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ABSTRACT: The electroreduction of carbon dioxide (eCO2RR) to CO using Ag nanoparticles 37 

as an electrocatalyst is promising as an industrial carbon capture and utilization (CCU) 38 

technique to mitigate CO2 emissions. Nevertheless, the long-term stability of these Ag 39 

nanoparticles has been insufficient despite initial high Faradaic efficiencies and/or partial 40 

current densities. To improve the stability, we evaluated an up-scalable and easily tunable 41 

synthesis route to deposit low-weight percentages of Ag nanoparticles (NPs) on and into the 42 

framework of a nitrogen-doped ordered mesoporous carbon (NOMC) structure. By exploiting 43 

this so-called nanoparticle confinement strategy, the nanoparticle mobility under operation is 44 

strongly reduced. As a result, particle detachment and agglomeration, two of the most 45 

pronounced electrocatalytic degradation mechanisms, are (partially) blocked and catalyst 46 

durability is improved. Several synthesis parameters, such as the anchoring agent, the weight 47 

percentage of Ag NPs, and the type of carbonaceous support material were modified in a 48 

controlled manner to evaluate their respective impact on the overall electrochemical 49 

performance, with a strong emphasis on the operational stability. The resulting powders were 50 

evaluated through electrochemical and physicochemical characterization methods, including 51 

XRD, N2-physisorption, ICP-MS, SEM, SEM-EDS, HAADF-STEM, STEM-EDS, electron 52 

tomography and XPS. The optimized Ag/soft-NOMC catalysts showed both a promising 53 

selectivity (~80%) and stability compared with commercial Ag NPs while decreasing the 54 

loading of the transition metal by more than 50%. The stability of both the 5 wt% and 10 wt% 55 

Ag/soft-NOMC catalysts showed considerable improvements by anchoring the Ag NPs on and 56 

into an NOMC framework resulting in a 267% improvement in CO selectivity after 72 h 57 

(despite initial losses) compared to commercial Ag NPs. These results demonstrate the 58 

promising strategy of anchoring Ag NPs to improve the CO selectivity during prolonged 59 

experiments due to the reduced mobility of the Ag NPs and thus enhanced stability.  60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 
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1. Introduction 68 

An active shift from the dwindling supply and polluting nature of fossil fuels to renewable and 69 

green energy (wind, solar, and hydropower)1 is needed to achieve a net zero emissions (NZE) 70 

by 2050.2 While these renewables show promise in tackling the CO2 emissions resulting from 71 

the energy sector (coals, gas, and oil), there is still a need for innovative solutions to reduce the 72 

CO2 emissions of other sectors, such as agriculture and industry, and to reduce the current 73 

atmospheric CO2 levels back to their pre-industrial level. These innovative solutions, such as 74 

Carbon Capture Utilization and Storage (CCUS) technologies3, if successfully implemented, 75 

are needed to could help limit the global temperature increase to 1.5 °C.4 As a highly promising 76 

CCU technique, electrochemistry has gained tremendous attention over the past decades 77 

because of the various advantages it offers: 1) processing of waste CO2 directly at point sources 78 

or from the atmosphere; 2) production that can be carried out at atmospheric pressure and in an 79 

aqueous environment; 3) making use of the intermittency of renewable energy by using it as a 80 

power input to drive the reactions and store the energy (temporarily) in chemical bonds; 4) the 81 

production of various chemical building blocks, where end products can be easily tailored by 82 

varying the electrocatalyst and applied potential.5,6 One of the most industrially feasible 83 

pathways for the eCO2RR at present is the formation of CO due to its low energy requirement 84 

(two moles of electrons per mole of converted CO2)7 and the importance of this product as a 85 

raw chemical for the production of acetic acid8,9, phosgene10, formic acid11, syngas (consequent 86 

potential for application in Fischer Tropsch)12, and methanol13. The production of CO can be 87 

selectively achieved by choosing a suitable working potential and electrocatalyst for the 88 

eCO2RR.14,15 Typical electrocatalysts used for this reduction reaction are Ag16–18, Pd19–21, Au22–89 

24, and Zn25–28, all of which are reported to yield high FEs towards CO (> 80%) at low 90 

overpotentials. However, these metals show suboptimal performance in terms of activity and 91 

stability, which impacts the industrial viability of this approach.29 For this reason, one of the 92 

current research approaches is to reduce the (noble) metal content in CO2 electrolyzers without 93 

giving in on activity. Among all transition catalysts, Ag has shown the most potential for further 94 

development taking into consideration its price and activity.30 However, despite the many 95 

efforts (e.g. alloying, size and shape optimization) it is still necessary to further improve its 96 

activity. We hypothesized that  this could be resolved by implementing a co-catalyst such as 97 

nitrogen-doped carbons having well-defined surface and microstructural properties. The effects 98 

of nitrogen-doped carbon materials on the eCO2RR are advantageous for the production of CO. 99 

Zeng et al. obtained a high CO selectivity of 97.8% at -0.86 V vs RHE at a current density of 100 
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~7 mA cm-2.31 Other studies proved the benefits of the combination of Ni and N-doped carbon, 101 

resulting in increased activities. For instance, Daems et al. were able to synthesize a Ni-N-AC 102 

(active carbon) electrocatalyst with a high FECO, ~98%, at a an applied potential of -0.9 V vs 103 

RHE and partial current density of ~24.6 mA cm-².32 A step towards industrial productivity was 104 

provided by Li et al. who reported an FECO > 80% at 100 mA cm-² with a cell voltage of ~4 V 105 

using a Ni/N-C electrocatalyst.33 The promising performance of these N-doped carbon materials 106 

as well as their combination with Ni as a catalyst thus clearly shows the potential impact of 107 

combining transition metals with N-doped carbon structures on improving the performance of 108 

the eCO2RR to CO. There is however still room for improvement in terms of Faradaic efficiency 109 

(> 80%) towards CO (FECO) and stability at higher current densities (≥ 100 mA cm-²) in aqueous 110 

environments. This study introduces a new approach to take the next step towards industrial 111 

feasibility by improving the electrocatalytic stability while maintaining high Faradaic 112 

efficiencies at an industrially relevant current density, and at the same time keeping the required 113 

amount of the transition metal as low as possible. Herein, an innovative synthesis route is 114 

created for optimally depositing small Ag NPs (< 50 nm) in and onto NOMCs prepared via both 115 

hard-template (SBA-15 NOMC, KIT-6 NOMC) and soft-template ( soft-NOMC, space group: 116 

Im-3m) routes using an anchoring agent, i.e. cysteamine and thiourea. These NOMC structures 117 

show advantages over carbon black due to the presence of ordered pores and a greater surface 118 

area, which improves mass transfer; a nitrogen dopant, which alters the electron density; and 119 

provides additional selectivity to CO and an improved stabilization of Ag NPs avoiding 120 

agglomeration due to particle confinement.34 Various synthesis parameters were evaluated 121 

(reaction time, anchoring agent, weight percentages of Ag NPs) to improve synthesis pathway 122 

to embed the Ag NPs into the NOMC structures. The prepared materials were 123 

physicochemically and electrochemically characterized.  124 

The physicochemical and electrochemical screening measurements allowed links to be 125 

established between the performance and the electrocatalytic properties, allowing us to 126 

determine the optimal synthesis conditions. In the first instance, this optimization was 127 

performed on the more readily available carbon black. While the reaction time did not impact 128 

performance, a higher Ag loading and the utilization of thiourea as an anchoring agent (instead 129 

of cysteamine) resulted in a significant increase in CO selectivity. Ag deposition onto various 130 

NOMC materials revealed that the soft-template NOMCs are the most optimal supports due to 131 

their straightforward and easily up-scalable synthesis pathway and good performance as an 132 

eCO2RR catalyst. Therefore, these materials were selected for further optimization of the direct 133 
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deposition synthesis pathway. The Ag NPs were modified in such a way to yield a final material 134 

with an optimal size and interparticle distribution and a homogeneous deposition as this resulted 135 

in the highest CO selectivity, while also yielding a clear improvement in stability compared to 136 

the bare commercial Ag NPs (improvement of 267% in terms of final selectivity after 72 h). 137 

Hence, there is a clear indication that the deposition and distribution of these particles improve 138 

the electrochemical selectivity and stability of the eCO2RR.  139 

 140 

2. Experimental section 141 

2.1 Materials and Catalyst preparation 142 

2.1.1 Soft-templating method for NOMC 143 

 144 

The NOMC was synthesized according to a report by Wang et al..35 This soft-templating 145 

method created an NOMC with a 3D cubic structure (space group: Im-3m). Firstly, a 5 mL 146 

aqueous solution containing 0.470 g of Pluronic F-127 and milliQ was stirred for at least 3 h 147 

until a homogeneous state is achieved. Next, 0.654 g 3-aminophenol and 0.420 g 148 

hexamethylenetetramine (HMT) were dissolved in 75 mL milliQ in a polypropylene (PP) bottle 149 

and stirred for 1 h 30. The 5 mL F-127 solution was added to the latter solution in the PP bottle 150 

after which the solution was stirred for 16 h at 50 °C in an oil bath. Afterwards, the PP bottle 151 

with the brown solution was placed in the oven for 8 h at 95 °C. The resulting material was then 152 

vacuum filtered using a glass Buchner filter (pore size 3) and washed three times with deionized 153 

water. The retentate was gathered on an aluminum tray to dry in the oven at 50 °C for at least 154 

8 h. The obtained product was then heated to 800 °C with a heating rate of 1 °C min-1 and held 155 

at that temperature for 3 h under an Ar atmosphere in a tubular oven (Fig. S1, Supplementary 156 

information), after which the sample was collected. 157 

 158 

2.1.2 Hard-templating method for NOMC 159 

 160 

The hard-templated NOMC structures were synthesized according to a study by Sheng et al.36 161 

and Daems et al.37. Two different silica templates were used, SBA-15 and KIT-6. In a first step, 162 

the template walls were covered by an aniline monolayer, which was allowed to polymerize 163 

during 24 h. Then, the solvent was removed and the solid samples were pyrolyzed under inert 164 

atmosphere at 900 °C for 3 h at a rate of 3°C min-1. In the second step, the remaining pore 165 
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volume was filled with dihydroxynaphtalene (DHN). A second heat treatment was performed 166 

at 300 °C for 2 h (3 °C min-1) and the sample was washed two times with acetone. The last 167 

pyrolysis at 900 °C (5 h, 3 °C min-1) was then carried out, followed by an etching step (NaOH 168 

2 M, 8 h reflux at 100 °C) to remove the template, after which the final material was obtained 169 

through filtration (Fig. S2, Supplementary information). 170 

 171 

2.1.3 Direct deposition of Ag NPs on carbon black 172 

 173 

To deposit the Ag nanoparticles on our carbon supports; a general method as described by Kim 174 

et al. was utilized where the first step is the mixing of a carbon source and an anchoring agent 175 

in ethylene glycol (EG).38 Simultaneously, AgNO3, the silver precursor, was dissolved in 176 

ethylene glycol and heated to 50 °C for 20 min. The carbon mixture was added to the silver 177 

solution and was stirred for 10 min at 50 °C. The temperature was then gradually increased to 178 

160 °C at a rate of 3-4 °C min-1. The mixture was then stirred for 30 or 60 min, filtered, and 179 

washed with isopropanol (IPA). This synthesis pathway resulted in the formation of Ag/C 180 

catalysts with various Ag weight percentages, size and interparticle distributions. 181 

 182 

2.1.4 Direct deposition of Ag NPs on NOMC 183 

 184 

The general method for in-situ incorporation is obtained from Kim et al.38 and Peng et al.39 but 185 

was applied with different quantities. Ag NPs were grown onto the NOMC with an AgNO3 186 

precursor with various weight percentages (5, 10, and 15 wt%), anchoring agents (thiourea and 187 

cysteamine), amount of anchoring agent (0-3 mg/20 mgNOMC), and reaction times (30 min, 60 188 

min, or 5 h (for the optimized catalysts: Ag/soft-NOMC/5 and Ag/soft-NOMC/10). In order to 189 

synthesize 10 wt% Ag NOMC, the following steps were executed; In 35 mL of ethylene glycol, 190 

0.140 g of finely ground NOMC was dissolved with the necessary amount of anchoring agent 191 

(cysteamine or thiourea) and sonicated for 30 min until homogeneous and fully dissolved. The 192 

AgNO3 precursor was added to 35 mL of EG and slowly heated to 50 °C for a given time (20 193 

or 40 min) while vigorously stirring. Afterwards, the NOMC solution was added, and the 194 

mixture was stirred for 10 min prior to being heated to 160 °C with a heating rate of 3-4 °C 195 

min-1. After reaching 160 °C, the reaction was allowed to run for 30 min, 60 min, or 5 h. Then, 196 

the mixture was cooled down before being filtered with a glass Buchner (pore size 4), washed 197 

with IPA, and dried overnight (80 °C; 8 h). The same steps were carried out with different 198 
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weight percentages (5, 10, and 15 wt%), and reaction times. This synthesis pathway resulted in 199 

the formation of Ag/NOMC catalysts with various Ag weight percentages (Fig. S3, 200 

Supplementary information). 201 

 202 

2.2 Preparation of the Working electrodes 203 

The synthesized Ag-incorporated carbon materials are obtained as a powder. In order to test 204 

these catalysts in an electrochemical flow-cell, the powders were dispersed in an ink solution 205 

and sprayed onto the microporous layer (MPL) of the gas diffusion electrode (GDE). A stable 206 

ink was first prepared by adding 0.038 g of catalyst, a solvent mixture of 0.369 mL MilliQ and 207 

1.403 mL IPA (MilliQ/IPA weight ratio of 25/75) and 0.142 mL Nafion D-520 dispersion 208 

(catalyst/Nafion ratio of 85/15) as an ionomer binder. The mixture was sonicated for 1 h using 209 

an ultrasonic probe (NexTgen, LAB120) with a frequency of 34 kHz and amplitude of 60%. 210 

Subsequently, the mixture was sprayed onto a GDE with an area of 12.5 cm² at a temperature 211 

of 70 °C using a spray gun. The weight difference before and after was used to calculate the 212 

loading of catalyst onto the GDE. This provided us with three 1 cm² GDEs, which could be 213 

used for testing. We obtained a final catalyst loading of ± 2 mg cm-². 214 

 215 

2.3 Characterization 216 

Inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500 series) was performed 217 

to determine the content of Ag in the carbon materials. Contact angle (CA) measurements were 218 

performed to determine the change in hydrophobicity using a Dataphysics OCA 15EC with a 219 

drop volume of 5 µL. Crystalline structures of the samples were identified by X-ray diffraction 220 

analysis (XRD, Bruker D8 Advance eco) equipped with a Cu Kα radiation (λ = 0.15406 nm, 221 

speed of 0.04°/s in the 2θ-area from 5° to 80°). The elemental composition and configuration 222 

were studied by X-ray photoelectron spectroscopy (XPS, PHI VersaProbe III) with a 223 

monochromatic Al  Kα X-ray source (1486.6 eV, 26 eV pass energy, 0.05 eV step size, 100 µm 224 

spot size) and an automatic electron neutralizer. The N2-physisorption measurements were 225 

performed using an AUTOSORB-1 version (Quantachrome Instruments) to analyze the NOMC 226 

porosity and surface area. The Ag crystallinity, Ag NP morphology, size and distribution across 227 

the support as well as the support composition and configuration were determined by scanning 228 

electron microscopy (SEM) using a Thermo Fisher Scientific Quanta FEG 250 microscope, 229 

high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and 230 
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electron tomography using a Thermo Fisher Scientific Tecnai Osiris G20 electron microscope 231 

operated at 200 kV, energy-dispersive X-ray spectroscopy (EDS) using a ChemiSTEM system. 232 

 233 

2.3.1 Electrochemical CO2 reduction 234 

 235 

The eCO2RR measurements were executed in a custom designed small-scale flow-by reactor. 236 

The catholyte and the anolyte were pumped at a flow rate of 2.6 mL min-1 to the flow reactor 237 

using a peristaltic pump (Ismatec ISM4408). First, a 0.5 M KHCO3 (pH = 8.36) solution was 238 

used as catholyte to measure the Ag-based powders with various carbonaceous supports, 239 

reaction times, and anchoring agents. Subsequently, the catholyte was changed to a 0.5 M KOH 240 

(pH =13.6) solution to measure the Ag-based powders with an soft-NOMC as a support material 241 

due to the importance of pH and ohmic drop for improved industrial conditions (lower 242 

overpotentials). The catholyte was pumped through the flow reactor to the gas-liquid separator 243 

and pumped out of the gas-liquid separator to a waste bottle (single-pass system). A 2 M KOH 244 

solution was used as anolyte and was recirculated for all measurements. These two electrolyte 245 

chambers were separated by a Nafion-117 cation exchange membrane to allow crossing of 246 

cations and provide product separation (detailed set-up information available in Fig. S4, 247 

Supplementary information). Furthermore, CO2 (Air Liquide, 99.999%) was fed to the flow 248 

reactor using a Brooks flow controller (GF040, 100 sccm) and the products formed in the CO2 249 

stream were analyzed using an in-line GC (Shimadzu 2014 series with a TCD detector and a 250 

micropacked column (Restek Shincarbon ST, 2 m, 1 mm ID, 100/120 mesh)), which allowed 251 

for the detection and quantification of H2 and CO every 20 min (Fig. S5, Supplementary 252 

information). The liquid products were analyzed using an HPLC (Waters Alliance HPLC, 253 

equipped with a Shodex KC-811 column and a PDA detector (Waters 2996)) (Fig. S6, 254 

Supplementary information). Ni foam was used as a counter electrode, and a leak-free Ag/AgCl 255 

was used as reference electrode (Harvard Apparatus) to control the current and measure the 256 

applied potential during all measurements. The Ag-based powders were deposited on a GDE 257 

and used as a cathode or working electrode. All samples were measured using 258 

chronopotentiometry and cyclic voltammetry using a multi Autolab M204 with a FRA module 259 

to determine the ohmic resistance. All applied potentials were converted from Ag/AgCl to the 260 

reversible hydrogen electrode (RHE) reference using the following equation. 261 

 262 𝐸𝑅𝐻𝐸 =  𝐸𝑟𝑒𝑓 + 0.059 𝑝𝐻 + 𝐸𝐴𝑔 / 𝐴𝑔𝐶𝑙° + 𝑖𝑅    [2] 263 

 264 
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Where ERHE and Eref are the potentials versus the RHE and reference electrode (Ag/AgCl), 265 

respectively. E°Ag/AgCl is the standard electrode potential of the Ag/AgCl system. iR is the extra 266 

potential caused by the ohmic resistance.  267 

 268 

3. RESULTS AND DISCUSSION 269 

3.1 Ag NPs on carbon black 270 

The study employed the direct deposition method with commercial carbon black to investigate 271 

the influence of the anchoring agents (cysteamine and thiourea), Ag NP loading (5, 10, and 15 272 

wt%), and reaction time (30 vs. 60 min) on Ag particle size, interparticle distance, and loading 273 

on the carbon powder (Table S1, Supplementary information, for full nomenclature: 274 

‘Ag’/‘carbon substrate’-‘targeted weight percentage’/‘type of anchoring agent’). Analysis of 275 

the ICP-MS results (Table 1) reveals that, expect for the Ag/C-5/Cy, the actual weight 276 

percentages of Ag in the Ag/C samples employing cysteamine as the anchoring agent were 277 

consistently lower than their targeted wt%. These deviations are believed to result from losses 278 

throughout the synthesis route (e.g. unreacted Ag salts or small unsupported Ag nanoparticles 279 

lost during filtration, etc.). Notably, as the initial weight percentages increased to 10 and 15 280 

wt%, the extent of this discrepancy grew larger given the constant reaction time.  281 

 282 

Table 1: Weight percentages of Ag NPs in the Ag/C structures determined by ICP-MS.  283 

Catalyst Targeted loading (wt %) Quantified loading (wt%) 

Ag/C-5/Cy 5 5.48 

Ag/C-10/Cy 10 7.93 

Ag/C-10/Cy/30 10 8.60 

Ag/C-15/Cy 15 14.02 

Ag/C-10/T 10 6.79 

Ag/C-10/T3 10 7.44 

Ag/C-15/T 15 11.66 

 284 

The effect of the particle size on the eCO2RR to CO has previously been studied by Salehi-285 

Khojin et al., and Deng et al.. and revealed that Ag nanoparticles with a size smaller than 4-5 286 

nm resulted in  a lower eCO2RR efficiency and an increase in the HER due to the higher 287 

proportion of edge sites compared to Ag(100) sites, which negatively affect the catalytic 288 

selectivity.40,41 Targeting a particle size of 5 nm was favored to achieve high catalytic activity 289 

for eCO2RR to CO and enhance Ag NP anchoring on the carbon support materials. To attain 290 

the desired particle size, several synthesis parameters were taken in consideration, including the 291 

Ag loading, and the reaction time. SEM, SEM-EDS, and HAADF-STEM were utilized to 292 
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identify Ag and yield insight into the particle size distribution, and the interparticle distance 293 

(Fig. 1a-f). Although SEM/SEM-EDS analysis did not allow for individual Ag particle 294 

identification, the presence of Ag on the carbon support was observed (Figure S7a-d, 295 

Supporting information). HAADF-STEM imaging was conducted to examine Ag NP size and 296 

the interparticle distance. Initially, increasing the Ag loading from 5 wt% to 10 wt% resulted in 297 

similar particle sizes of 14 ± 7 nm and 16  ± 5 nm, respectively. Further increasing the loading 298 

to 15 wt% led to the formation of slightly smaller Ag particles, measuring 6 ± 2 nm. 299 

Consequently, no definitive correlation between particle size and loading was observed. 300 

Moreover, the reaction time was proven to be an important factor since extending the reaction 301 

time from 30 min to 60 min for the 10 wt% Ag/C sample resulted in the formation of larger Ag 302 

NPs, with the average size increasing from 4 ± 1 nm to 16  ± 5 nm. This is straightforward, as 303 

longer reaction times allow more time for the growth, resulting in larger nanoparticles sizes. 304 

Hence, by carefully selecting the appropriate parameters, reaction time and amount of 305 

anchoring agent, the synthesis can yield nanoparticles measuring approximately 5 nm in size, 306 

thereby validating the efficacy of the synthesis route across all samples, as depicted in Figure 307 

1a-f.  308 

 309 

Subsequently, particle dispersion across the support was evaluated by considering both particle 310 

size and loading. Increasing the weight percentage of Ag from 5 to 10 wt% resulted in a higher 311 

deposition of Ag NPs , leading to denser packing. Further elevating the loading to 15 wt% 312 

increased particle loading while reducing interparticle distances, which is detrimental for the 313 

stability of the Ag NPs during eCO2RR as agglomeration would be more facilitated. 314 

Consequently, cysteamine has proven to be a promising anchoring agent for obtaining Ag NPs 315 

with an optimal particle size (< 20 nm) and a narrow particle size distribution, as was expected 316 

based on prior research.42–44 Despite the promising effects of cysteamine, the molecule size (~ 317 

0.48 nm (HH, MM2 energy minimization, Chem3D)) and the presence of solely one amine 318 

group may pose limitations in synthesizing porous NOMC structures. Therefore, thiourea was 319 

proposed as an alternative molecule, having a reduced molecule size (~ 0.35 nm (SH, MM2 320 

energy minimization, Chem3D)) and two amine groups to interact with the NOMC structure, 321 

which should result in a more stable end material and was therefore evaluated next (Fig. S8a-322 

c, Supplementary information). 323 

 324 
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 325 

Figure 1: (A) HAADF-STEM image of Ag/C-5/Cy, (B) Particle size distribution of Ag NPs  from 326 

Ag/C-5/Cy, (C) HAADF-STEM image of Ag/C-10/Cy/30, (D) Particle size distribution of Ag 327 

NPs  from Ag/C-10/Cy/30, (E) HAADF-STEM image of Ag/C-15/Cy, and (F) Particle size 328 

distribution of Ag NPs  from Ag/C-15/Cy. A reaction time of 60 min was used for Ag/C-5/Cy, 329 

and Ag/C-15/Cy. A reaction time of 30 min for Ag/C-10/Cy/30. 330 

 331 
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Initial ICP-MS analysis revealed a higher deviation of Ag content compared to the powders 332 

with cysteamine (Table 1).  This deviation suggested higher losses of Ag NPs during synthesis. 333 

Additionally, larger particle sizes were obtained for Ag/C-10/T, 48 ± 16 nm, compared to Ag/C-334 

10/Cy, 16 ± 5 nm as evidenced by the HAADF-STEM images (Fig. 2). An increase in the 335 

loading of Ag to 15 wt%, 52 ± 11 nm, did not result in a significant change in particle size. We 336 

believe that the increased particle size stems from the different molecular structure of thiourea.  337 

 338 

Indeed, thiourea, unlike cysteamine, features a sulfur atom not bound to a hydrogen atom 339 

(making it free for interaction) but doubly bound with a carbon atom. This structural difference 340 

affects electron density and geometry. Moreover, Thiourea contains a thioamide group, 341 

enabling thione and thiol tautomerization with a strong negative charge on the sulfur group in 342 

the thiol form. These factors alter the interaction with Ag ions, leading to larger nanoparticles 343 

(Fig. S9a-f, Supplementary information). This was confirmed by  increasing the amount of 344 

thiourea to 3 mg / 20 mgC, which resulted in the formation of even larger particles up to 1.8 µm 345 

(Fig. S9a-b, Supplementary information). Despite, the formation of larger particles, thiourea 346 

showed potential as an anchoring agent. A further optimization of the reaction time and the 347 

amount of reagents should provide Ag NPs, which are comparable in size with the ones 348 

synthesized using cysteamine (5 – 15 nm), and obtaining the targeted Ag weight percentages, 349 

respectively. Given the stronger interaction that is expected between thiourea and Ag as 350 

compared to cysteamine, all further experiments were performed utilizing thiourea as anchoring 351 

agent as we believe a stronger interaction will result in a higher stability (less mobility of the 352 

particles).  353 

 354 

 355 
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Figure 2: (A) HAADF-STEM image of Ag/C-10/T, and (B) Particle size distribution of Ag from 356 

Ag/C-10/T. A reaction time of 60 min was used for Ag/C-10/T.  357 

 358 

3.2 NOMC structures  359 

 360 

The NOMC materials were made using two synthesis routes: hard-templating and soft-361 

templating. The hard-templating route was used for the synthesis of SBA-15 NOMC and       362 

KIT-6 NOMC, which have the negative of a P6mm and Ia3̅d space group, respectively, while 363 

the soft-templating method was used for the synthesis of a structure with an Im3̅m space group 364 

(Fig. S10, Supplementary information). The strength of these NOMC materials is their three 365 

dimensional structure with tunable mesopore sizes, enhancing surface area, and facilitating  366 

reactant transport to active sites. Furthermore, nitrogen dopants in the NOMC structure create 367 

active sites for eCO2RR, due to a shift in electron density of the material.  368 

 369 

The surface area, pore size, and pore volume of the final materials were determined using 370 

nitrogen physisorption (Table 2 and Fig. S11-S13, Supplementary information). Based on this 371 

data, it is clear that all NOMC structures were successfully obtained. The most crucial 372 

parameter for the subsequent incorporation of the Ag NPs is the NOMC pore size, which should 373 

ideally be as large as possible to allow an efficient incorporation of as much Ag as possible. 374 

KIT-6 NOMC demonstrated the largest pore diameter, making it a suitable material to allow an 375 

easier accommodation and confinement of said Ag NPs (vide infra).  376 

 377 

Table 2: N2-physisorption analysis of the different synthesized carbon structures from the 378 

characterization of BET surface area, pore volume, and average pore radius. Average values 379 

were given for soft-NOMC and SBA-15 NOMC as various batches were prepared throughout 380 

this experimental study.  381 

Carbon structure 
SBET 

(m²/g) 

Vpores 

(cm³/g) 

Avg. pore 

diameter (nm) 
Ref. 

SBA-15 NOMC 788 ± 89 0.6 ± 0.1 3.2 ± 0.1 This work 

KIT-6 NOMC 739.109 1.343 7.266 This work 

Soft-NOMC 499 ± 148 0.32 ± 0.09 2.6 ± 0.2 This work 

Carbon black XC72 230 / / 45 

 382 

Despite resulting in the lowest average pore diameter, the soft-templating synthesis offered  383 

practical advantages, considering it consists of an easier, robust and more easily up-scalable 384 

approach towards NOMCs as compared to the more time-consuming and tedious hard-385 
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templating method. The surface area was still improved from 230 m² g-1 for carbon black to 386 

499 ± 148 m² g-1 for the soft-NOMC structure and should thus improve the Ag NP deposition 387 

approach. Next, the different NOMCs were also evaluated for the presence of ordered pores 388 

and the uniformity of their structure using HAADF-STEM (Fig. 3a-c). The three NOMCs 389 

showed an uniform structure in line with their expected space group. Furthermore, the presence 390 

of mesopores was confirmed and their diameter corresponds well to the values obtained by 391 

nitrogen physisorption, i.e.~3 nm for the SBA-15 NOMC,~7 nm for the KIT-6 NOMC, and ~3 392 

nm for the soft-NOMC.  393 

 394 

By using aniline as a nitrogen source, nitrogen moieties were also incorporated into the final 395 

material as they were expected to improve the catalytic performance for the eCO2RR. To 396 

determine the amount and the configuration of nitrogen inside the carbon framework (i.e. 397 

pyrrolic, graphitic, pyridinic, and oxidized pyridinic, Fig. S14-S15, Supplementary 398 

information), the samples were analyzed using XPS. The result of the soft-NOMC structure 399 

(Figure 3d), showed the presence of mainly graphitic (2.88 wt%) and pyridinic (1.34 wt%) 400 

nitrogen with pyridinic nitrogen being the most known nitrogen configuration of the two to 401 

improve the catalytic performance of the NOMC. Indeed, this was established by Wu et al. who 402 

stated that the highest catalytic performance can be obtained when a high presence of pyridinic 403 

and pyrrolic nitrogen is present.46,47 Despite a lower pyridinic nitrogen content, i.e. 0.16 wt%, 404 

SBA-15 NOMC contained a high pyrrolic nitrogen content (i.e. 1.82 wt%), which was also 405 

proven to be active for the eCO2RR to CO. The combined presence of active pyridinic and 406 

pyrrolic nitrogen was higher compared to the soft-NOMC, 1.39 wt%, thus resulting in a further 407 

increase in catalytic activity towards CO. Furthermore, the incorporation of nitrogen in the KIT-408 

6 NOMC was the least successful despite the time-demanding synthesis procedure. When taken 409 

together it is clear that the active N content of SBA-15 NOMC is higher than that of soft-410 

NOMC. Consequently, the activity of the bare soft-NOMC is expected to be significantly lower 411 

than that of SBA-15 NOMC (vide infra). For this reason, the impact of the Ag incorporation 412 

and its parameters (size, content, distribution, etc.) on the overall eCO2RR performance was 413 

expected to be larger and easier to follow on soft-NOMCs. Together with their more 414 

straightforward synthesis approach this made them the most promising material for further 415 

investigation.  416 

 417 
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 418 
Figure 3: (A) HAADF-STEM image of a SBA-15 NOMC structure, (B) HAADF-STEM image 419 

of a KIT-6 NOMC structure, (C) HAADF-STEM image of a soft-NOMC structure, and (D) 420 

Deconvoluted N1s XPS spectra of a soft-NOMC with pyridinic nitrogen (N1) at 398.2 eV, 421 

pyrrolic nitrogen (N2) at 399.5 eV, graphitic nitrogen (N3) at 400.6 eV, and oxidized pyridinic 422 

(N4) at 402.5 eV.  423 

 424 

3.3 Ag NPs deposited on NOMC structures  425 

 426 

Ag NPs were incorporated onto NOMC structures, by utilizing the optimal settings established 427 

for carbon black, employing the direct deposition method with thiourea as the anchoring agent 428 

and a reaction time of 30 min. The targeted loading was set at 10 wt% due to an optimal balance 429 

between the amount of Ag NPs and activity for eCO2RR, as presented in Table 3. In the case 430 

of hard-templating NOMC structures, the actual loading, as determined by ICP-MS, closely 431 

matched the targeted value, deviating by less than 2 wt%. However, the Ag loading for the 432 

Ag/soft-NOMC was significantly lower, i.e. only 4.06 wt%. We attribute this difference to 433 



16 

 

greater losses of small nanoparticles (< 20 nm) due to lower quantity of anchoring agent used 434 

for the soft-NOMC structure (1 mg/20 mgNOMC vs 3 mg/20 mgNOMC). As stated in section 3.1, 435 

a higher amount of thiourea resulted in the formation of larger particles (> 200 nm), which were 436 

harder to lose during synthesis compared to the smaller particles (< 100 nm) obtained with a 437 

lower amount of anchoring agent. The smaller particles were desired, which is why the 438 

anchoring agent content was lowered for the optimal soft-NOMC material. 439 

 440 

Table 3: Weight percentages of Ag NPs in the Ag/NOMC structures determined by ICP-MS. 441 

Catalyst ICP-MS (wt%) 

Ag/soft-NOMC 4.06 

Ag/SBA-15 NOMC 10.27 

Ag/KIT-6 NOMC 8.00 

 442 

Next, the various Ag/NOMC powders were characterized using HAADF-STEM and STEM-443 

EDS to determine the particle size distribution. The Ag particles were visualized using 444 

HAADF-STEM in Figure 4a-c for the Ag/NOMC structures. The Ag/SBA-15 NOMC shows 445 

large Ag particles or clusters (up to 260 nm) in combination with a distribution of smaller 446 

particles (~50 nm). STEM-EDS imaging confirms the presence of Ag NPs and shows an exact 447 

overlap of Ag and S signal, proving the interaction between the anchoring agent and the Ag 448 

nanoparticles (Figure S16a-e, Supplementary information). The particles of the Ag/KIT-6 449 

NOMC were similar in terms of particle size, 210 ± 114 nm, with a wide Gaussian distribution. 450 

The Ag/soft-NOMC consisted of various large particles or clusters with a significant amount 451 

of smaller particles distributed over the surface of the NOMC structure as well as in the porous 452 

structure, clearly indicating the advantage of using a lower amount of anchoring agent in 453 

combination with soft-NOMC. 454 

 455 

 456 
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 457 
Figure 4: (A) HAADF-STEM image of a Ag/SBA-15 NOMC structure, (B) HAADF-STEM 458 

image of a Ag/KIT-6 NOMC structure, (C) HAADF-STEM image of a Ag/soft-NOMC structure, 459 

and (D) Particle size distribution of an Ag/KIT-6 NOMC structure. A reaction time of 30 min 460 

was used for Ag/SBA-15 NOMC, Ag/soft-NOMC, and Ag/KIT-6 NOMC. 461 

 462 

3.4 Optimization of the direct deposition on a soft-NOMC 463 

 464 

A further optimization was essential to obtain an improved particle size and interparticle 465 

distribution. Because of the reasons mentioned above (i.e. straightforward synthesis, high 466 

pyridinic N content, high surface area and relatively easy incorporation of Ag also in the inner 467 

pore structure), the Ag/soft-NOMC was investigated further and the optimization of the Ag NP 468 

deposition was performed in more detail by fine-tuning the amount of thiourea and improving 469 

the particle size and interparticle distribution. The amount of thiourea was lowered to 0.175 mg 470 

/ 20 mgNOMC for the 5 wt% Ag/soft-NOMC (referred to as Ag/soft-NOMC/5) and 0.350 mg/ 20 471 

mgNOMC for the 10 wt% Ag/soft-NOMC (referred to as Ag/soft-NOMC/10). The abundant 472 
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presence of thiourea could otherwise result in two adverse consequences. Firstly, the elevated 473 

amounts of thiourea enhances the tendency for self-interaction among thiourea molecules, 474 

thereby diminishing the stabilization of the Ag ions, resulting in the formation of larger particles 475 

(see section 3.1). Consequently, the available active surface area would decrease, exerting a 476 

negative influence on the activity and/or the selectivity during the eCO2RR. Secondly, high 477 

amounts of thiourea were also anticipated to shield the pyridinic nitrogen moieties from 478 

participating in the reaction. For these reasons, a lower amount of thiourea was expected to 479 

yield favourable outcomes. Our study, supported by ICP-MS data and HAADF-STEM images, 480 

underscores the pivotal role of achieving the right balance in thiourea amounts. Complete 481 

elimination of thiourea (Ag/soft-NOMC/10NT) was found to result in a significant reduction in 482 

the incorporation of Ag NPs, with an underwhelming 0.87 wt% Ag content, falling short of the 483 

targeted 10 wt% (Fig.S17a-b, Supplementary information). Thus, it is evident that the precise 484 

control of thiourea concentration is indispensable for the successful deposition of Ag NPs and 485 

the formation of particles of the desired size. 486 

 487 

The resulting Ag/soft-NOMC catalysts were analyzed using ICP-MS, HAADF-STEM and 488 

STEM-EDS, as shown in Figure 5a-d. The actual weight percentages determined by ICP-MS 489 

were 4.93 wt% and 9.63 wt% for Ag/soft-NOMC/5 and Ag/soft-NOMC/10, respectively, 490 

indicating a significant reduction in Ag losses compared to the non-optimized Ag/soft-NOMC. 491 

The optimized Ag/soft-NOMC catalyst with 5 wt% showed an excellent particle size 492 

distribution ranging from 4 nm to 40 nm (see Figure 5a). The 10 wt%, however, showed a larger 493 

particle size distribution with the presence of smaller particles (< 50 nm) and some larger 494 

clusters (> 200 nm) resulting in a less optimal size distribution of Ag NPs. Also this is an 495 

improvement as compared to before the optimization procedure, clearly showing the benefits 496 

of this step.  497 

 498 

Electron tomography further confirmed the presence of Ag NPs within the mesopores of the 499 

NOMC material. Ortho-slices were taken approximately halfway through the reconstructed 500 

volume, which confirm the presence of Ag NPs in the middle of the NOMC volume (Figure 501 

5e-f). Ag/soft-NOMC/5, in particular, displayed medium-sized particles (~50 nm) incorporated 502 

within volume of the NOMC material. While these particles were not stabilized in the pores of 503 

the structure, they were still supported due to incorporation into the volume of the NOMC 504 

material itself. In contrast, Ag/soft-NOMC/10 contained a greater fraction of large particles on 505 

the outer surface of the structure. The latter are considered to be able to move freely during the 506 
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CO2RR and are expected to suffer a more significant performance loss throughout the reaction. 507 

Nevertheless, the utilization of the inner structure by the smaller and the medium Ag NPs for 508 

Ag/soft-NOMC/5 and the smaller Ag NPS for Ag/soft-NOMC/10 results in a better coverage 509 

and distribution in the carbon framework, which should lead to an improved stability of these 510 

NPs. Besides the influences of particle size and interparticle distance, the crystallinity has 511 

proven to be a determining factor for the eCO2RR. Nevertheless, in this specific case,  512 

HR-STEM images showed the presence of a polycrystalline structure comparable to 513 

commercial Ag, which was further confirmed by XRD due to the identical 2θ-peaks of the 514 

crystallographic planes (111) at 37.7°, (200) at 43.9°, (220) at 64.1° , and (311) at 77.0° (Figure 515 

S18a-d, Supporting information) and will thus not influence the performance in our case. The 516 

optimization process, which resulted in smaller particle size distributions, improved 517 

incorporation, and the presence of a polycrystalline structure, is expected to significantly 518 

enhance selectivity, activity, and overall stability (vide infra).  519 

 520 

 521 
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 522 

Figure 5: (A) HAADF-STEM image of an Ag/soft-NOMC/5 structure, and (B) HAADF-STEM 523 

image of an Ag/soft-NOMC/10 structure. (C) Orthoslice in the xz direction approximately 524 

halfway through the volume from a 3D reconstruction of an Ag/soft-NOMC/5 structure (Movie 525 

S1), (D) Orthoslice position in the 3D volume of the Ag/soft-NOMC/5 structure, (E) Orthoslice 526 

in the xz direction approximately halfway through the volume from a 3D reconstruction of an 527 

Ag/soft-NOMC/10 structure (Movie S2), and (F) Orthoslice position in the 3D volume of the 528 

Ag/soft-NOMC/10 structure.  529 
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3.5 Electrochemical CO2 reduction 530 

Catalyst performance relies on material characteristics (e.g. particle size, interparticle distance, 531 

loading, anchoring agent) and experimental parameters (e.g. applied potential, CO2 feed rate, 532 

reactor setup). In this study, the latter remained constant, as these process conditions, 533 

determined in our previous work, were favorable for CO production and to evaluate catalysts 534 

performance in the present work.48 The synthesized Ag/C and Ag/NOMC powders were tested 535 

in a small-scale flow-by electrolyzer for their activity and selectivity towards CO.  536 

 537 

Initially, the Ag/C powders obtained using the direct deposition method on carbon black with 538 

cysteamine as anchoring agent were analyzed for one hour at 100 mA cm-2. Regardless of the 539 

weight percentages used, FECO remained ~80, though variances in potential were observed 540 

(Figure 6a-b). Higher Ag loading (10 wt%) resulted in a lower potential (i.e. 130 mV lower 541 

overpotential), highlighting the importance of electrochemical active surface area. Indeed, in 542 

order to maintain a certain current density a higher potential is required for lower Ag weight 543 

percentages. The highest potential was indeed obtained with the Ag/C-5/Cy catalyst, i.e. -0.76 544 

± 0.05 V vs RHE, and was a result of its low electrochemical active surface area (i.e. it had the 545 

lowest Ag loading, namely 5.48 wt%). Further increasing the loading to 15 wt% showed 546 

diminishing returns as a plateau appeared and the potential did not drop further. The inclusion 547 

of these sub-20 nm nanoparticles in the Ag/C catalyst unequivocally enhances the 548 

electrochemical surface, a pivotal factor in facilitating catalytic reactions, thereby exerting a 549 

positive influence on the overall catalytic activity of Ag/C catalyst.49 Subsequently, the 550 

reduction of the reaction time on performance was investigated. Lowering the reaction time 551 

from 60 min to 30 min resulted in a reduced FECO by 6% (i.e. from 80 ± 1% to 74 ± 1% ) and 552 

an increase in FEH2 by 2%. The reason for this is the strong reduction in particle size to 4 ± 1 553 

nm, which is close to or below the optimal value of 5 nm and might explain an increased 554 

tendency for hydrogen evolution. The potential, on the other hand, does not alter upon reducing 555 

the reaction time, indicating the dominant role of Ag loading.  556 

 557 

The transition to thiourea as an anchoring agent resulted in larger particles (~ 50 nm) during the 558 

direct deposition of Ag NPs on the carbon black. This change in particle size from < 20 nm to 559 

~50 nm did not impact the eCO2RR (Ag/C-10/Cy and Ag/C-10/T in Figure 6a). Indeed, when 560 

comparing both samples it was clear that the sample prepared with thiourea showed a similar 561 

activity and selectivity towards CO (i.e. 80 ± 2% vs. 80 ± 1% with cysteamine). Furthermore, 562 
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despite the presence of similar sized nanoparticles for Ag/C-15/T, their selectivity is improved 563 

as compared to Ag/C-10/T because of its higher potential increasing the CO2 reduction rate at 564 

the cost of the hydrogen evolution reaction. Nevertheless, these larger particles are undesired 565 

as they result in a lower mass activity and will be less efficiently incorporated in our NOMC 566 

structures.  567 

 568 

Finally, the potential was around 190 mV more negative when using an increased amount of 569 

thiourea (1 mg/ 20 mgC to 3 mg/ 20 mgC). This is believed to have two main causes: (1) the 570 

presence of larger Ag NPs (> 100 nm), and (ii) the thiourea blocking active sites due to its better 571 

interaction with the Ag NPs (as discussed previously) both lowering the available 572 

electrochemical active surface area as such explaining the observed shifts in potential. It was 573 

thus clear that adding high amounts of thiourea is detrimental for the activity as it reduces the 574 

available electrochemical active surface area by generating more large particles and blocking 575 

active sites, as previously shown in Figure S8. However, despite the negative effect on the 576 

activity, the selectivity towards CO improved to 86 ± 2%, which we believed to be due to the 577 

higher potential required for this sample. Despite the increased particle size and the lower 578 

loading of Ag compared to cysteamine, thiourea showed to provide a similar activity and 579 

selectivity towards CO. Adding this to our belief that thiourea would form a stronger interaction 580 

with the Ag NPs and improve stability, made us select thiourea for further experiments.  581 

 582 

 583 

 584 
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Figure 6: (A) The average Faradaic efficiencies for H2 and CO at 50 min in a small-scale flow-585 

by electrolyzer at a current density of 100 mA cm-2 with 0.5 M KHCO3 as catholyte, 2.0 M KOH 586 

as anolyte and a CO2 flow of 25 mL min-1. The remaining Faradaic efficiencies are assigned to 587 

formic acid resulting in a ~100% total Faradaic efficiency. (B) The average potential (V) vs 588 

RHE over 50 min obtained while measuring the Ag/C samples at a current density of 100 mA 589 

cm-2 with 0.5 M KHCO3 as catholyte, 2.0 M KOH as anolyte and a CO2 flow of 25 mL min-1. A 590 

reaction time of 60 min was used for Ag/C-5/Cy, Ag/C-10/Cy, Ag/C-15/Cy, Ag/C-10/T, Ag/C-591 

10/T3, and Ag/C-15/T. A reaction time of 30 min was used for Ag/C-10/Cy/30. 592 

 593 

Subsequently, we investigated the influence of the different supporting materials, i.e. carbon 594 

black and NOMCs, on the selectivity and activity of the eCO2RR parameters (Figure 7a-b). 595 

Carbon black is known for primarily producing H2 with minimal CO production ( FEs: 87 ± 596 

4% for H2 and 13 ± 1% for CO). When transitioning to NOMC structures, different results were 597 

expected as a consequence of the increased surface area and the incorporation of active N sites. 598 

This effect, however, was not as pronounced for all NOMCs.  599 

 600 

The KIT-6 NOMC and especially the SBA-15 NOMC displayed enhanced eCO2RR 601 

performance with higher selectivity towards carbon products. The soft-NOMC showed a slight 602 

decrease in selectivity, but this was primarily in the initial phase (Figure 9a), indicating a higher 603 

selectivity for CO than C. However, its three dimensional pore structure resulted in longer 604 

diffusion times of CO from the active sites, leading to lower initial selectivity (Figure 8a). The 605 

lower potential of these NOMC structures was a consequence of the increased electrochemical 606 

active surface area. KIT-6 NOMC, on the contrary to soft-NOMC and SBA-15 NOMC, resulted 607 

in a significant selectivity towards formate, i.e. FE of 23.21 ± 0.04%, besides producing CO 608 

(FE of 14 ± 3%). Although the reason behind this remains unclear, we believe it was likely a 609 

result of a combination of a different nitrogen configuration and the 3D cubic morphology of 610 

KIT-6 NOMC, which somehow helped to stabilize the CO2 intermediate using multiple active 611 

nitrogen sites, resulting in a change in pathway with the formation of formate as a result. Further 612 

research is necessary to fully elucidate this reason but is not part of the scope of this work. 613 

Finally, SBA-15 NOMC showed the highest selectivity towards CO, 68.6 ± 0.3%, and the 614 

lowest potential,   -0.78 ± 0.01 V vs RHE, which was believed to be due to the high presence 615 

of active nitrogen sites and the presence of a straight, 2D hexagonal pore structure allowing 616 

smooth entry of reactants and removal of products.  617 

 618 

Subsequently, the Ag-based catalysts were tested under the uniform conditions (Figure 8a-b) 619 

and displayed enhanced activity and selectivity. Notably, Ag/KIT-6 NOMC provided the 620 
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highest CO selectivity ,reaching 84 ± 1% compared to 73 ± 2% and 74 ± 2% for Ag/SBA-15 621 

NOMC and Ag/soft-NOMC, respectively. The superior catalytic performance of Ag/KIT-6 622 

NOMC results from its larger average pore diameter, providing the Ag NPs more surface area 623 

to be deposited on and the easier transport to and from active sites. Therefore, a greater 624 

interparticle distance, improved average particle size, and higher electrochemical active surface 625 

area was obtained, resulting in improved CO selectivity and activity (Figure 4b). All three 626 

Ag/NOMCs demonstrated comparable and improved activity (overpotential), underscoring the 627 

beneficial influence of Ag. The slightly lower selectivity of Ag/SBA-15 NOMC was attributed 628 

to the formation of larger particles, which negatively influenced the CO selectivity.40 For the 629 

Ag/soft-NOMC, a comparable selectivity was obtained but this is ascribed to the lower weight 630 

percentage (4.06 wt%) and the larger fraction of bigger particles as compared to KIT-6 NOMC. 631 

These results highlight the potential of doped ordered mesoporous carbon materials as an active 632 

support, owing to their larger surface area, ordered mesoporous structure and the presence of a 633 

dopant in contrast to plain carbon black. Despite slightly lower performance as compared to 634 

Ag/KIT-6 NOMC, Ag/soft-NOMC was chosen for further Ag incorporation optimization, 635 

primarily due to its more straightforward and scalable synthesis as discussed in section 3.3. 636 

 637 

 638 

Figure 7: (A) The average Faradaic efficiencies for H2 and CO at 50 min for the different 639 

catalysts: carbon black, NOMC structures, and Ag/NOMCs. The remaining Faradaic 640 

efficiencies are assigned to formic acid resulting in a ~100% total Faradaic efficiency. (B) The 641 

average potential (V) vs RHE over 50 min for the different catalysts: carbon black, NOMC 642 

structures, and Ag/NOMCs. This data was obtained while measuring the Ag/C samples at a 643 

current density of 100 mA cm-2 with 0.5 M KHCO3 as catholyte, 2.0 M KOH as anolyte and a 644 
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CO2 flow of 25 mL min-1. A reaction time of 30 min was used for Ag/SBA-15 NOMC, Ag/KIT-6 645 

NOMC, and Ag/soft-NOMC. 646 

 647 

To enhance the catalytic performance, we assessed the effect of changing the electrolyte from 648 

0.5 M KHCO3 to 0.5 M KOH using commercial Ag NPs, as it had been proven to provide two 649 

advantages. Firstly, the cell’s ohmic resistance decreased, attributed to the more efficient 650 

dissociation of KOH into its constituent ions, K+ and, OH-. Additionally, the shift in pH from 651 

8.6 for KHCO3 to 14 for KOH had been demonstrated to be benefit the overpotential for the 652 

eCO2RR.50,51 When comparing both conditions for commercial Ag NPs with a loading of 0.2 653 

mg cm-2, the cell voltage dropped from -5.5 ± 0.2 V for 0.5 M KHCO3 to -4.0 ± 0.1 V for 0.5 654 

M KOH, resulting in improved energy efficiency while leaving the selectivity largely unaltered 655 

(Fig.S19a-d, Supplementary information). Subsequently, 0.5 M KOH was employed as the 656 

catholyte for the long-term evaluation of the optimized Ag/soft-NOMC samples (Ag/soft-657 

NOMC/5 and Ag/soft-NOMC/10).  658 

 659 

The optimized Ag/soft-NOMC catalysts were then compared to commercial Ag NPs (with a 660 

comparable Ag loading of 0.22 mg cm-2 determined by ICP-MS, as benchmark), a mixture of 661 

5 wt% commercial Ag NPs and carbon black, a mixture of 5 wt% commercial Ag NPs and soft-662 

NOMC (4.99 wt% determined by ICP-MS), synthesized Ag NPs deposited on a soft-NOMC 663 

structure in absence of thiourea (0.87 wt% determined by ICP-MS), and a blank soft-NOMC, 664 

shown in Figure 8a-b. The inclusion of carbon black with commercial Ag NPs highlighted the 665 

importance of an NOMC structure on the performance of the Ag NPs, as the presence of carbon 666 

black decreased the FECO by 51% while increasing the overpotential by 80 mV (Fig S20, 667 

Supplementary information). This decrease in CO selectivity was driven by the presence of 668 

carbon black in high amounts, which promoted the HER, resulting in a H2 selectivity of 87 ± 669 

4% at the end of the experiment. Subsequently, the mixture of commercial Ag NPs with a 670 

NOMC structure resulted in a 40% increase of the FECO compared to mixing with carbon black. 671 

This enhancement was mainly due to the nitrogen dopants in the carbon structure, improving 672 

CO selectivity in synergy with Ag NPs (see also Fig. 8), and reducing the overpotential by 130 673 

mV, resulting in a comparable activity as commercial Ag NPs. The blank soft-NOMC, without 674 

the Ag NPs, already showed a selectivity of 19.0 ± 0.6% after 170 min, however the FECO took 675 

some time to reach this stable and higher value. This delay was likely due to the intricate pore 676 

network through which the CO2 molecules had to diffuse, to reach and react on the N-doped 677 

active sites, as well as for the CO molecules to exit these pores. The incorporation of Ag NPs 678 
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to the soft-NOMC structure in absence of thiourea resulted in a considerable increase in FECO 679 

as compared to the bare NOMC but the FE’s didn’t reach the levels of those samples prepared 680 

with thiourea. Consequently, the soft-NOMC still showed high contribution in the observed FE 681 

since the hydrogen and formate trend were similar for both the blank soft-NOMC and the 682 

Ag/soft-NOMC/10NT.Moreover, the effects of degradation could not be observed due to the 683 

low loading of the sample (no clear Ag signal and particles were found with HAADF-STEM).  684 

 685 

 These results underscore the positive effect of mixing the Ag NPs with a nitrogen-doped carbon 686 

structure. Further improvements were achieved with the optimized Ag/soft-NOMC catalysts. 687 

The selectivity and the activity remained similar to the Com Ag/soft-NOMC/5 as a consequence 688 

of the comparable combination of NOMC structure, and Ag NPs (Figure S21, Supporting 689 

information). However, the stability of the catalyst emerged as a key parameter to comprehend 690 

the importance of an anchoring agent.  691 

 692 

As shown in Figure 8c-d, the Ag/soft-NOMC catalysts maintained stability over the 6-hour 693 

experiment, while mixtures of commercial Ag NPs with the soft-NOMC structure started to 694 

exhibit a decrease in CO selectivity after 250 min. The decrease in FECO was related to the 695 

decrease in amount of Ag determined via ICP-MS, which indicated a loss of 19% Ag from 4.99 696 

wt% to 4.0 wt% after eCO2RR analysis. These commercial Ag NPs lacked the stability proved 697 

by anchoring agents, allowing for more rapid degradation processes (Fig. 9).  698 

 699 
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 700 

Figure 8: (A) The average Faradaic efficiencies for CO and (B) H2 for blank soft-NOMC 701 

(black), commercial Ag NPs (0.2 mg cm-2)(red), commercial Ag NPs mixed with carbon black 702 

(5 wt%) (blue), and commercial Ag NPs mixed with soft-NOMC (5 wt%) (yellow) and 703 

synthesized Ag NPs deposited onto the soft-NOMC structure without thiourea (Ag/soft-704 

NOMC/10NT)(Teal). (C) The average Faradaic efficiencies for CO and (D) H2 for Ag/soft-705 

NOMC/5 (purple), and Ag/soft-NOMC/10 (pink) over 350 min in a small-scale flow-by 706 

electrolyzer at a current density of 100 mA cm-2 with 0.5 M KOH as catholyte, 2.0 M KOH as 707 

anolyte and a CO2 flow of 25 mL min-1. The remaining Faradaic efficiencies are assigned to 708 

formic acid resulting in a ~100% total Faradaic efficiency. The errors on the values are 709 

visualized by the band enclosing the data line. A reaction time of 5h was used for Ag/soft-710 

NOMC/5, Ag/Soft-NOMC/10 and Ag/soft-NOMC/10NT. 711 

 712 

The main catalyst degradation processes influencing the selectivity are dissolution, Ostwald 713 

ripening, detachment, reshaping, fragmentation, and agglomeration. The addition of an 714 
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anchoring agent and their incorporation into the pores of the carbon support (nanoparticle 715 

confinement)  limited the opportunity for the Ag NPs to undergo these degradation pathways.  716 

 717 

Figure 9: Schematic overview of the various degradation pathways for an Ag catalyst. 718 

 719 

To prove this so-called nanoparticle confinement, the two optimized Ag/soft-NOMC catalysts 720 

were tested for 45 h and compared to the commercial Ag NPs (Fig 10a). The selectivity of the 721 

commercial Ag NPs initially remained around 90%, but it decreased noticeably during the 722 

experiment with an average rate of 0.022 % min-1 over 17.5 h. This trend remained until 723 

reaching a plateau at 15% after 55 h. The rapid decrease in FECO could be a combination of 724 

both reactor instability due to high probability of salt formation, electrowetting, and pressure 725 

change and catalysts degradation. Consequently, HAADF-STEM and ICP-MS was utilized to 726 

analyze the agglomeration and particle detachment, respectively. The ICP-MS data showed a 727 

lower Ag loading after, i.e. 155 µg cm-2 compared to 220 µg cm-2 before the long-term 728 

measurement of 72 h. Furthermore, HAADF-STEM and particle size distribution data clearly 729 

show a shift in average particle size from 29 ± 11 nm to 47 ± 16 nm. Additionally, after reaction 730 

a more pronounced presence of particles greater than 40 nm could be observed providing a 731 

decreased CO formation and increased HER (Figure S22a-d, Supporting information).40 Both 732 

observations clearly indicate the degradation of the commercial Ag NPs during reaction. The 733 

XRD pattern showed no alteration in the Ag crystallographic planes after the measurement with 734 

a consistent presence of (111) at 37.7°, (200) at 43.9°, (220) at 64.1° , and (311) at 77.0° (Figure 735 

S23a-b, Supporting information). Nevertheless, the addition of peaks at 18.1°, 26.4°, and 54.5° 736 
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could be assigned to the crystallographic structure of KHCO3 as a result of salt formation during 737 

the measurement. The effect of the salt formation in the GDE was further analyzed using CA 738 

measurements indicating a reduction in contact angle from 150° to 135° thus indicating a drop 739 

in hydrophobicity due to salt presence in the catalyst and MPL layer. Despite the presence of 740 

salts and the reduction in hydrophobicity, the contact angle remained above 90°, therefore, 741 

potential flooding will have probably been caused by electrowetting and change in pressure 742 

across the triple-phase boundary as observed in previous literature.52 These reactor effects were 743 

also present during the analysis of the optimized Ag/soft-NOMC catalysts with identical effects 744 

visualized in the XRD patterns and the CA measurements(Figure S23a-b, Figure S24a-f 745 

Supporting information). Despite this, the difference in catalyst stability was clear as a plateau 746 

was reached for the Ag/soft-NOMC catalysts. While they started at a lower selectivity of around 747 

79% and 86% for the 5 wt % and 10 wt%, respectively, their decrease in performance was more 748 

gradually than for the commercial Ag NPs, which already indicates an improvement in stability 749 

as a result of the nanoparticle confinement strategy applied in this work. Moreover, the average 750 

rate of selectivity decrease was 0.008 % min-1 for Ag/soft-NOMC/5, almost a threefold 751 

improvement, while the Ag/soft-NOMC/10 showed more degradation effects with an average 752 

decrease of 0.016 % min-1 but still outperformed the commercial catalyst. The HAADF-STEM 753 

images, particle size distributions, and ICP-MS results support the higher stability of the 754 

synthesized Ag catalysts (Figure S25a-d, Supporting information). Firstly, the particle size 755 

distribution of Ag/soft-NOMC/5 showed no significant shift in particle size, 12 ± 5 nm to 14 ± 756 

5 nm, and the ICP-MS data showed only a reduction in Ag weight of 7.36 µg cm-2. Furthermore, 757 

the Ag/soft-NOMC/10 with the presence of larger particles solely lost 29.83 µg cm-2, while 758 

maintaining an average particle size of 17 ± 7 nm. Despite the fact that the Ag/soft-NOMC/5 759 

and Ag/soft-NOMC/10 catalysts remained closer to their original structure, they still showed a 760 

decrease in selectivity towards CO, which is partially caused by the presence of some 761 

unanchored, and/or larger Ag NPs present at the external surface area being exposed to the 762 

degradation pathways mentioned previously. Despite the limited degradation, these results 763 

clearly show the benefits of anchoring as it has proven to be effective in reducing the 764 

detachment and agglomeration as such improving the overall durability of the system. Given 765 

the higher importance of stability from an economic point of view, we believe this strongly 766 

speaks in favor of using anchoring agents when using Ag to electrochemically reduce CO2. 767 

 768 

 769 
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 770 

Figure 10: (A) The Faradaic efficiencies for CO for commercial Ag NPs (0.2 mg cm-2)(blue), 771 

Ag/soft-NOMC/5 (red) and Ag/soft-NOMC/10 (yellow) over 45 hours.(B) Schematic overview 772 

of the eCO2RR in a flow-by electrolyzer with a GDE as substrate and Ag/soft-NOMC as 773 

catalyst. (C) the Faradaic efficiencies for CO for commercial Ag NPs (0.2 mg cm-2) (blue), and 774 

Ag/soft-NOMC/5 (red) over 72 hours and (D) from 55 to 72 hours in a small-scale flow-by 775 

electrolyzer at a current density of 100 mA cm-2 with 0.5 M KOH as catholyte, 2.0 M KOH as 776 

anolyte and a CO2 flow of 25 mL min-1. The remaining Faradaic efficiencies are assigned to 777 

formic acid resulting in a ~100% total Faradaic efficiency. A reaction time of 5h was used for 778 

Ag/soft-NOMC/5, and Ag/soft-NOMC/10. 779 

 780 

 781 
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 782 

Figure 11: (A) Literature overview of Ag-based catalysts for the eCO2RR to CO in various 783 

electrochemical cells. (B) Comparison between various studies based on the amount of Ag 784 

employed, which is expressed as the CO partial current density (mA mgAg
-1).16–18,53–70 785 

 786 

The results were compared with recent studies on high-performance Ag-based catalysts for 787 

eCO2RR to CO, as shown in Fig.11a. The synthesized Ag catalysts in this study have displayed 788 

a high FE towards CO, which are comparable to the high-performance Ag catalysts explored in 789 

literature. Nevertheless, the current density is still moderate in comparison to some of the more 790 

recent results. The utilization of a flow-by reactor allowed us to obtain improved current 791 

densities at similar overpotentials due to enhanced CO2 mass-transfer compared to H-cells. 792 

Further increments in the current density were not explored since catalyst stability was the focus 793 

of this study. However, this catalyst has shown high promise compared to Ag-based catalysts 794 

used in literature due to the low amounts of Ag necessary to obtain high CO partial current 795 

densities (mA mgAg
-1) (Fig.11b). Consequently, these synthesized Ag-based catalysts could be 796 

of interest for membrane electrode assembly (MEA) systems where enhanced FECO at higher 797 

current densities are obtained due to the absence of a catholyte which is known to contribute to 798 

the HER. Furthermore, additional improvements of these Ag/soft-NOMC catalysts such as 799 

large pores to increase the available surface area for deposition (larger chains of structure 800 

directing agents), higher weight percentage of pyridinic and pyrrolic nitrogen doping (fine-801 

tuning the heat treatment step), and smaller particle size distribution, can still increase the 802 

activity, the selectivity, and the stability even further to also outperform the materials in 803 

literature in terms of initial activity and selectivity. Despite these proposed improvements, the 804 

concept of this study already showed the potential to deposit low amounts of nanoparticles on 805 
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a doped ordered mesoporous carbon for eCO2RR and still be competitive with the other 806 

catalysts in the literature. Therefore, the findings obtained, showed the potential for large-scale 807 

synthesis of these catalysts while utilizing low amounts of metals, which remain confined 808 

within the supporting carbon framework throughout the measurement as such largely impeding 809 

the Ag NP degradation pathways. 810 
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4. CONCLUSION 838 

 839 

The long-term stability and the loading of catalysts are major criteria to be considered for the 840 

industrial applicability of eCO2RR catalysts, currently found in literature, remaining 841 

insufficient in either or one of both of these criteria. Therefore, this study proposed a new 842 

strategy to improve the stability of nanoparticles by anchoring them on- and into a doped OMC 843 

material, while minimizing the amount of catalyst required. By optimizing the Ag NPs size and 844 

interparticle distribution combined with a nitrogen-doped ordered mesoporous carbon support, 845 

a selectivity towards CO, ~80%, was achieved at industrially relevant current densities (100 846 

mA cm-2) using a loading of 10 wt% and less Ag. Furthermore, the anchoring of these Ag NPs 847 

provided an improved stability and increased the selectivity with 267% compared to 848 

commercial Ag NPs at the end of a long-term measurement of 72 h. This approach clearly 849 

shows the potential of incorporating active metal species into a doped ordered mesoporous 850 

carbon support for improving the durability. Further finetuning and optimizations are expected 851 

to continue to increase the overall durability. Additionally, this approach is not limited to Ag 852 

NPs but other metals can also be incorporated in the same manner, thereby expanding the 853 

product scope of this approach to other products including formate, ethylene, methane, etc. 854 

Even more so, this approach is not limited to the CO2 reduction but could also be exploited in 855 

other electrochemical reactions where stability is an issue, e.g. water splitting, nitrogen/nitrate 856 

reduction, etc.. 857 
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