °C for 4 h under N2 at a ramp of 2 °C min-1 in a ceramic crucible inside

a quartz tubular reactor (approx. L = 1.0 m × ID = 4.0 cm) horizontally

situated in a ceramic fiber oven (Carbolite, Sheffield). The obtained NC-

Fe@SiO2 was further leached in 1 M NaOH solution for 24 h to remove the

SiO2 template, followed by washing with deionized water until the pH
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reached neutral, and dried at 50 °C overnight under vacuum to yield

mesoNC-Fe.

As reference, mesoNC was prepared by hydrolysis of TMOS in ZIF-8,

followed by pyrolysis and SiO2 leaching under the same conditions as the

preparation of mesoNC-Fe. Further for comparison, microNC and

microNC-Fe were prepared by direct pyrolysis of 1 g ZIF-8 and ZIF-8-Fe,

respectively, at 900 °C for 4 h.

5.2.3. Characterization

Transmission electron microscopy (TEM) and high-resolution TEM

(HR-TEM) were performed by using a Talos F200X microscope (FEI,

Hillsboro, OR, USA) at an acceleration voltage of 200 kV. X-ray diffraction

(XRD) patterns were recorded on a Bruker D8 Advance X-ray

diffractometer equipped with a Co-Kα radiation (λ = 0.179026 nm). Raman

spectra analysis was performed by using a commercial Renishaw in Via

Reflex confocal microscope with a 532 nm laser. The N2 adsorption-

desorption isotherms were measured at 77 K using a Micromeritics Tristar

3020 apparatus. Prior to measurement, samples were degassed under

vacuum at 383 K overnight. XPS measurements were performed on a K-

alpha Thermo Fisher Scientific spectrometer using monochromatic Al-K

radiation at ambient temperature and chamber pressure of about 10-8 mbar.

All the spectra measured were corrected by setting the reference binding

energy of carbon (1s) at 284.8 eV. Spectra were analyzed using the Thermo

Avantage software package. Background subtraction was done using the

setting “SMART” (based on the Shirley background with the additional

constraint that the background should not be of a greater intensity than the

actual data at any point in the region). The deconvolution of spectra was
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performed using a mixed Gauss-Lorentz function where the Lorentzian

contribution was set to 20%. Linear sweep voltammetry (LSV) was

conducted with a potentiostat (Autolab PGSTAT302N) in the potential

range of 0.40 V to -1.40 V vs. Ag/AgCl at a sweep rate of 0.05 V s−1.

5.2.4. Catalyst performance

For the preparation of the electrode, 50 mg catalyst was suspended in a

mixture of tetrahydrofuran (4 mL), Nafion solution (0.5 mL), and isopropyl

alcohol (4 mL). This mixture was transferred to an ultrasonic bath and kept

for 2 h. The suspension was drop-casted onto a carbon cloth electrode with

an area (two-sided) of 12.5 cm2 (2.5 cm × 2.5 cm). The electrode was then

dried overnight at 80 °C under evacuation.

CO2 electrochemical reduction experiments were performed in the

previously described continuous flow reactor [14]. A proton-exchange

membrane separated reactor into an anode and cathode compartment. The

anode compartment contained a counter electrode (Pt gauze), whereas the

cathode compartment contained the working electrode and a reference

electrode (Ag/AgCl electrode). Both compartments had a volume of 100 mL

and were filled with 85 mL of 0.1 M KHCO3 prior to the performance tests,

leaving a headspace of 15 mL. CO2 was then fed into the reactor by

bubbling through the liquid with a flow rate of 100 mL min-1 until the

electrolyte was saturated, after which the CO2 flow was fixed at 10 mL min-

1. An operation potential was applied by a potentiostat (Autolab

PGSTAT302N) in the range of -1.0 to -2.0 V versus Ag/AgCl to initiate the

controlled potential electrolysis. The cathode compartment was connected to

an online gas chromatograph (GC, Global Analyzer Solution Compact GC)

to analyze the gas product. All experiments lasted 120 min, and for each
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potential applied in the controlled potential performance test, a new

electrode was prepared. At the end of the electrocatalytic test, a liquid

sample (∼1 mL) was collected from the electrolyte solution for

ultraperformance liquid chromatography (UPLC) measurements. After each

experiment, the electrochemical reactor was cleaned with distilled water and

the proton-exchange membrane was immersed into 0.1 M H2SO4 for

regeneration.

The Faradaic efficiency (FE) of the gas product was calculated on the

basis of the following equation:

( )
( )m

n F fFE V j
  


(1)

where n is the number of electrons consumed to produce one product

molecule, for the product of CO or H2, n = 2; v is the molar fraction of a

certain gas product; f is the overall gas molar flow rate (mol s-1); F is the

Faraday constant (F = 96 485 C mol-1); j is the steady-state cell current at

each applied potential (A).

5.3. RESULTS AND DISCUSSION

5.3.1. Characterization of mesoNC-Fe catalyst

The preparation process for mesoNC-Fe is illustrated in Figure 5.1. In

the first step, ZIF-8-Fe was synthesized by adding Fe(NO3)3 into a solution

containing Zn(NO3)2, 2-methylimidazole (MeIm) and methanol. Then

tetramethyl orthosilicate (TMOS) was hydrolyzed in the structure of ZIF-8-

Fe, followed by pyrolysis under N2 and SiO2 leaching with a NaOH solution

to generate the mesoNC-Fe catalyst (see Experimental Section for the

details).
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Figure 5.1. Schematic illustration of the synthesis of the mesoNC-Fe catalyst. (1)
Impregnation and hydrolysis of TMOS molecules in ZIF-8-Fe. (2) Pyrolysis of
ZIF-8-Fe@SiO2 in N2 to decompose ZIF-8-Fe and form NC-Fe@SiO2. (3) NaOH
leaching to remove SiO2 to generate the mesoNC-Fe catalyst.

The structure of the synthesized ZIF-8-Fe was analyzed by XRD, which

matches well with that of ZIF-8 (Figure S5.6). Hydrolysis of TMOS led to a

homogeneous dispersion of Si in the structure of ZIF-8-Fe (Figure S5.7).

After a following pyrolysis and a subsequent NaOH leaching, mesoNC-Fe is

obtained. Metal (oxide) nanoparticles can hardly be observed in mesoNC-Fe,

suggesting a high dispersion state of metal in the carbon matrix (Figure 5.2a,

b).X-ray spectroscopy (EDX) further validates a uniform dispersion of C, N

and Fe throughout the carbon matrix (Figure 5.2c-e). In contrast, iron (oxide)

nanoparticles are present in microNC-Fe (Figure S5.8a), highlighting the

important role of SiO2 to inhibit the agglomeration of iron atoms to form

nanoparticles during high temperature pyrolysis. The absence of iron (oxide)

nanoparticles in mesoNC-Fe is further supported by powder XRD analysis,

where only two broad reflections at 2Ɵ = 30 ° and 50.5 ° are identified,

ascribed to the (002) and (100) planes of carbon, respectively (Figure 5.3a)

[15]. Raman spectra of all these as-synthesized materials (Figure S5.8d)

exhibit two peaks at around 1350 cm-1 and 1580 cm-1, which can be

correlated to graphitic disordered or
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Figure 5.2. Bright field TEM and dark field STEM images of mesoNC-Fe (a, b);
EDX mapping of C, N and Fe (c-e).

defective carbon (D-band) and sp2-bonded graphitic carbon sheets (G-band),

respectively [10b]. These samples exhibit similar intensity ratio between D

band and G band (ID/IG), suggesting a similar degree of (dis- )order.

The parent ZIF-8 and ZIF-8-Fe samples have a high BET area (SBET) and

pore volume (Vpore), and display a typical microporous structure with

intergranular mesoporosity, as indicated by the steep N2 uptake at low

relative pressures and the hysteresis loop above P/P0 ≈ 0.8, respectively

(Figure S5.9a) [16]. The mesoNC and mesoNC-Fe samples exhibit a

slightly lower SBET and Vpore than their parent ZIFs, probably attributed to the

collapse of the well-defined microporous structure of ZIF materials and

slight agglomeration of nanoparticles during pyrolysis (Figure 5.3b and

Figure S5.9b). At the same time, an H3 hysteresis loop that closes at P/P0 ≈

0.4 can be as well observed, suggesting the presence of ill-defined

mesopores in mesoNC and mesoNC-Fe. In contrast, microNC and

microNC-Fe show a much lower SBET and Vpore (Table S5.1), ascribed to the
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Figure 5.3. X-ray diffraction (XRD) patterns of mesoNC-Fe (a); N2-sorption
isotherms of mesoNC-Fe and microNC-Fe (b); N1s XPS regions of mesoNC-Fe
with deconvolution into the N-speciation (c) and N distribution mesoNC-Fe and
microNC-Fe (d).

more severe destruction of the ZIF nanoparticles during pyrolysis in the

absence of SiO2. The XPS survey data prove the presence of C, N, O, Fe

(depending on the sample) and Zn in these samples without detectable Si

and Na (Table S5.2). The residual Zn signals in the pyrolyzed samples have

been demonstrated to be porphyrin-like Zn (Zn-Nx) species in the nitrogen

doped carbon matrix [17]. The N1s spectra were deconvoluted into four

types of species with binding energies around 398.5 eV, 399.9 eV, 400.9 eV,

and 402.4 eV, attributed to pyridinic-N, pyrrolic-N, quaternary-N and
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oxidized-N, respectively (Figure 5.3c and Figure S5.10a-c) [18]. Obviously,

pyridinic-N dominates in all these samples.

5.3.2. The coordination environment of iron sites in mesoNC-Fe

X-ray absorption spectroscopy (XAS) was further performed at Fe

K-edge to explore the structural and valence information of iron in mesoNC-

Fe. As shown in Figure 5.4a, simple qualitative comparison of the XANES

data with selected references indicates that the spectrum of mesoNC-Fe is

almost identical to that of [Fe(H2O)6]3+ in solution [19]. A common

statement of the structure of iron doped in nitrogen-doped carbon is Fe-N4

pyridinic moieties in a square planar configuration [20]. In that case, a sharp

pre-edge peak around 7,118 eV is present (cf. the XANES spectrum of FePc,

Figure 5.4a), due to the Fe(1s) → Fe(4pz) transition coupled to a ligand-to-

metal charge transfer (shake-down) [21]. However, the latter pre-edge

feature is absent from the spectrum of mesoNC-Fe, indicative of at least a

broken D4h symmetry or an Oh symmetry. Instead, a weak and broad peak is

observed at 7115 eV in the pre-edge region due to Fe(1s) → Fe(3d)

transitions as in the [Fe(H2O)6]3+ spectrum. These transitions gain their

intensity via quadrupolar coupling or by 3d-4p mixing in distorted

octahedral field. The position of the pre-edge is also consistent with a

trivalent iron [22].

The FT-EXAFS spectrum of mesoNC-Fe displays a main peak that

is typical of metal-ligand distance (≈ 1.5 Å, no phase correction, Figure

5.4b). Comparison with the EXAFS spectra of standards also points towards

structural similarities with [Fe(H2O)6]3+ in solution. However, there is an

additional weak peak at 2.8 Å which may arise from a Fe-Fe scattering path
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Figure 5.4. (a) Fe K-edge XANES spectra and (b) FT-EXAFS k2.χ(k) functions for
meso-NC-Fe, [Fe(H2O)6]3+ in water (0.01M), FePc, α-Fe2O3, FeO, Fe foil, and
Fe3C. Spectrum of [Fe(H2O)6]3+ in water was retrieved from the F. W. Lytle
database: the International X-ray absorption society website at
http://ixs.iit.edu/database/; and the spectrum of FePc was kindly provided by Zitolo,
et al [9c].

as suggested by the comparison with the iron oxide references.

Consequently, several models based on the combination of various

scattering paths (Fe-O, Fe-N, Fe-C, Fe-Si, Fe-Fe, Fe-Zn) were tested to

perform the quantitative analysis of the EXAFS data. The best-fit model

includes a Fe-N scattering path for the first shell and a Fe-C scattering path

for the second shell (Table S4). Note that the Fe-N scattering path also

accounts for the presence of oxygen atoms since nitrogen and oxygen are

indistinguishable by EXAFS spectroscopy [23]. The final parameters

extracted from the EXAFS fit indicate a Fe-O/N bond at 1.96 ± 0.03 Å with

a coordination number (CN) of 5.6 ± 1.2, and a Fe-C bond at 2.98 ± 0.04 Å

http://ixs.iit.edu/database/
http://ixs.iit.edu/database/
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Figure 5.5. VTC-Kβ spectra for a selected set of Fe-based compounds and
mesoNC-Fe after removal of the Kβ1,3 background.

(CN = 7.2 ± 2.4). Importantly, in the fittings of the EXAFS signal for

mesoNC-Fe, it was not possible to include Fe-Fe scattering paths with

reasonable parameters. Therefore, the negligible contribution of Fe-Fe

scattering paths further confirms that nanocrystals are barely present in

mesoNC-Fe.

Thus, XANES and EXAFS spectroscopies rule out the reduction of

iron to its carbidic or metallic state, exclude the square-planar configuration

of a simple Fe-N4 moiety, and confirm a high dispersion of atomic iron in its

trivalent state in mesoNC-Fe. Note that during the investigation of various

EXAFS models, it was possible to obtain reasonable agreement using five-

or six-coordinated iron (square pyramidal or octahedral geometry).

Furthermore, previous characterizations on similar materials proposed

various alternative structures: the coordination of the Fe-N4 moiety is often
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expanded by a water molecule, hydroxyl group or molecular dioxygen (for

ORR studies) [9c, 24]. Given the on-going debate on the structure of iron

active sites immobilized on nitrogen-doped graphene and the limits of the

above characterization, valence-to-core X-ray emission spectroscopy and

HERFD-XANES spectroscopy coupled to DFT calculations were conducted

to further refine our structural model [25].

Non-resonant X-ray emission spectroscopy starts with the ionization

of 1s electron on iron by incident X-ray photons with energies well-above

the K-edge energy threshold. Then, an electron decays to fill the 1s core-

hole with a simultaneous emission of photons [26]. The VTC-XES spectrum

arises from transitions from occupied orbitals a few eV below the Fermi

level (the valence band for solids or the highest occupied molecular orbitals

for complexes). This valence-to-core region is traditionally divided into two

emission lines: the Kβ” and Kβ2,5 transitions which are respectively

attributed to orbitals mixed metal-ligand ns and np states. One of the first

application of VTC-XES for chemistry is related to the sensitivity in energy

position of the Kβ” peak which depends of the identity of the ligand (e.g. C,

N, O, S) [27]. Since the XANES spectrum of mesoNC-Fe is similar to the

spectrum of [Fe(H2O)6]3+ cation, we had suspicions that nitrogen atoms are

not even coordinated to iron despite the XPS spectroscopic evidence of a

significant amount of pyridinic nitrogen. Thus, the initial motivation for the

XES study was to overcome the limitation of EXAFS concerning the

discrimination between oxygen and nitrogen atoms. The VTC-Kβ spectrum

of mesoNC-Fe is shown in Figure 5.5 with several standards for comparison

(Fe foil, Fe3C, Fe3O4, FeO). Unexpectedly, the VTC-Kβ spectrum of

mesoNC-Fe presents only a broad peak centered at ≈ 7107 eV in the Kβ2,5
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Figure 5.6. Calculated VTC-Kβ spectra for a a-Fe, Fe3C, Fe3N, Fe3O4, FeO,
[Fe(H2O)6]3+ and [Fe(NH3)6]3+ compounds. Left panel (a): spectra for periodic
structures calculated with the FDMNES code with the energy scale referenced
against the Fermi level. The ligands states sensitivity of Kβ’’ is outlined by the
ligand orbitals label. Right panel (b): spectra for cluster models calculated with
ORCA. A constant shift of +182.5 eV have been applied. Representative alpha
molecular orbitals for each peaks are superimposed.

region with no clear peak in the Kβ’’ region (within the accuracy limits of

the background removal). On the other hand, the iron oxides (FeO and

Fe3O4) and iron carbide (Fe3C) spectra clearly highlight a Kβ’’ contribution

respectively centered at 7091 and 7099 eV. For the iron foil (α-Fe, bcc

structure), there is no observable Kβ’’ contribution, confirming that Kβ’’

mainly comes from the ligand s states.

The corresponding theoretical calculations performed with the FDMNES

code are provided in Figure 5.6a with the extra addition of the Fe3N
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theoretical spectrum that could not be measured experimentally (see the

details in the supplementary information). The experimental data are well

described by the theory that properly predicts the position of the Kβ’’ line in

respect to the Kβ2,5 line position. By selecting the projected density of states

theoretical VTC-Kβ spectra of [Fe(H2O)6]3+ and [Fe(NH3)6]3+ are also

presented on Figure 5.6b with the visualization of representative alpha

molecular orbitals from which the peaks originate. Those cluster

calculations were performed with the ORCA program package following the

recent and extensive work of DeBeer, Bauer, Glatzel and coworkers [28].

The theoretical spectra for both cations clearly show the presence of both

Kβ2,5 and Kβ’’ lines with a significant intensity. Thus, a simple FeL6

octahedral model with metal-ligand distance of 1.96 Å (calculated from

EXAFS data) cannot reproduce the experimental spectrum of mesoNC-Fe,

although the experimental XANES spectrum of [Fe(H2O)6]3+ was very

similar. Apart from the metal foil which does not show any Kβ’’ peak, there

are no references spectra which are anywhere close to the mesoNC-Fe

spectrum.

At this point, further investigations require the understanding of the

parameters that determine intensity of transitions in the VTC-Kβ spectrum.

With the simplest FeL6 model, the most intense transitions derived from

H2O/NH3 molecular orbitals belonging to the t1u irreducible representation

can be extracted (Figure 5.6b). In octahedral symmetry, the metal np orbitals

also transform as t1u and enable the overlap with any ligand-based orbitals

with the same symmetry. This is crucial for the prediction of intensities

because the latter metal p-contribution in the molecular orbital enables the

electric dipole allowed character of the transitions (Δl = ±1) [29]. In general,
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Figure 5.7. DFT-optimized geometry for potential local environments of the iron
active site in their most stable multiplicity state.

only ligand orbitals interacting via σ-bonding will overlap significantly with

the metal p orbitals. A possible explanation of the low Kβ’’ intensity may

involve a conjugated system around the iron center. In that case, VTC-Kβ is

expected to highlight mostly the σ-framework. With such coordination, the

ligands atomic orbitals contribute significantly through sp2 hybridation to

the π-system decreasing inevitably their participation in the σ-framework.

From this idea, we have investigated several conjugated models that we

thought to potentially match the experimental XANES together with the

VTC-Kβ spectra. At the same time, how the intensity of Kβ’ can be

impacted by a Fe distorted environment in small iron (III) oxyhydroxide

clusters as stated by Genovese et al. was not investigated in this study [30],

since this structure was reported to produce formic and acetic acid in the

liquid phase and none of those products were detected over the whole

applied cell potential range from our mesoNC-Fe catalyst.
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All geometry optimizations are detailed in the supplementary

information while the optimized models can be visualized in Figure 5.7. The

first type of model considers periodic slabs based on the nitrogen doped

graphene structure with four pyridinic nitrogen coordinating the iron cation

(Slab-FeN4). The top coordination of iron was completed either by a water

molecule (Slab-FeN4-H2O) or by a hydroxyl group (Slab-FeN4-OH). The

second type of model is based on the FePc complex, with a coordination

completed by one hydroxyl (FePc-OH), one water molecule (FePc-H2O),

one hydroxyl plus one water molecule (FePc-OH-H2O), and two water

molecules (FePc-2H2O). Those structures were inspired by the work of

Zitolo, et al. who have shown that a porphyrinic geometry could match with

the best accuracy the XANES data [9c].

The accuracy of the FDMNES code related to the simulation of Fe K-edge

absorption spectra was evaluated with reference compounds (Figure S5.8): a

reasonable agreement between theory and experiment is obtained with our

calculation parameters. The main discrepancies are observed in the pre-edge

region especially for Mott insulators such as FeO, α-Fe2O3, and Fe3O4 for

which the energy separation between Fe(3d) and Fe(4p) metal orbitals is

poorly predicted [31]. Then, the XANES spectra of previously optimized

models are compared against the HERFD-XANES spectrum of mesoNC-Fe

measured at the iron Kβ1,3 energy (Figure S5.9). The theoretical calculations

are used here as a tool to exclude the models producing spectra obviously

too far from the experimental results. Ultimately, the Fe-Pc-OH, Fe-Pc-

2H2O and FePc-OH-H2O structures provide the greatest agreement as

shown in Figure 5.8a. The concurrence with the Fe-Pc-OH spectrum is

lesser in the main-edge region which suggests that the octahedral symmetry
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Figure 5.8. Comparison of experiments and theory for HERFD-XANES and VTC-
Kβ spectroscopies using FePc-2H2O, FePc-OH, FePc-HO-HO. Left panel (a):
XANES spectrum of mesoNC-Fe (2) compared against FDMNES calculations,
Right panel (b): VTC-Kβ spectrum of mesoNC-Fe (2) compared against ORCA
calculations. A constant shift of +182.5 eV have been applied.

is better suited than a square pyramidal symmetry. Furthermore, the peak in

the pre-edge region of the Fe-Pc-2H2O spectrum has a much lower intensity

compared to the experimental data. This is because the octahedral symmetry

of Fe-Pc-2H2O presents only a small axial distortion restricting the 3d-4p

mixing (d(Fe-N) = 1.96 Å vs. d(Fe-O) = 2.09 Å). According to XANES

spectroscopy, FePc-OH-H2O would be the best structural model. The VTC-

XES experimental spectrum and the ORCA calculations are further

considered, as shown in Figure 5.8b. A general observation is that the three

structural models lead to VTC-Kβ spectra with a broad Kβ2,5 line and a weak
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intensity for the crossover peak (Kβ’’), or almost non-existent for the Fe-Pc-

2H2O model. The calculated spectra are now in much better agreement with

the experimental data, especially for the Kβ2,5 region. However, the intensity

of the Kβ’’ and the width of the Kβ2,5 lines are respectively stronger and

sharper than the experiments. This could be due to a difference of energy

resolution between calculations and experiment. Besides, the current level

of theory does not allow to include the effect of multiplet interactions which

may further broaden the predicted Kβ2,5 and Kβ’’ lines.

Figure 5.9 presents the assignment of the transitions labeled by letter

in the calculated valence-to-core spectra. The Kβ2,5 line arises from

electronic transitions from ligands 2p into Fe 1s orbitals. The most intense

peaks are due to transitions from a mixed of Fe-O/N/C 2p based molecular

orbitals from the phtalocyanine σ-framework. All three models present a

shoulder on the lower energy side which is mainly related to OH2O and OOH

2p orbitals (C, F, K). The FePc-OH has an additional shoulder on the higher

energy side due to a different contribution of OOH 2p orbitals (G). The Kβ’’

feature arises from electronic transitions from O 2s and N 2s into Fe 1s

orbitals. The N 2s contributions appear at similar energies in all spectra

(labeled as B, D, I in Figure 5.8 and 5.9). For FePc-2H2O, the transitions

from OH2O 2s (A) orbital are at a lower energy than N4 2s (B) orbital.

Inversely with the FePc-OH model, OOH 2s (E) is located at a higher energy

than N4 2s (D). The intermediate model FePc-OH-H2O has all three

transitions appearing consistently in the order OH2O 2s (H), N4 2s (I), and

OOH 2s (J) from lower to higher energy. Considering the intensities, only the

transitions related to hydroxyl groups lead to the appearance of a significant

peak. The Kβ’’ component of the water ligand, has lower intensities due to
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Figure 5.9. Representative donor orbitals corresponding to each of the assign
regions of the Kβ’’ and Kβ2,5 peaks.

the lower overlap of the donor with the acceptor orbitals, which is actually

related to the distance between donor and acceptor site (d(Fe-OOH) = 1.8-1.9

Å vs. d(Fe-OH2O) = 2.1-2.2 Å). The same argument explains the higher Kβ’’

intensity for FePc-OH-H2O compared to FePc-OH due to the shorter Fe-OOH
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distance (≈ 0.1 Å). Regarding the transitions involving nitrogen 2s orbitals,

the weak intensity is rather understood by the delocalization of the donor

orbital on the phtalocyanine ligand as shown in Figure 5.9 (B, D, I). Thus, a

porphyrinic environment completed by the coordination of water and/or

hydroxyl group best describes the local environment of these atomically

dispersed iron sites. Given the method of preparation, the chemical

environment of iron must probably have some variations in terms of number

of water/hydroxyl coordinated and iron-oxygen bond length. For this reason,

it did not seem pertinent to choose a structural model among FePc-OH,

FePc-2H2O, and FePc-OH-H2O, but many alternative models could be at

least excluded during this study.

5.3.3. Electrochemical reduction of CO2 over the mesoNC-Fe catalyst

After exploring the chemical environment of iron in mesoNC-Fe by

using both experimental spectra and DFT calculations, we further

investigate the catalytic performance of mesoNC-Fe in CO2 electrochemical

reduction reaction in this section. The performance of mesoNC-Fe in the

electrocatalytic reduction of carbon dioxide was first evaluated by linear

sweep voltammetry (LSV) (Figure S5.10a). The current density in the N2-

saturated KHCO3 solution (j(N2)) is attributed to hydrogen evolution

reaction (HER). Apparently, after introducing CO2 in the KHCO3 (0.1 M)

solution, the current density of j(CO2) for mesoNC-Fe becomes higher than

that of j(N2). We first investigate the pH effect on the current density when

the LSV is performed (Figure S5.11). The value of j(N2) increases as the pH

value of the solution decreases, but is still much lower than the value in the

CO2 saturated KHCO3 solution. This indicates that in the CO2-saturated
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solutions both the electrochemical reduction of CO2 and HER contribute to

j(CO2).

In order to elucidate the role of the nitrogen-doped carbon structure in

mesoNC-Fe in CO2 electroreduction reaction, two reference samples

(microNC and mesoNC) were first tested (see Experimental Section for the

details). No liquid-phase product was detected after each experiment over

the whole applied cell potential range, and CO and H2 are the only

detectable reduction products. The FECO of microNC displays a volcano-

like curve over the whole applied cell potential range with the maximum

FECO of ~33% at VRHE of -0.93 V (Figure 5.10a). Surprisingly, the mesoNC

sample with a higher surface area further promotes CO production with the

maximum FECO of ~72% at VRHE of -0.93 V (Figure 5.10a). The electro-

reduction activity of CO2 to CO for nitrogen-doped carbon materials has

been attributed to the presence of pyridinic- and quaternary-N species,

which facilitate the transfer of a proton-electron pair to CO2 [32]. Moreover,

the single Zn sites in the nitrogen-doped carbon matrix (Zn-Nx) was also

proved to promote the CO2 electroreduction performance by facilitating the

formation of *COOH [33]. Hence, it cannot be discarded that the remaining

Zn also contributes in the electroreduction of CO2 to CO. The catalytic

performance of mesoNC-Fe in electroreduction CO2 reaction was further

studied. As shown in Figure 5.10a, after incorporating these atomically

dispersed iron sites in the mesoNC matrix, the maximum FECO and the

corresponding jCO further increase to 85% and -3.7 mA cm-2, respectively.

As mesoNC and mesoNC-Fe show a similar electrochemically active

surface area (ECSA) (Figure S5.12d), we demonstrate that these atomically

dispersed iron sites in mesoNC-Fe exhibit a higher activity than nitrogen
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Figure 5.10. FECO (a) and jCO (b) of mesoNC-Fe (black) microNC-Fe (red)
mesoNC (blue) and microNC (pink) in CO2 reduction to CO; stability (c) and
reusability (d) test of mesoNC-Fe in electrocatalytic reduction of CO2 at - 0.73 V vs
RHE. Each recycling test lasts 120 min.

dopants. At the same time, the over-potential at the maximum FECO of

mesoNC-Fe also shifts to VRHE of -0.73 V (Figure 5.10a). Previous studies

have shown that CO2 electroreduction to CO in general proceeds through

the adsorbed intermediates: *COOH and *CO, where * represents the active

site [34]. Hence, the free energy changes (ΔG) during the formation of

*COOH and *CO on mesoNC-Fe and mesoNC catalysts are compared by

using theoretical calculations with the model built in Section 3.2 (Figure

S5.13). Obviously, the atomically dispersed Fe center with hydroxyl ligand

(i) decreases the free energy barriers of *COOH formation (Figure S5.13a);

and (ii) destabilizes the adsorption of *H, which to some extent enhances



Structure-activity Relation in MOF-derived Mesoporous Nitrogen-doped Carbon

the adsorption of *COOH and *CO (Figure S5.13b), thereby promoting CO2

electroreduction to CO at lower overpotentials. Moreover, a slope of ~123

mV dec-1 was observed at the low-overpotential region of Tafel curve,

indicating that the initial electron transfer to CO2 to form *COOH

intermediates is the rate-determining step (Figure S5.14). We should also

acknowledge that the electron transfer, decoupled from proton transfer, can

also be operative in this regime.

To highlight the advantages of the SiO2-protective strategy we utilized, a

microNC-Fe sample prepared by direct pyrolysis of ZIF-8-Fe was also

tested. As shown in Figure 5.10a and b, microNC-Fe exhibits a lower FECO
and jCO than that of mesoNC-Fe over the whole potential range, with the

maximum FECO of ~57% and the corresponding jCO of -1.9 mA cm-2 at VRHE
of -0.73 V. Interestingly, mesoNC-Fe and microNC-Fe show a good

relationship between the double layer capacitance (Cdl) (5.88 mF cm-2

versus 3.05 mF cm-2) and jCO (3.7 mA cm-2 versus 1.9 mA cm-2), indicating

that the accessible active sites exhibit a similar activity in these two samples

(Figure S5.12d). Thus, compared to microNC-Fe, the higher performance of

mesoNC-Fe can be explained from the following aspects: (i) the larger

surface area enables more atomically dispersed active sites accessible for

CO2 electroreduction; and (ii) the absence of iron nanoparticles to a large

extent inhibits the HER reaction. Hence, the synergetic effect of the

atomically dispersed active sites in the carbon matrix makes mesoNC-Fe a

more efficient catalyst for CO production compared to microNC-Fe. The

maximum FECO and the corresponding jCO of mesoNC-Fe is comparable to

those of nitrogen-doped carbon supported iron catalysts reported recently

from other groups (Table S5). Finally, the stability and reusability of the

mesoNC-Fe catalyst was also investigated, as presented in Figure 5.10c and
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d. At the optimal VRHE of -0.73 V, the mesoNC-Fe catalyst exhibits a stable

jCO and FECO during CO2 electroreduction reaction and can be used at least

four times without obvious deactivation, implying the high stability of Fe-N

coordination environment in the carbon matrix (Figure S5.16).

5.4. CONCLUSIONS

In this work, a SiO2-protective approach was reported to synthesize

mesoporous NC with atomically dispersed iron sites (mesoNC-Fe) from a

Fe-containing ZIF-8 template. This approach consists of hydrolysis of

TMOS in ZIF-8-Fe, high-temperature pyrolysis and SiO2 removal. We

demonstrate that the presence of SiO2 during pyrolysis is crucial to retain a

high surface area in the mesoporous carbon matrix, and to hinders the

formation of iron (oxide) nanoparticles. A series of X-ray spectroscopies,

including HERFD-XANES, EXAFS and valence-to-core X-ray emission

spectroscopies together with theoretical calculations allow us to elucidate

the chemical environment of the non-crystalline iron species in mesoNC-Fe:

a porphyrinic environment around iron, which is completed by H2O/OH

moieties. The mesoNC-Fe catalyst exhibits much higher FECO and jCO
compared to its counterparts mesoNC and microNC-Fe. This can be

explained from two aspects: (i) the iron center coordinating in the

porphyrinic environment with OH/H2O moieties in mesoNC-Fe decreases

the free energy barriers of *COOH formation and destabilizes the adsorption

of *H; (ii) more active sites can be accessible during catalysis because of the

higher surface area of the carbon structure in mesoNC-Fe than that in

microNC-Fe. Our results also demonstrate that HERFD-XANES and VTC-

Kβ spectroscopies combined with theoretical calculation constitute a
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powerful tool to explore the coordination environment in atomically

dispersed catalysts.
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5.6. Supporting Information for Chapter 5

5.6.1. Geometry optimization for structural models representing the iron

site

Periodic calculations. First-principles calculations were performed for

periodic structure with CASTEP code (Cambridge Sequential Total Energy

Package, CASTEP Developers’ Group, Cambridge (UK) code [1], which

employs pseudopotentials to describe electron-ion interactions and

represents electronic wave functions using a plane-wave basis set, based on

density functional theory (DFT) [2]. The exchange-correlation energy of

many-electron systems is described by the generalized gradient

approximation (GGA) with the parametrization of Perdew-Wang (PW91)

method [3]. An energy cutoff of 517 eV for the plane wave expansion and

k-point set 2 X 2 X 1, sampled by Monkhorst-Pack method were used

together with a convergence criteria for the total energy of 1 x 10-3

meV/atom level. Calculations were spin polarized and included a Van der

Waals dispersion correction [4].

The (200), (120) and (001) vectors of the original hexagonal cell of

graphite were selected to build a primitive orthorhombic cell with lattice

parameters of a = 4.940 Å, b = 4.278 Å, c = 6.800 Å [5]. Then, a periodical

supercell of 3 x 3 x 1 dimensions containing two graphene single-layers

with a 20 Å vacuum above was built (a = 12.835 Å, b = 14.820 Å, c =

23.400 Å). Two contiguous carbon atoms, part of an arm-chair

configuration, were removed and the resultant vacancy was filled by an iron

atom coordinated by four pyridinic nitrogen replacing four carbon atoms.

This structural model, labeled as Slab Fe-N4, was fully optimized until all

the forces were smaller than 0.03 eV/Å. The top coordination of iron was
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then completed by a water molecule (Slab Fe-N4-OH) or a hydroxyl moiety

(Slab Fe-N4-H2O) and all atomic positions were further optimized with the

same calculation parameters.

Cluster calculations. All calculations were performed with the ORCA

4.1.0 electronic structure program package developed by Neese and co-

workers [6]. Cartesian coordinates for the iron phtalocyanine complex were

obtained from reported crystal structure [7]. Coordinates for hypothetical

iron active site were generated by adding reasonable initial coordinates for

water molecules and/or hydroxyl moiety to the iron phtalocyanine complex.

Geometry optimizations were performed using the B3LYP hybrid functional

[8], in combination with the def2-TZVP basis set [9], and the core polarized

CP(PPP) basis set for iron atom [10]. A dense grid (ORCA Grid4) was used

for the numerical integration of the exchange-correlation potential with a

criterion for the total energy convergence tolerance of 5.10−6 Eh. Plots and

vizualisation of the optimized structure was done with CHEMCRAFT

software [Chemcraft - graphical software for visualization of quantum

chemistry computations. https://www.chemcraftprog.com].

5.6.2. X-ray absorption and emission spectroscopies (XAS and XES).

Collection of data. Conventionnal XANES and EXAFS spectra were

measured at the iron K-edge (7112 eV), from 150 eV before the edge to 800

eV above the edge, on the Collaborative Research Group beamline FAME

(French Absorption beamline in Material and Environmental sciences) at the

European Synchrotron Radiation Facility (ESRF), in Grenoble, France. The

details of the beamline and its optical devices were described by Proux et al.

[11]. The presence of the two Rh-coated mirrors ensured the rejection of the

harmonics to better than 0.1%, i.e., the intensity of the harmonics was less

https://www.chemcraftprog.com
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than 0.1% of the intensity of the fundamental X-rays. The incident (I0) and

transmitted (I1) intensities were measured by Si photodiodes collecting the

X-rays diffused by Kapton foils placed in the beam. The fluorescence

photons were measured by a Canberra™ 30 element solid state detector.

The energy was calibrated by measuring the spectrum of a reference

metallic foil (first maximum of the derivative set at 7112 eV).

HERFD-XANES spectra at the Fe K-edge were obtained at the European

Synchrotron Radiation Facility (Grenoble, France) on the CRG-FAME-

UHD beamline (BM16). The ring was operated at 6 GeV with a nominal

current of 200 mA in 7/8+1 mode. The beamline was equipped with a

liquid-nitrogen-cooled double-crystal Si(220) monochromator surrounded

by two Rh-coated mirrors for harmonic rejection. The beam size on the

sample was 220x100 μm (HxV, FWHM). The monochromator was energy-

calibrated by measuring the iron K absorption edge using a metallic iron foil

(7112 eV). The fluorescence emission from the sample was collected by a

crystal array spectrometer using five spherically bent Ge(620) crystals with

a bending radius of 1000 mm in a Rowland geometry. High-resolution

Kβ1,3-detected XANES spectra were recorded using a 2D XPAD detector.

The maximum of the Kβ1,3 emission was calibrated using a metallic iron foil

at 7059 eV. The apparent energy resolution was estimated to be

approximately 0.86 eV at the iron Kβ1,3 emission.

The X-ray emission spectra, in terms of the main (Kβ’/Kβ1,3) emission

lines and the satellite (Kβ”/Kβ2,5) lines were recorded between 7010-7140

eV while applying an excitation energy of 7145 eV. The energy step size of

the main and satellite emission lines was 0.4 and 0.3 eV respectively. The

total energy resolution was estimated to be approximately 2.4 eV.
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Processing of data. All XAS data were analyzed using the HORAE

package, a graphical interface to the AUTOBK and IFEFFIT code [12]. The

XANES and EXAFS spectra were obtained after performing standard

procedures for pre-edge subtraction, normalization, polynomial removal,

and wavevector conversion.

Processing of vtc-XES spectrum. The valence-to-core XES data are

extracted from the main Kβ lines via a peak fitting procedure, as employed

in previous works [13]. Here, instead of pure Lorentzian functions,

asymmetric Pseudo-Voigt functions are employed to account the effects of

the experimental broadening introduced by the spectrometer. The peak

fitting is performed with the FITYK software [14]. The best results are

obtained using four asymmetric Pseudo-Voigt functions (p0, p1, p2, p3),

accounting, respectively for the Kβ1,3, Kβ’1,2, tail of the Kα lines and

background offset. An example of peak fittings showing the single

components and the residual is given below for Fe3O4 (Figure S5.1).

EXAFS curve-fitting. Calibration and data alignment was performed

using Athena and obtaining values for reference compounds from

Hephaestus [15]. After averaging the spectra of the studied samples were

normalized to a total absorption of unity and processed using the Athena

data normalization and analysis package. For normalization, the spline r-

background parameter was set to 1.0. The background subtraction was

carried using a pre-edge range of -120 to -30 eV and a post-edge linear

range of 50 to 700 eV. A spline range of k = 0 to k = 13.3 A-1 and k-weight

of 2 was used to isolate the EXAFS (chi)function. The Fe K-edge EXAFS

spectra were Fourier transformed over a k-range of k = 3 to k = 11.4 Å-1.
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Figure S5.1. Extraction of the Kβ’’ and Kβ 2,5 for Fe3O4 by peak fitting procedure:
(top) single peak components and (bottom) the residual corresponding to the Kβ2,5
and Kβ’’ region.

Fitting of Fe K-edge EXAFS spectra was carried out by Artemis

software [15]. The spectra of the different samples were fitted in R-space

with a R range of 1 to 4.2 Å, and the fittings were done with a k-weight of 3.

The Fourier transform and inverse Fourier transform was carried with a k

of 1 and R of 0. From the references fits we obtain the amplitude factor

(S02) equal to 0.79 ± 0.14 for Fe2O3. In further fittings of the experimental

samples S02 = 0.79 was used.

Simulation of XANES and VTC-Kβ spectra. Ab initio simulations of the

XANES and XES spectra (only for periodic structure) were performed using
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the FDMNES package. The FDMNES code features mono-electronic

calculations, which are carried out in real space with Hedin-Lundqvist

exchange-correlation potential and using clusters built around each non-

equivalent absorbing atom. Standard crystal structures (retrieved from the

“Inorganic Crystal Structure Database”, FIZ Karlsruhe) are used as inputs.

The finite-difference method (FDM) implemented in the FDMNES code

was used since the latter is a full potential method that introduces no

approximation on the shape of the potential, which is particularly important

when dealing with highly distorted structures [16]. The current

implementation at KAUST of the recent FDMNES version (30 November

2018) with the MUMPS solver allows FDM calculations with a 7 to 8 Å

cluster radius, which were not possible when using the built-in solver

because of the required memory footprint and the CPU runtime [17].

Quadrupolar transitions were included in the calculation. To take into

account the core-hole lifetime and other multielectronic phenomena

occurring in the absorption process, a convolution procedure was applied to

all calculated spectra presented in this work. At the Fermi level, the

Lorentzian (FWHM) width was set to the apparent broadening of HERFD-

XANES and equal to to 0.86 eV [18]. At higher photoelectron energies, the

plasmon collective interactions increase the Lorentzian width up to 20 eV.

For the convolution of XES spectra, the Lorentzian width was set to 2.4 eV.

VTC-XES calculations for cluster models were performed with the

ORCA quantum chemistry program [6, 19]. The atomic coordinates were

taken from the geometry optimized structures. The calculations parameters

below are taken from the numerous studies published by the group of

Serena DeBeer [20]. The BP86 functional [21] was utilized in combination

with the def2-TZVP basis set [9], and the core polarized CP(PPP) basis set
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for iron atom (with a special integration accuracy of 7) [10]. The

calculations used a dense integration grid (ORCA Grid4). For of

[Fe(H2O)6]3+ and [Fe(NH3)6]3+ cations, the positive charge on the complexes

were compensated with the Conductor-like Polarizable Continuum Model

(CPCM) parametrized with the dielectric constant of water.

Molecular orbitals were visualized using CHEMCRAFT software.

[Chemcraft - graphical software for visualization of quantum chemistry

computations. https://www.chemcraftprog.com].

5.6.4. Supplementary experimental results

Figure S5.2. (a) X-ray diffraction (XRD) patterns of ZIF-8 and ZIF-8-Fe.

https://www.chemcraftprog.com
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Figure S5.3. Dark field TEM images of ZIF-8-Fe@SiO2 (a) and Si mapping of
ZIF-8-Fe@SiO2 (b).

Figure S5.4. Bright TEM images of microNC-Fe (a), mesoNC (b) and microNC
(c); Raman spectra of the as-synthesized materials (d).
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No zinc (oxide) nanoparticles can be observed in mesoNC and microNC

samples.

Figure S5.5. N2-sorption isotherms at 77 K of the as-synthesized ZIF materials (a)
and nitrogen-doped carbon samples (b).

Table S5.1. Texture analysis by N2-adsorption-desorption of as-synthesized
materials in this work.a

Samples SBET / (m2/g) Vpore / (cm3/g)
Total Micro Meso Total Micro Meso

ZIF-8-Fe 1670 1610 60 0.86 0.64 0.22
ZIF-8 1784 1647 137 1.42 0.62 0.80
mesoNC-Fe 1050 749 301 0.76 0.31 0.45
mesoNC 1347 828 519 1.33 0.35 0.98
microNC-Fe 614 531 83 0.56 0.21 0.35
microNC 732 626 106 0.66 0.25 0.41

a: The given BET areas and pore volumes were calculated per gram of catalyst.
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Figure S5.6. N1s XPS regions of microNC-Fe (a), mesoNC (b), and microNC (c)
with deconvolution into the N-speciation, and N distribution mesoNC and
microNC (d).

Table S5.2. Content of elements (at.%) in NC based samples obtained from XPS
survey.

Samples
Content of elements (at.%)

C O Fe Zn Ntotal
mesoNC-Fe 75.1 13.5 0.2 1.2 10.0
mesoNC 76.6 11.6 - 1.4 10.4

microNC-Fe 76.8 12.9 0.2 1.4 8.7
microNC 78.0 11.3 - 1.9 8.8
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Table S5.3. Parameters extracted from the fit of EXAFS data for Fe2O3.

Sample Scattering
Paths N R [Å] σ2 [Å2] ΔE [eV] R-

factor

Fe2O3

Fe-O 3 1.92 ± 0.02 0.003 ± 0.003

-1.1 ± 1.7 0.03

Fe-O 3 2.09 ± 0.02 0.003 ± 0.003
Fe-Fe 1 2.90 ± 0.01 0.004 ± 0.002
Fe-Fe 3 2.97 ± 0.02 0.004 ± 0.002

Fe-Fe 3 3.39 ± 0.02 0.003 ± 0.002

Figure S5.7. Fe K-edge EXAFS k3.χ(k) functions and its Fourier transforms for
Fe2O3 (a, b) and mesoNC-Fe (c, d).
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Table S5.4. Parameters extracted from the fit of EXAFS data for mesoNC-Fe.

Sample Scatter
ing
Paths

Mo
del N R [Å] σ2 [Å2] ΔE [eV]

R-
fact
or

MesoNC
-Fe

Fe-O/N A
5.6 ± 1.2 1.96 ± 0.03 0.005 ± 0.004

2.1 ± 2.3 0.04
Fe-C 7.2 ± 2.4 2.98 ± 0.04 0.013 ± 0.006

Fe-O/N
B

5.7 ± 2.1 1.94 ± 0.05 0.005 ± 0.007

0.4 ± 3.5 0.03Fe-C 7.1 ± 4.2 2.97 ± 0.08 0.019 ± 0.015

Fe-Fe 2.2 ± 0.8 3.05 ± 0.06 0.022 ± 0.011

In order to investigate whether iron oxide nanoparticles are present in the

sample or not, we have also tried to introduce additional Fe-Fe scattering

paths into the fitting (Table S5.4 Model B). However, we could not obtain

any satisfactory fits with reasonable parameters in this case (σ2 for Fe-O/N is

not reasonable), as shown in Figure S5.11, which indicates that the presence

of bulk iron species in the sample is negligible.

Figure S5.8. Comparison of the experimental and theoretical spectra calculated
with the FDMNES code at Fe K-edge for α-Fe, FeO, Fe3C, Fe3O4, α-Fe2O3 and iron
phtalocyanine (FePc). All experimental data are HERFD-XANES data measured at
the iron Kβ1,3 emission, except the XANES spectrum of FePc provided by Zitolo,
et al. [22].
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Figure S5.9. Comparison of the mesoNC-Fe HERFD-XANES spectrum with
theoretical spectra calculated for various structural models optimized by DFT.
(FePc-OH, FePc-H2O, FePc-2H2O, FePc-OH-H2O, iron phtalocyanine (FePc),
[Fe(H2O)6]3+, [Fe(NH3)6]3+, Slab Fe-N4, Slab Fe-N4-OH, Slab Fe-N4-H2O, cf.
Figure 5.4 in main manuscript for the visualisation of the structural models).
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Figure S5.10. Linear Sweep Voltammetry of mesoNC-Fe (a), microNC-Fe (b),
mesoNC (c) and microNC (d) when purging N2 (black) and purging CO2 (red).
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Figure S5.11. Linear Sweep Voltammetry of mesoNC under different pH
conditions.

The pH value of 6.8 for mesoNC with N2 purging was modified by

adding drops of 0.05 M H2SO4 solution to the KHCO3 solution.
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Figure S5.12. Cyclic voltammograms of (a) mesoNC-Fe, (b) microNC-Fe and (c)
mesoNC electrodes; and (d) current versus scan rate of each electrode in 0.1 M
KHCO3 aqueous solution of these materials.

Cyclic voltammogram measurements of the as-synthesized samples were

conducted from -0.15 V vs Ag/AgCl to 0.15 V vs Ag/AgCl with various

scan rates (5, 20, 50, and 100 mV s-1) under CO2 atmosphere to attain the

double layer capacitance (Cdl), which was estimated by plotting the Δj (ja-jc)

against the scan rates. The linear slope was equal to twice of the Cdl.

The mesoNC and mesoNC-Fe samples show a similar double layer

capacitance (Cdl) (5.88 mF cm-2 versus 5.45 mF cm-2), which indicates a

similar electrochemically active surface area (ECSA).
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The Gibbs free energies of the reaction intermediates involved in CO2

reduction to CO and hydrogen evolution reaction over the catalysts of

mesoNC and mesoNC-Fe were further calculated by Gaussian 16 software

[23]. B3LYP functional [24] and def2-TZVP basis set [25] were used

throughout all of the calculations. Van der Waal interaction between catalyst

and adsorbates were included by Grimme’s dispersion with Becke-Johnson

damping [26]. Based on Computational Hydrogen Electrode (CHE) Model

[6], the chemical potential of H2 (g) is equivalent to that of μ (H++e-)=1/2μ

(H2).

Figure S5.13. Comparison of free energy diagram for CO2 electroreduction (a) and
proton reduction (b) reactions between mesoNC-Fe and mesoNC catalysts. FePc-
OH was used as the model for mesoNC-Fe in this calculation.
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Figure S5.14. Tafel plot for CO formation of mesoNC-Fe.

The Tafel slope region was freshly measured to construct a linear slope,

and the linear region is different from the potential range in Figure 5.6.

Figure S5.15. TEM image (a) and N1s XPS region (b) of the spent mesoNC-Fe
sample after 4 runs.
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No iron (oxide) nanoparticles can be observed in the spent mesoNC-Fe

catalyst after 4 runs and the N1s XPS region of the spent mesoNC-Fe

catalyst is similar as the fresh mesoNC-Fe catalyst, highlighting the high

stability of Fe-N coordination environment during CO2 electroreduction

reaction.
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Table S5.5. Comparison of the catalytic activity of mesoNC-Fe to recent reported
nitrogen-doped carbon supported Fe catalysts for CO2 electroreduction reaction.

Electro-
catalyst

Peak
FECO

Potential
of peak
FECO (V
vs RHE)

FECO

at -0.73
V vs
RHE

Peak
jCO
(mA
cm2)

Electroly
te

Cathode
material

Ref.

MesoNC-Fe ~ 85% -0.73 ~ 85% -3.7 0.1M
KHCO3

Carbon
cloth

This
work

Fe-N-C ~ 80% -0.5 ~ 40% -2.7 0.1 M
KHCO3

glassy
carbon

[27]

Fe-N-C ~ 65% -0.55 ~ 40% -2.5 0.1 M
KHCO3

glassy
carbon

[28]

Fe-N-C ~ 80% -0.60 ~ 80% -2.2 0.5 M
NaHCO3

carbon
paper

[29]

Fe-N-C ~87% -0.5 ~45% -1.3 0.1 M
KHCO3

carbon
paper

[30]

Fe-N-C ~ 93% -0.58 ~ 85% -2.8 0.1 M
KHCO3

carbon
paper

[31]

Fe-N-C ~78% -1.0 ~65% - 0.1 M
KHCO3

glassy
carbon

[32]

FeNx/C ~85% -0.6 ~78% - 0.1 m
Na2SO4

carbon
paper

[33]

Fe/Fe3C@N
CNT ~ 50% -0.74 ~ 50% - 0.5 M

NaHCO3

glassy
carbon

[34]

NiFe-
CNT/CNS ~ 69% -0.59 ~ 60% -0.8 0.1 M

KHCO3

carbon
paper

[35]

Fe-N-C ~ 85% -0.55 ~ 60% -3.0 0.1 M
KHCO3

glassy
carbon

[36]

Fe-N/C ~81% -0.45 ~30% -0.7 0.5 M
KHCO3

glassy
carbon

[37]

Fe-N-C ~93% -0.43 ~60% -4.2 1 M
KHCO3

carbon
paper

[38]

Fe-N-C ~ 85% -0.47 ~ 60% -1.5 0.5 M
KHCO3

glassy
carbon

[39]

Fe@NG ~ 85% -0.68 - - 0.5 M
KHCO3

carbon
paper

[40]

Fe-N-C ~ 80% -0.57 ~ 20% -1.0 0.5 M
KHCO3

glassy
carbon

[41]
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SUMMARY
The electrochemical conversion of CO2 constitutes an interesting

pathway to close the anthropogenic carbon cycles. The ability to reach

stable operation in short time makes this method a perfect candidate to

buffer the intermittency of renewable power sources, such as solar cells and

wind power. As is the case of heterogeneous catalysis, the key to

commercialize a process lies in the optimization of the catalytic phase. In

this thesis, we take advantage of the unique properties of metal-organic

frameworks (MOFs) to synthesize efficient catalysts for electrochemical

CO2 reduction (CO2ER). Specifically, the two properties we utilize are the

atomic dispersion of the elements and the highly designable building blocks

(Chapter 1).

The research was initiated based on the metal part of MOFs. A

coordination polymer was designed through the self-assembly of silver and

2,5-pyridinedicarboxylic acid (Chapter 2). Tight control of the Ag content

on a conductive carbon support as basis of an electrocatalyst was achieved

with the aid of a layer-by-layer growth strategy. During the electro-

decomposition of the silver containing coordination polymer, Ag-CP, the

organic linkers were leached while the Ag aggregated into particles on the

surface of the carbon support. The as-prepared electrode showed an

excellent performance in the electrocatalytic CO2 reduction in the liquid

phase with a FECO of ~90% at 1 V vs. RHE. When this electrode type was

applied in a gas diffusion cell, the excellent FECO was maintained, and the

total current density was boosted to as high as 400 mA cm-2, which

highlighted the importance of system integration towards CO2ER

commercialization. Especially, the gas-diffusion electrode demonstrated a
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specific mass activity of ~1950 mA mg-1Ag, one of the highest among the

reported electrodes, since the Ag content can be optimized through this

MOF-mediated approach.

In Chapter 3 a bifunctional catalyst based on Ag and Cu was

manufactured in order to combine their catalytic properties to a direct

conversion process of CO2 to C2H4 via intermediate CO formation. The

layer-by-layer growth was combined with spin-coating to ensure a uniform

dispersion of Ag on the surface of Cu foil, and control the Ag content. After

electro-decomposition Ag particles were produced, resulting in a composite

electrode of Ag particles on Cu foil. The Ag-Cu composite showed a

favourable selectivity toward C2H4, with a FEC2H4 as high as 43%, while

suppressing H2 and CH4 formation. Indeed, the CO production scaled with

Ag content, confirming the hypothesis to consider Ag as an independent

functionality for CO production in this system, and then transfer of CO to

the Cu surface for further reduction to C2H4 in a sequential catalytic process.

Carbon-based electrocatalysts, especially with nitrogen doping, emerged

as novel catalysts in electrochemical CO2 reduction, and the carbon-rich

organic linkers and the atomic dispersion of the N-element in their structure

make MOFs an attractive precursor. ZIF-8 was chosen as the sacrificial

template for the synthesis of N-doped carbon electrocatalysts (Chapter 4).

After pyrolysis, most of the reduced Zn was evaporated because of its low

boiling point, leaving a N-doped carbon matrix. The ZIF-8 derived N-doped

carbon electrocatalyst exhibited a nice FECO of ~80% in the liquid phase

CO2 reduction, but with a fairly low current density of ~1.1 mA cm-2 at

- 1.13 V vs. RHE. The electrochemical CO2 reduction performance was

shown to be dependent on the carbon texture and the functionality of the N-



species. Especially pyridinic-N and quaternary-N species in the carbon

structure were favourable, whose formation increased with increasing

pyrolysis temperature. A well-developed porosity promoted the activity by

improving the accessibility of the active sites.

Following this lead, after doping the ZIF-8 with a small amount of Fe a

mesoporous structure could be realized with single site iron in the carbon-

based catalysts through a silica template-assisted strategy (Chapter 5). The

silica template created more porosity and stabilized single Fe-sites. The

porous structure exposed more active sites and improved accessibility,

significantly enhancing the current densities to ~10 mA cm-2 at -1.13 V vs.

RHE, while the single Fe-sites facilitated CO formation, demonstrating a

peak FECO of ~85% and a lowered overpotential for CO production by about

200 mV. To prove their existence and elucidate the detailed coordination

environment of single Fe-sites, several synchrotron techniques were utilized,

including HERFD-XANES, EXAFS and valence-to-core X-ray emission

spectroscopies. Combined with theoretical calculations, the chemical

environment of the single Fe-sites was determined to be a porphyrinic

environment completed by H2O/OH moieties.

To sum up, in this thesis it is demonstrated that the MOF-mediated

synthesis (MOFMS) approach has great potential in the catalyst engineering

for electrochemical CO2 reduction. At the same time, it is fair to admit that

the catalyst engineering should be combined with system integration, as

shown increasingly in literature. Long term catalyst performance testing

under high current conditions is, however, required to be more meaningful

for evaluation towards commercialization. As for the MOF-mediated

synthesis, there should be more synthesis routes developed than the current

pyrolysis and electro-decomposition of MOFs. The highly designable MOF-



Summary

building blocks render the MOF-mediated strategy promising potential to be

expanded to a toolbox, in which all catalysts can be synthesized with

tunable content and structure, while the atomic dispersion of elements in the

MOF structure already guarantees the uniform distribution of catalytic

phases. All in all, it is felt that the MOF-mediated synthesis approach can

play an important role in the catalyst engineering for electrochemical CO2

reduction.



SAMENVATTING

De elektrochemische omzetting van CO2 is een interessante manier om

de antropogene koolstofcycli te sluiten. De mogelijkheid om in korte tijd

een stabiele procesoperatie te bereiken, maakt deze techniek bij uitstek

geschikt om het wisselende energieaanbod van hernieuwbare

energiebronnen, zoals zonnecellen en windenergie, op te vangen. Zoals het

geval is bij heterogene katalyse, ligt de sleutel tot het commercialiseren van

een proces in de optimalisatie van de katalytische fase. In dit proefschrift

maken we gebruik van de unieke eigenschappen van 'metal-organic

frameworks' (MOF's) om efficiënte katalysatoren te synthetiseren voor de

elektrochemische CO2-reductie (CO2ER). De twee specifieke eigenschappen

die we vooral gebruiken zijn de atomaire dispersie van de elementen en de

zeer goed te ontwerpen bouwstenen (Hoofdstuk 1).

Het metaal element in de MOF vormde de basis van het onderzoek. Een

coördinatiepolymeer werd ontwikkeld door zelfassemblage van zilver en

2,5-pyridinedicarbonzuur (Hoofdstuk 2). Het Ag-gehalte op een geleidende

koolstofdrager als basis van een elektrokatalysator kon nauwkeurig worden

ingesteld met behulp van een laag-voor-laag ('layer-by-layer',

LBL)groeistrategie. Tijdens de elektro-ontleding van het zilver bevattende

coördinatiepolymeer, Ag-CP, werden de organische linkers uitgeloogd

terwijl het Ag aggregeerde tot deeltjes op het oppervlak van de

koolstofdrager. De alzo bereide elektrode leverde uitstekende prestaties in

de elektrokatalytische vloeistoffase CO2-reductie met een FECO van ~90%

bij 1 V vs. RHE. Deze uitstekende FECO bleef behouden bij toepassing van

dit elektrodetype in een gasdiffusiecel, waarbij de totale stroomdichtheid

kon worden verhoogd tot 400 mA cm- 2, wat het belang van verdere
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systeemintegratie voor CO2ER-commercialisering benadrukte. In het

bijzonder vertoonde de gasdiffusie-elektrode een specifieke massa-activiteit

van ~1950 mA mg-1Ag, één van de hoogste onder de gerapporteerde

elektroden, omdat het Ag-gehalte kan worden geoptimaliseerd via deze

'MOF-mediated' syntheseaanpak.

In Hoofdstuk 3 werd een bifunctionele katalysator op basis van Ag en

Cu vervaardigd om hun katalytische eigenschappen te combineren tot een

direct conversieproces van CO2 naar C2H4 via intermediaire CO-vorming.

De laag-voor-laag groei werd gecombineerd met spincoating om een

​ ​ uniforme verdeling van Ag over het oppervlak van Cu-folie te

verkrijgen en het Ag-gehalte goed in te kunnen stellen. Na elektro-ontleding

werden Ag-deeltjes gevormd, resulterend in een samengestelde elektrode

van Ag-deeltjes op Cu-folie. Deze Ag-Cu-composiet vertoonde een gunstige

selectiviteit voor C2H4, met een FEC2H4 zo hoog als 43%, terwijl de vorming

van H2 en CH4 onderdrukt werd.De CO-productie schaalt inderdaad met het

Ag-gehalte, wat de hypothese bevestigt om Ag als een onafhankelijke

functionaliteit voor CO-productie in dit systeem te beschouwen, waarna CO

op het Cu-oppervlak een verdere reductie ondergaat tot C2H4 in een

sequentieel katalytisch proces.

Elektrokatalysatoren op koolstofbasis met stikstofdoping, zijn boven

komen drijven ​ ​ als nieuwe katalysatoren bij elektrochemische CO2-

reductie. De koolstofrijke organische linkers en de atomaire dispersie van

het N-element in hun structuur maken MOF's tot een aantrekkelijke

uitgangsstof voor de synthese van zulke katalysatoren. ZIF-8 werd gekozen

als op te offeren uitgangsstructuur voor de synthese van N-gedoteerde

koolstofelektrokatalysatoren (Hoofdstuk 4). Na pyrolyse was het grootste



deel van het gereduceerde Zn verdampt vanwege het lage kookpunt,

waardoor een N-gedoteerde koolstofmatrix achterbleef. De van ZIF-8

afgeleide N-gedoteerde koolstofelektrokatalysator vertoonde een mooie

FECO van ~80% in de vloeistoffase CO2-reductie, maar met een vrij lage

stroomdichtheid van ~1,1 mA cm-2 bij 1,13 V vs. RHE. De

elektrochemische CO2-reductieprestaties bleken afhankelijk te zijn van de

koolstofstructuur en de functionaliteit van de N-species. Vooral pyridine N-

en quaternaire N-species in de koolstofstructuur bleken gunstig, waarvan de

vorming toenam met toenemende pyrolysetemperatuur. Een goed

ontwikkelde porositeit bevorderde daarnaast de activiteit door verbetering

van de toegankelijkheid van de actieve sites.

Op basis van deze werkwijze kon na het doteren van de ZIF-8 met een

kleine hoeveelheid Fe en toepassing van silica-templates mesoporeuze

koolstof katalysatoren gemaakt worden met single-site ijzer (Hoofdstuk 5).

De silica-template induceerde meer porositeit en stabiliseerde de atomair

gedispergeerde Fe-sites. Door de poreuze structuur waren meer actieve

plaatsen geëxposeerd en hun toegankelijkheid verbeterd, waardoor de

stroomdichtheden aanzienlijk werden verhoogd tot ~10 mA cm-2 bij -1,13 V

vs. RHE, terwijl de single Fe-sites CO-vorming mogelijk maakten, met een

piek-FECO van ~85%, en de overpotentiaal voor CO-productie verlaagd

werd met ongeveer 200 mV. Om het bestaan van afzonderlijke Fe-sites

​ ​ te bewijzen en hun coördinatieomgeving in detail op te helderen,

werden verschillende synchrotrontechnieken gebruikt, waaronder HERFD-

XANES, EXAFS en valence-to-core röntgenemissie-spectroscopieën.

Gecombineerd met theoretische berekeningen werd geconcludeerd dat de de

single Fe-sites een porfyrinische omgeving hadden, gecomplementeerd met

H2O/OH-species.
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Samenvattend wordt in dit proefschrift aangetoond dat de MOF-

mediated synthesis (MOFMS) een groot potentieel heeft in de engineering

van katalysatoren voor elektrochemische CO2-reductie. Tegelijkertijd moet

daarbij worden aangetekend dat deze katalysatortechnologie moet worden

gecombineerd met systeemintegratie, zoals steeds vaker in de literatuur

wordt aangegeven. Het bepalen van de katalysatorprestaties in duurproeven

onder omstandigheden van hoge stroomdichtheid is echter vereist om een

zinvolle evaluatie voor commercialisering te kunnen maken. Wat betreft de

MOF mediated synthesis, zouden er meer routes moeten worden ontwikkeld

dan de huidige pyrolyse en elektro-decompositie van MOF's. Door de zeer

goed te ontwerpen MOF-bouwstenen heeft de MOFMS strategie veel

potentie om een stuk gereedschap te worden, waarmee alle katalysatoren

kunnen worden gesynthetiseerd met goed gedefinieerde samenstelling en

structuur, waarbij de atomaire dispersie van elementen in de MOF-structuur

al een uniforme verdeling garandeert van katalytische fasen. Al met al wordt

aangenomen dat de MOF-mediated synthesebenadering een belangrijke rol

kan spelen in de engineering van katalysatoren voor elektrochemische CO2-

reductie.
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