
UC Berkeley
UC Berkeley Previously Published Works

Title
Cu-Ag Tandem Catalysts for High-Rate CO2 Electrolysis toward Multicarbons

Permalink
https://escholarship.org/uc/item/2j59d40g

Journal
Joule, 4(8)

ISSN
2542-4351

Authors
Chen, Chubai
Li, Yifan
Yu, Sunmoon
et al.

Publication Date
2020-08-01

DOI
10.1016/j.joule.2020.07.009
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2j59d40g
https://escholarship.org/uc/item/2j59d40g#author
https://escholarship.org
http://www.cdlib.org/


Cu-Ag tandem catalysts for high-rate CO2 electrolysis towards multi-
carbons 

Chubai Chen1, 3, Yifan Li1, 3, Sunmoon Yu2, 3, Sheena Louisia1, 3, Jianbo Jin1, Mufan Li3, Michael B. Ross1, 5, Peidong Yang1, 2, 3, 4, 6 *    

1 Department of Chemistry, University of California, Berkeley, California 94720, United States. 
2 Department of Materials Science and Engineering, University of California, Berkeley, California 94720, United States. 

3 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States. 

4 Kavli Energy NanoScience Institute, Berkeley, California 94720, United States. 

5 Department of Chemistry, University of Massachusetts, Lowell, Massachusetts 01854, United States. 
6 Lead Contact 

Correspondence:  * p_yang@berkeley.edu 

 

Summary: Electrochemically upgrading CO2 to carbon-neutral multicarbons (C2+) is a promising technology for CO2 recycling and 
utilization. Since such transformations involve multiple elementary steps, a tandem strategy becomes attractive as catalysts can 
be optimized for specific reaction steps independently. Related strategies have been demonstrated under low working current 
densities; however, the applicability of a tandem strategy towards high-rate CO2 electrolysis to C2+ is unknown. Here, we demon-
strate that a Cu-Ag tandem catalyst can enhance the multicarbon production rate in CO2RR by decoupling high-rate CO2 reduction 
to CO on Ag and subsequent CO coupling on Cu. With the addition of Ag, the partial current towards C2+ over a Cu surface in-
creased from 37 mA/cm2 to 160 mA/cm2 at -0.70 V vs RHE in 1M KOH while no mutual interference between two metals was ob-
served. Moreover, the normalized intrinsic activity of C2H4 and C2H5OH in the tandem platform under CO2 reduction conditions is 
significantly higher than Cu alone under either pure CO2 or CO atmosphere. Our results indicate that the CO-enriched local envi-
ronment generated by Ag can enhance C2+ formation on Cu beyond CO2 or CO feeding, suggesting possible new mechanisms in a 
tandem three-phase environment.  
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1. Introduction 1 

CO2 electrolysis is a promising technique for CO2 recycling and utilization1-2, offering carbon-neutral chemical feedstocks3 for 2 
downstream applications. Electrochemical CO2RR towards single carbon products have achieved enormous progress4, especially 3 
for carbon monoxide5-9. However, in the periodic table, copper (Cu) is the only metal that can efficiently catalyze CO2 to multicar-4 
bon products (C2H4, C2H5OH, CH3COOH, n-C3H7OH, etc.), which was firstly reported by Hori and co-workers10. Since multicarbon 5 
products are higher-value and energy concentrated1, 3, widespread attention is paid to the unique catalytic property of the Cu 6 
surface. Both theoretical11 and experimental12 works demonstrate that sluggish C-C coupling kinetics over a pure Cu surface im-7 
pedes industrial level production of multicarbon products.  Thus, various multicomponent catalyst design principles have been 8 
utilized to improve the catalytic performance of Cu-containing catalysts, such as alloy formation13-15, surface doping16-17, ligand 9 
modification18-20, interface engineering21-24. 10 

One attractive multicomponent strategy is to break down the multiple reaction steps of CO2-to-C2+ to have optimized compo-11 
nents perform each step. In recent years, this “tandem catalysis” strategy has been successfully demonstrated in thermal hetero-12 
geneous catalysis25-27. Since it has been widely accepted that *CO (* denotes surface adsorbed species) and CO related intermedi-13 
ates are critical for CO2RR towards multicarbons4, 28-29, the tandem strategy is also suitable for CO2 electrolysis. Due to excellent 14 
CO formation ability over Ag and Au, Cu-based bimetallic tandem platforms have been invoked for CO2RR30-34. However, the prac-15 
ticality of such a strategy at high production rates (i.e. > 200 mA/cm2) is still in question, due to CO2 mass transport limitations in 16 
previous works. The gas diffusion electrode (GDE) can eliminate sluggish feed gas transportation kinetics by constructing an effi-17 
cient three phase interface35-36. Nevertheless, the micro-environment around the catalyst may be considerably different during 18 
high-rate electrolysis compared with aqueous conditions37. Thus, to establish decoupled electrocatalytic CO2-to-C2+ paradigms in 19 
high-rate electrochemical environments, the efficacy of a tandem platform should be evaluated in a gas diffusion electrode flow 20 
cell. 21 

Here, in order to evaluate whether a tandem strategy can be utilized in high-rate CO2 reduction, we designed a model two-22 
component catalytic architecture in alkaline electrolyte with commercial Cu and Ag powder (Fig. 1a). Ag is selected for its high 23 
activity for CO formation during CO2RR38 and its thermodynamically immiscible nature with Cu at room temperature, thereby de-24 
convolving enhancement due to bulk elemental alloying39. Although 1M KOH electrolyte is ultimately unsustainable for long term 25 
practical electrolysis due to electrolyte instability from reaction with CO2, it is useful as a model environment to evaluate catalytic 26 
concepts at the early stage37. Compared against Cu alone, a significant enhancement of the partial current towards C2+ products 27 
(C2H4, C2H5OH, CH3COOH) is observed over the tandem catalyst during CO2 electrolysis, with a concurrent selectivity shift towards 28 
oxygenates over C2H4. Both post-electrolysis characterization and electrochemical CORR results confirm that the active sites over 29 
Ag and Cu surface work independently during CO2RR, supporting the importance of a CO-rich local environment generated by the 30 
Ag component for enhancing C-C coupling on the Cu component in accordance with the tandem strategy. Furthermore, the nor-31 
malized intrinsic activity towards C2+ products indicate that the Ag-generated microenvironment in tandem CO2RR is superior to 32 
both pure CO2 and CO atmosphere for Cu-catalyzed multicarbon production. This phenomenon suggests the existence of mecha-33 
nisms for CO2 reduction enhancement specifically stemming from tandem strategies and their resulting chemical microenviron-34 
ments. 35 

2. Results 36 

2.1 Electrode characterization. A Cu-Ag tandem architecture catalyst was prepared by physical mixture of Cu and Ag na-37 

nopowders on carbon paper support and utilized in gas diffusion flow cells (Fig. S1) for high current CO2 electrolysis. The 38 
morphology of commercial Cu and Ag powders is revealed with TEM (Fig. S2), showing that the crystalline feature size of both Cu 39 
and Ag is tens of nanometers, but heavily agglomerated with no distinct morphology. The electrode fabricated with these metal 40 
powders was name as CuxAgy, representing a Cu-Ag tandem catalyst with x μg/cm2 Cu and y μg/cm2 Ag respectively (see experi-41 
mental procedures). Then, these electrodes were imaged under SEM. The thickness of the catalyst layer in the as-prepared 42 
Cu500Ag1000 catalyst on carbon paper is several microns (Fig. 1b, 1c). SEM after electrolysis shows no significant structural change 43 
on the micron scale from the initial structure (Fig. S3). 44 

Elemental characterization through XRD, XPS and EDS mapping (Fig. 1d, 1e, S4)  provide further insight into the nature of the 45 
tandem catalyst.  Both XRD patterns and XPS spectra of the as-prepared tandem Cu500Ag1000 catalyst show characteristic Cu and 46 
Ag related peaks without any observable peak shifting. Although the Cu LMM Auger peak indicates that the surface of nano pow-47 
der has been oxidized, numerous studies40-44 indicate that such a naturally formed oxide shell can be quickly reduced under work-48 
ing condition. Despite the ongoing debate in the community towards the existence and function of oxygen residue during 49 
CO2RR45-47, we note that such a phenomenon will not influence the conclusions related to tandem interactions between Ag and Cu 50 
of the later discussion in this work. Meanwhile, it is widely reported that Cu can undergo surface reconstruction and structural 51 
evolution during CO2 electrolysis,48-51 and previous reports have also invoked Cu-Ag alloy13-15 or surface alloy16 strategies to im-52 
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prove CO2RR catalytic performance. Thus, we conducted post-electrolysis characterization of the tandem Cu500Ag1000 catalyst to 53 
determine whether the structure is maintained. Previous works have shown structural and electronic differences owing to strong 54 
Ag interactions with Cu: for example, up to 0.8o Cu(111) peak shift in XRD could be found for a Cu-Ag alloy system14 whereas up to 55 
0.3 eV Cu 2p3/2 peak shift in XPS was reported for a Cu-Ag dimer.23 In contrast, no peak shift of Cu or Ag could be observed for the 56 
tandem Cu500Ag1000 catalyst in either XRD, XPS or Cu LMM Auger peak after electrolysis, indicating the structural maintenance of 57 
this tandem catalyst and absence of electronic interactions between Ag and Cu throughout electrolysis. This absence is likely due 58 
to the bulk-like nature of Ag and Cu used, in addition to the mild conditions in which the electrode is fabricated, resulting in ther-59 
modynamically favored separation52. Importantly, this does not preclude the Ag-Cu surface and interfacial alloying observed in 60 
other reports which use more energetic fabrication conditions. 61 

2.2 Enhanced CO2RR catalytic performances toward C2+ products over tandem Cu-Ag catalysts. The polarization response 62 
curve of Cu500Ag1000 in Fig.2a shows higher geometric current density than Cu500 or Ag1000 alone under the same potentials. Inter-63 
estingly, partial current densities toward C2+ products over different catalysts are also observed to be substantially higher for 64 
Cu500Ag1000, which cannot be explained simply through the individual contributions of Cu500 and Ag1000 (Fig. 2b). Explicitly, Ag1000 65 
does not contribute to C-C coupling reactions in the potential range from -0.5 V to -0.8 V vs RHE. Thus, all partial current toward 66 
C2+ products should come from the Cu surface. Based on linear interpolation, the partial current toward C2+ products over Cu500 67 
surface is only about 37 mA/cm2 at -0.70V, while the corresponding C2+ partial current density over Cu500Ag1000 is 160 mA/cm2. As 68 
the theoretical Cu loading density is constant between Cu500 and Cu500Ag1000, the significant enhancement of the C2+ partial current 69 
density over the tandem catalyst beginning at around -0.55 V vs RHE should be attributed to the additionally loaded Ag. The en-70 
hancement of C2+ products is shown to be dependent on the extent of Ag loading (Fig. S5), further reinforcing that Ag is responsi-71 
ble for the increase in C2+ production.  72 

C2+ partial currents are further broken down to their main constituents to analyze how the tandem strategy influences product 73 
distribution (Fig.2c). Here we define the enhancement factor (EF) as the tandem Cu500Ag1000 partial current divided by that of the 74 
Cu500 catalyst alone. Beginning from -0.55 V vs RHE, the EFs of C2H4, C2H5OH and CH3COO- all increase significantly when the ap-75 
plied potential is more negative (Fig. 2c). Thus, relatively negative potential is essential to trigger the Ag-derived C2+ enhance-76 

ment, achieving up to 6.43, 11.27, and 16.22 μg/h·cm2
geom production rates toward C2H4, C2H5OH and CH3COO- respectively over 77 

the Cu surface. Furthermore, oxygenate products are favored over C2H4 on the tandem catalyst, consistent with previous reports 78 
that invoke enhancement by local CO concentration 31, 51. At -0.70 V vs RHE, the EFs are mostly at the same range as -0.65 V vs 79 
RHE, indicating that the tandem strategy induced enhancement is limited by factors beyond potential, such as the concentration 80 
of CO local to the catalyst. Similar trends can also be observed from tandem catalyst with other Cu-Ag ratios (Fig. S6). 81 

To further probe the role of local CO towards the C2+ enhancement, the net CO producing abilities over these catalysts are also 82 
compared (Fig.2d).  At potentials negative of -0.5 V vs. RHE, the C-C coupling reaction dominates such that net CO production rate 83 
over Cu500 remains at a relatively low level within the potential range. Meanwhile, Ag exhibits an exponential increase of CO pro-84 
duction with respect to overpotential. Notably, the onset potential for C2+ enhancement is around -0.55 V vs RHE, where CO par-85 
tial current on the pure Ag1000 catalyst is observed to take off. This indicates a direct correlation between C2+ enhancement on the 86 
Cu500Ag1000 catalyst and net CO production rate. Hence, the partial C2+ current enhancement is attributed to the high local CO cre-87 
ated on the Ag surface within the tandem catalyst layer. Interestingly, Clark et al. invoked that the enhanced oxygenates selectivi-88 
ty is not attributed to localized CO produced by Ag, but by strain effects induced by surface Ag doping which modulates C-C cou-89 
pling activity and suppresses HER.16 Similarly, such HER suppression and oxygenates favoring phenomenon were also observed in 90 
other Cu-Ag alloy catalysts14-15. The differing contributions of tandem effects on catalysis (i.e. whether localized CO may influence 91 
further C2+ activity) between this work and previous works mentioned above may be due to the difference in electrolyte. It has 92 
been reported that high pH electrolyte can significantly accelerate C-C coupling reaction over Cu surface36, which would corre-93 
spond to more efficient utilization of CO in our system. Notably, the correlated suppression of HER typically observed from Ag-94 
alloying or doping is not found in our system (Fig. S7), suggesting that the Ag doping effect is mostly negligible here and that the 95 
intrinsic catalytic activity of Cu is not influenced by Ag atomic interactions. More contextualization and comparison of relevant 96 
works can be found in Fig. S8 and Table S1.  97 

2.3 Active site analysis and performance comparison based on CORR. Considering the importance of localized CO produced by 98 
the Cu-Ag tandem platform toward high rate C2+ chemicals production, we next investigated how such platforms behave under 99 
CO reduction reaction (CORR) conditions. If the addition of Ag electronically influences Cu active sites, we expect that CO reduc-100 
tion activity should differ between Cu and Cu-Ag catalysts53. However, in stark contrast to our previous observations in CO2RR, the 101 
Cu500Ag1000 catalyst exhibits neither an enhancement in total current nor an enhancement in C2+ formation under CO-reducing 102 
conditions (Fig. 3a, 3b, S9). Thus, in both Cu500Ag1000 and Cu500 catalysts, only the Cu component conducts CORR. Meanwhile, no 103 
substantial enhancement is observed owing to the bimetallic platform in CORR across all multicarbon products, as shown explicit-104 
ly in Fig. 3c, suggesting that the Cu500Ag1000 catalyst has no intrinsic enhancement in CO coupling compared with Cu500 alone. 105 
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In general, our CORR experiments strongly support the conclusion that Cu and Ag active sites operate independently. Ag pro-106 
duces CO from CO2 and this generated CO in addition to the CO generated on Cu itself, is further utilized for multicarbon produc-107 
tion over the Cu surface. In other words, we posit that in accordance with our structural characterization, Ag does not modify the 108 
Cu surface during tandem CO2RR. We note that although electrocatalytic activity changes over longer periods of electrolysis, this 109 
is due to commonly reported stability issues with flooding in carbon paper based gas diffusion electrodes36, 54-56, rather than to 110 
structural changes of the catalyst (Fig. S10). Moreover, given the similar activity between Cu and Cu-Ag catalysts in CORR when 111 
catalyst preparation is simply normalized by Cu mass loading, we further hypothesize that intrinsic catalytic activity towards mul-112 
ticarbons can be internally compared using Cu mass normalization.  113 

2.4 Intrinsic catalytic performances of Cu catalyst under different local environments.  Considering the production rate nor-114 
malized by the mass of Cu as a measure of intrinsic catalyst activity for internal comparison, we sought to determine how the 115 
local gas environments would influence C2+ partial current over Cu surface (Fig. S11). Unsurprisingly, for CORR the activity towards 116 
all three main C2+ products over Cu500 are larger than for CO2RR. However, we also observed unexpectedly that the normalized C2+ 117 
partial current over tandem Cu500Ag1000 during CO2RR is beyond that of Cu500 during CORR. To exclude the influence of electron 118 
transfer differences in CO2RR and CORR (e.g. for C2H4, 12e- during CO2RR and 8e- during CORR), we used the normalized intrinsic 119 
activity (in moles product per mass catalyst per time) to better represent the intrinsic performance over the Cu surface (Fig.4a-c). 120 
The normalized intrinsic activities of tandem Cu500Ag1000 towards C2H4, C2H5OH, CH3COO- in CO2RR are 3~6-fold larger than that of 121 
Cu500 in CO2RR at -0.7 V vs RHE. Moreover, the normalized intrinsic activities of tandem CO2RR towards C2H4 and C2H5OH are still 122 
substantially larger than that of Cu500 in CORR(Fig.4d), such that the local environment created by the tandem catalyst favors a 123 
greater overall formation for C2+ than CORR on Cu alone. Given that the role of Ag is to supply Cu with a CO-rich local environment, 124 
we considered how a similar amount of Cu in place of Ag would behave. The normalized catalytic activity over Cu500Cu1000 is con-125 
siderably lower than that of Cu500Ag1000, likely due to the deficient CO2-to-CO activity of a Cu surface per surface site. (Fig. S12). 126 
Such results highlight the unexpected superiority of the tandem strategy for CO2RR in a flow cell, which offers the opportunity to 127 
enhance the efficiency of C-C bonding on a Cu surface beyond conventional CORR during high-rate electrolysis. 128 

The underlying mechanism accounting for this change in product distribution is also of interest. We find that the tandem-129 
derived C2+ intrinsic activity enhancements over a Cu500 surface can also be imitated with a blended gas of 2% CO and 98% CO2 (Fig. 130 
S13). Therefore, a mechanistic difference in mixed CO2-CO atmosphere in the tandem catalyst layer may contribute to the en-131 
hancement of intrinsic activity towards a series of multicarbon products, similar to Strasser and co-workers’ results in bicarbonate 132 
at lower electrolysis rates57.  Other factors in the double layer may also be involved. For example,  a relatively low CO coverage 133 
over Cu surface (2.5%~10% atm) can promote C2H4 formation rate during CORR58 while *H coverage would influence C2H5OH for-134 
mation during CO2RR59 by adsorbate-adsorbate interaction. Furthermore, the surface pH may also be an important influencing 135 
factor, due to subtle differences in the double layer given the presence of carbonate formation during CO2RR36. With many possi-136 
ble mechanisms for the enhancement observed under tandem Cu-Ag CO2RR conditions, Cu catalysts with well-defined surfaces as 137 
well as advanced in-situ spectroscopy techniques for flow cells will be valuable future mechanistic tools.  138 

3. Discussion 139 

In this work, we established and evaluated a Cu-Ag tandem platform for achieving high current CO2 electrolysis towards C2+ prod-140 
ucts in a flow cell. In contrast with previous Cu-Ag works, Cu and Ag were confirmed to work independently in this system 141 
through post-electrolysis characterization and control experiments with CO reduction, such that the localized CO produced by Ag, 142 
with subsequent C-C bonding on Cu, is key towards high rate C2+ production. Furthermore, we found over the same Cu surface, 143 
the turnover of C2H4 and C2H5OH in a tandem CO2-reducing platform is substantially higher than the activity for Cu in either pure 144 
CO2 or pure CO-reducing conditions. Thus, we posit that the local environment created in high-rate tandem CO2 electrolysis offers 145 
new opportunities for expanding the catalytic space of CO2 electroreduction. Deep investigation of local CO atmosphere in situ is 146 
required to further understand high-rate tandem CO2 electrolysis. 147 

Moreover, we emphasize that although a highly alkaline electrolyte is beneficial for new catalytic architecture exploration and 148 
demonstration, serious concerns remain regarding its sustainability and stability issues due to the reaction between KOH and CO-149 

2
37. This may partially account for the lack of long-term stability observed in this work (Fig. S10). Translating the catalytic concept 150 

demonstrated here to truly practical CO2 electrolysis requires systematic design that reduces CO2 interaction with alkaline electro-151 
lyte while ideally still leveraging the catalytic benefits of local hydroxide. One avenue of interest may be to substitute bulk KOH 152 
electrolyte with local metal hydroxide at the cathode. Further exploration of catalyst design with cell engineering as a multi-scale 153 
strategy in sustainable electrolytes will undoubtedly be needed to enable practical tandem CO2 electrolysis systems. 154 

 

Experimental procedures 
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Resource Availability 

Lead Contact 

Further information and reasonable requests for resources and materials should be directed to and fulfilled by the Lead Contact, 
Peidong Yang (p_yang@berkeley.edu) 

Materials Availability 

All chemicals were purchased from commercial resources and used as received. 

Data and Code Availability 

There is no dataset or code associated with this work. 

Materials  

Commercial Cu powder (40-60 nm particle size (SAXS)), commercial Ag powder (<100 nm particle size), deuterium oxide (D2O, 
99.9 atom % D), dimethyl sulfoxide (DMSO, ACS reagent, ≥99.9%) and Nafion 117 ionomer solution (~5% in water and alcohol 
mixture) was purchased from Sigma-Aldrich. KOH pellets (>85%) were purchased from Fisher Chemicals. Anion exchange mem-
brane (Fumasep FAA-3-PK-130) and Sigracet carbon papers were ordered from Fuel Cell Store. Ag/AgCl (3M KCl) reference elec-
trodes were purchased from CH Instrument. Platinum gauze (99.9% metal basis) was purchased from Alfa Aesar. Carbon dioxide 
(CO2, 4.5LS), carbon monoxide (4.0 research) and Argon gas were purchased from Praxair. Deionized water (DI water with 18.2 

M·cm, <5 ppb TOC) was obtained from a Millipore water system.  

Electrode preparations 

The following procedures describe the fabrication of a Cu500Ag1000 catalyst, with other catalysts produced in a similar fashion and 
adjusting for mass. 12 mg commercial Cu or Ag nano-powder was firstly mixed with 4 ml ethanol, 40 μl Nafion ionomer solution 
and then sonicated for 1h in the water bath to produce a uniform ink. Cu and Ag inks were mixed together with 1:2 volume ratio 
and then spray-cast on carbon paper with a spray gun (SPEEDAIRE, Mod. 48PX90). After that, the fabricated electrode was stored 
in a vacuum desiccator overnight to remove residual ethanol. Cu500Ag1000 represents a Cu-Ag tandem catalyst with 500 μg/cm2 Cu 
and 1000 μg/cm2 Ag theoretically. The weight difference of carbon paper before and after spraying was measured by an analytical 
balance to confirm the loading amount.  

Characterization 

The image of Cu and Ag powder morphology was collected by a transmission electron microscopy (Tecnai G2 T20 S-TWIN) under 
200 kV. Scanning Electron Microscopy (Ultra 55-FESEM) is operated at 5 keV with 5 mm working distance to characterize the fab-
ricated electrode morphology and elemental distribution before and after electrolysis. XRD (Bruker D8) patterns were collected 
using a Cu target. X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha) measurement was conducted using an Al Kα 
source. For all post-electrolysis samples, electrodes were taken after CO2 electrolysis at 200 mA/cm2 constant current density for 
30 min, then rinsed with deionized water and isopropanol repeatedly in order to remove as much electrolyte residue as possible 
and dried in a vacuum desiccator before measurement.  

Electrochemical experiments and products characterization 

All CO2 and CO involved electrolysis were conducted in a gas diffusion flow cell. Before electrolysis, electrolyte was firstly bubbled 
with argon for at least 30 min to remove dissolved oxygen. In this work, 1 M KOH was used as the electrolyte. The gas flow rate 
during electrolysis was controlled by a mass flow controller at 25 sccm while the electrolyte flow rates in cathode and anode 
channels were managed by two low-flow chemical metering pumps at 5 ml/min. The flow-out electrolyte would be directly col-
lected for product analysis or transferred to waste bottle instead of feeding back to the cell in order to eliminate pH drop induced 
by neutralization reaction between KOH and CO2. During all electrolysis, the cathode and anode were separated by a Fumasep 
anion exchange membrane. Ag/AgCl (3M KCl) was used as reference electrode. Considering batch to batch difference and harsh 
working conditions (high current and high pH), the Ag/AgCl reference electrode was frequently calibrated and replaced if needed. 

During chronopotentiometry (CP), both gas and liquid products were collected and analyzed. Sampling was conducted at least 
300 s after the electrolysis began in order to let the system reach steady state. No automatic iR correction was applied during CP 
experiments. After product collection, the cathodic potential and resistance between working electrode and reference electrode 



6 

 

were precisely measured by a subsequent current interrupt (CI) experiment. The back-calculated potentials were based on the 
following equation: 

E vs RHE = E vs Ag/AgCl  + iR + E Ag/AgCl vs RHE  

The RHE potential is calculated using a pH value of 14. After electrolysis, gas products, including CO, CH4, C2H4 and H2 were de-
tected and quantified using gas chromatography (Agilent 7890B GC system). Three GC columns (1.5 ft HayeSep Q, 6 ft HayeSep Q 
and 6 ft Molsieve 5A) are used to separate different gases. CO and CO2 were additionally transformed into CH4 with a methanizer. 
H2 was detected by TCD (Ar flow) while other gases were detected by FID. Liquid products were analyzed by 1H nuclear magnetic 
resonance (Bruker AV600 with a 5 mm Z-gradient triple resonance 1H/BB Prodigy cryo-probe) with water suppression by excita-
tion sculpting. DMSO was used as an internal standard for quantitative NMR. Through the calibration curve, the concentration of 
the products can be determined (unit: mM for liquid products and ppm for gas products). Partial current density of the products 
can be calculated with the following equations: 

jgas product = cgas product × 10-5 × e- transfer number × F × v gas / ( Vm × S) 

and  

jliquid product = cliquid product × e- transfer number × F × v electrolyte/ S 

 

where： 

j: partial current density (mA/cm2) 

c: concentration of the product in gas phase (ppm) or electrolyte (M) 

F: Faraday constant (96485 C/mol) 

v: flow rate (mL/s) 

Vm: molar volume at room temperature and pressure (293 K, 1 atm) 

S: electrode geometric area (cm2) 

 

Subsequently, faraday efficiency (FE) can be obtained with: 

FE = jproduct / jtotal × 100% 

Specifically, in this work, enhancement factor (EF) at specific potentials was defined as: 

 EF = jproduct on tandem catalyst / jproduct on single Cu catalyst 

And normalized intrinsic activity towards multicarbons was calculated with following equation: 
normalized intrinsic activity = j

product
 / (F ×  e- transfer number  × dCu) 

where: 

dCu: Cu loading density (mg/cm2) 
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Figure 1. Cu-Ag tandem architecture design and characterizations. (a) Scheme of the Cu-Ag tandem platform for high rate CO2 electroly-
sis and C2+ products formation.  (b) Top view SEM image of Cu500Ag1000 catalyst over carbon paper before electrolysis. (c) Cross-section 
SEM image of Cu500Ag1000 catalyst over carbon paper before electrolysis. (d) XRD patterns of Cu500Ag1000 catalyst over carbon paper be-
fore and after electrolysis. Inset: Cu(111) and Ag(200) range enlarged. Standard PDF index of Cu (ICDD PDF# 99-0034) and Ag (ICDD PDF# 
99-0094) are plotted for comparison. (e) XPS spectrum of Cu500Ag1000 catalyst over carbon paper before and after electrolysis, with Cu500 
and Ag1000 for comparison. Post-electrolysis samples were prepared after conducting CO2RR at 200 mA/cm2 constant cathodic current 
density for 30 min. 

 

Figure 2. CO2RR performance of tandem catalysts comparing with pure metal catalysts. (a) Total geometric current density curve of 
Cu500Ag1000, Cu500 and Ag1000 catalysts. (b) Partial current density towards C2+ products over Cu500Ag1000, Cu500 and Ag1000 catalysts. (c) En-
hancement factors (EF) for total C2+ and individual products over four different potentials (-0.55V, -0.60V, -0.65V and -0.70V vs RHE) in 
CO2RR, which is defined as the tandem Cu500Ag1000 partial current divided by that of Cu500 catalyst alone. Linear interpolation was used to 
obtain the estimated current values at these potentials. (d) CO production partial current density over Cu500Ag1000, Cu500 and Ag1000 cata-
lysts. Data points with error bars (1 SD) in all figures based on average value of three separate experiments results.  

 

Figure 3. CORR performance of tandem catalysts comparing with pure metal catalysts. (a) Total currents of CO electroreduction reac-
tion (CORR) over Cu500Ag1000, Cu500 and Ag1000 catalysts. (b) C2+ products partial currents of CORR over Cu500Ag1000 and Cu500 catalysts. (c) 
Enhancement factors (EF) for total C2+ and individual products over four different potentials (-0.62V, -0.66V, -0.70V and -0.74V vs RHE) in 
CORR, calculated as described in Figure 2. 

 

Figure 4. Normalized intrinsic activity analysis and corresponding schematic illustration. Normalized intrinsic activity towards (a) 
C2H4 (b) C2H5OH (c) CH3COO- over the Cu surface with different local environments (tandem CO2 in red, fed CO in yellow, and fed 



 

 

 

10 

CO2 in blue). Data points with error bars (1 SD) in all figures based on average value of three separated experimental results. (d) 
Scheme representing the catalytic difference provided by the local environment produced by the tandem catalyst (red) vs. stand-
ard CORR (yellow) or CO2RR (blue). 
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Supplemental Text and Figures



 
Figure S1. Gas diffusion cell configuration used in this work: (a) schematic illustration and (b) photograph. 

 

 

 

 

 

 

 

Figure S2. Additional morphology characterization of commercial Cu and Ag powders. (a) TEM image of 

commercial Cu (b) TEM image of commercial Ag. Scale bar: 200 nm. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure S3. SEM image of tandem Cu500Ag1000/carbon paper after electrolysis. (a) low magnification and (b) 

high magnification SEM image of tandem Cu500Ag1000 catalyst after CO2 electrolysis (30 min, 200 mA/cm2, 

1M KOH electrolyte). Scale bar: 2 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Supplementary elemental characterization data. (a) commercial Cu and (b) commercial Ag. 

Standard PDF index of Cu (ICDD PDF# 99-0034), Cu2O (ICDD PDF# 99-0041), Ag (ICDD PDF# 99-0094) were 

also plotted for comparison. (c) LMM auger spectrum of tandem catalyst before and after electrolysis. Pure 

Cu catalyst was also characterized for reference. The auger peak of Cu2O is partially overlapped with Ag 3p3/2. 

Both XRD and XPS data confirm the existence of Cu2O at particle surface, likely due to surface oxidation. 

Elemental mapping of tandem Cu500Ag1000 catalyst (c) before and (d) after CO2 electrolysis. Scale bar: 5 m. 

Based on EDS elemental mapping, Cu and Ag powder were mixed at micron level, which is consistent with 

the TEM image in Fig S2. For Cu500Ag1000 catalyst, it can be observed that Cu and Ag are segregated both 

before and after CO2 electrolysis. This offers additional supporting evidence for confirming the lack of bulky 

alloy formation. 

 

 



 

Figure S5. Ag-loading dependent catalytic performance towards multicarbons over tandem catalysts. (a) 

Partial current density towards C2+ products over tandem Cu500Ag1500, Cu500Ag1000, Cu500Ag500 and Cu500 catalysts in 

CO2RR. (b) The relationship between Ag loading density in tandem catalyst and partial current density towards C2+ 

products at -0.70 V vs RHE. Partial current density values at -0.70 V vs RHE were obtained by linear interpolation. While 

Ag loading density below 1000 g/cm2, higher loading will result in larger C2+ partial current. But when Ag loading 

density exceed 1000 g/cm2, no further promotion could be observed, which may due to blockage of available Cu sites 

due to overcrowding of Ag.  

 

 

 

 

Figure S6. Enhancement factors (EF) between (a) Cu500Ag500 and Cu500 (b) Cu500Ag1500 and Cu500 during 

CO2RR, which is defined as the quotient of the partial currents between two catalysts. Both total and 

specific C2+ products (C2H4, C2H5OH, CH3COO-) EFs were calculated over four different potentials (-0.55V, -

0.60V, -0.65V and -0.70V vs RHE). Linear interpolation was used to obtain the estimated current values at 

these potentials. 

 

 



 

Figure S7. Ag-loading dependent catalytic performance towards minor products over tandem 

catalysts. (a) Partial current density towards H2 over tandem Cu500Ag1500, Cu500Ag1000, Cu500Ag500 and 

Cu500 catalysts at -0.70 V vs RHE in CO2RR. (b) The relationship between HER partial current density in 

tandem catalyst and oxygenates selectivity in multicarbon products at -0.70 V vs RHE. Partial current 

density values at -0.70 V vs RHE were obtained by linear interpolation. Generally, these results do not 

support a negative correlation between oxygenates selectivity and HER partial current density, which 

has been previously observed in Ag doped Cu catalyst1. Instead, a positive correlation can be found 

between Ag loading density and HER partial current density, suggesting a different mechanism for C2+ 

enhancement in this work relative to Ag-doped Cu works. (c) Partial current density towards CH4 over 

tandem Cu500Ag1500, Cu500Ag1000, Cu500Ag500 and Cu500 catalysts in CO2RR. The methane production rate 

seems to be independent with Ag loading density, which may suggest that methane production is not 

CO-limited. 

 

 



 

Figure S8. Contextualization and comparison with relevant literature. Total current density under 

most representative potential and the enhancement factors towards multicarbons are used as two 

indicators for comparison. More detailed information, including electrolyte, potential, total current 

density value and enhancement factors towards specific multicarbon products, can be found in table 

S1.  

Although the alloying strategy (CuAg bimetallic foil; Ag0.14/Cu0.86; Ag-Cu2OPB) is a promising 

technique for tuning the selectivity of multicarbons, due to blockage of the surface, the value of EF 

towards total multicarbons are all around 1. Instead, tandem catalysts have a better potential to further 

improve EF (e.g. Cu2O derived CuAg). We attribute a higher EF in our work to the efficient CO-

generating component in the catalyst (as compared with FeTPP[Cl] as an example) and high surface pH 

derived from electrolyte species and high electrolysis rate.   

Note: (1) Enhancement factor (EF) here is defined as the quotient of partial current density between 

composed catalyst with reference pure Cu catalyst in literatures. Due to the varied morphology, ECSA 

and loading density of reference catalyst comparing with composed catalyst in some literatures, we 

remind readers of the potential imprecision contained in the calculated EF. (2) For the catalyst of 

Ag0.14/Cu0.86, offered comparison data are based on the same current density instead of same potential. 

(3) Due to the lack of same potential data, the product distribution under -0.84 V instead of -0.82 V vs 

RHE is used for the reference catalyst of FeTPP[Cl]/Cu. 

 



 

 

Table S1. Catalytic performance and enhancement factor comparison of relevant literatures. The 

values of current densities were either offered in literature or extracted from the corresponding figures. 

Bottom half of table represents GDE works whereas top half represents H-cell. 

 

Catalyst Electrolyte 
Potential 

(V vs RHE) 

Total current 

density (mA/cm2) 

Enhancement factor 

C2H4 C2H5OH 
CH3COOH & 

CH3CHO 
Total C2+ 

CuAg bimetallic 

foil with 70 

at.% Cu on 

surface1 

0.1 M CsHCO3 -1.05 10.1 0.6 1.2 4.5 0.8 

Cu + Ag cascade 

electrode2 
0.1 M CsHCO3 -1.0 6.9 0.4 1.4 1.2 0.7 

Ag-Cu2OPB3 0.2 M KCl -1.2 1.8 0.3 1.9 0.9 0.9 

2.4% Cu dots 

on Ag 

substrate4 

0.1 M KHCO3 -1.0 4.9 0.4 0.9 11.5 0.9 

Cu2O derived 

CuAg5 
0.1 M KHCO3 -1.05 35.1 2.1 1.3 1.5 1.8 

Ag1−Cu1.1 NDs6 0.1 M KHCO3 -1.1 0.85 4.9 N.A. N.A. 4.9 

Ag0.14/Cu0.867 1 M KOH N.A. 300 0.7 1.4 3.7 1.2 

CuAg-wire (Ag 

6%)8 
1 M KOH -0.6 170 1.3 0.9 0.8 1.1 

FeTPP[Cl]/Cu9 1 M KHCO3 -0.82 375 0.8 1.4 1.0 1.1 

Cu500Ag1000 

(This work) 
1 M KOH -0.7 320 3.4 5.5 5.3 4.4 

 

 

 

 

 

 

 

 

 



 

Figure S9. Partial current density of (a) C2H4, (b) C2H5OH and (c) CH3COO- over both tandem 

Cu500Ag1000 and Cu500 catalyst in CORR. No significant difference is observed. 

 

 

 



Figure S10. Stability test under constant applied potential with 200 mA/cm2 as starting current density. 

The rapid catalytic deactivation happened after 1h electrolysis, which mainly due to the severe flood in gas 

diffusion layer. After the electrode fully deactivated, it was rinsed with DI water to remove electrolyte and 

precipitated out salts (e.g. K2CO3) thoroughly and then dried in vacuum chamber. The recovered catalytic 

activity during resumed CO2 electrolysis indicates the deactivation mostly due to the instability of the carbon 

paper and the accumulation of carbonate salts from KOH-CO2 reactivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S11. Normalized partial currents towards (a) C2H4 (b) C2H5OH (c) CH3COO- over Cu500 surface with 

different local environments. 

 

 

 

 

 

 



Figure S12. Normalized intrinsic activity towards (a) C2H4 (b) C2H5OH (c) CH3COO- over Cu500Cu1000 in CO2RR. 

Cu500 and Cu500Ag1000 were also included for comparison. 

 

 

 

 

 

 



Figure S13. Imitating tandem catalytic performance with a mixed gas of 2% CO and 98% CO2. Normalized 

intrinsic activity towards (a) C2H4 (b) C2H5OH (c) CH3COO- over Cu500 in a mixed gas atmosphere with 98% 

CO2 and 2% CO. Cu500Ag1000 CO2RR data were also included for comparison. Under comparable CO partial 

pressure, a similar intrinsic activity enhancement could also be observed on Cu500, indicating the correlation 

between increased performance and the co-existence of CO and CO2. 
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