doi.org/10.26434/chemrxiv.14751534.v1

Breaking Scaling Relationships in CO2 Reduction on Copper Alloys with
Organic Additives
Yunchieh Lai, Nicholas Watkins, Alonso Rosas-Hernández, Arnaud Thevenon, Gavin P. Heim, Lan Zhou,
Jonas Peters, John Gregoire, Theodor Agapie
Submitted date: 08/06/2021 • Posted date: 09/06/2021
Licence: CC BY-NC-ND 4.0
Citation information: Lai, Yunchieh; Watkins, Nicholas; Rosas-Hernández, Alonso; Thevenon, Arnaud; Heim,
Gavin P.; Zhou, Lan; et al. (2021): Breaking Scaling Relationships in CO2 Reduction on Copper Alloys with
Organic Additives. ChemRxiv. Preprint. https://doi.org/10.26434/chemrxiv.14751534.v1
Boundary conditions for catalyst performance in the conversion of common precursors such as N2, O2, H2O,
and CO2 are governed by linear free energy and scaling relationships. Knowledge of these limits offers an
impetus for designing strategies to alter reaction mechanisms to improve performance. Towards a more
sustainable carbon economy, understanding the basis of catalytic selectivity for CO2 conversion to chemical
feedstocks/fuels is key. Herein, high-throughput experimentation on 14 bulk copper bimetallic alloys allowed
for data-driven identification of a fundamental linear scaling relationship between methane and C2+ products
that constrains the Faradaic efficiency for C–C coupling. We have furthermore demonstrated that coating the
electrodes with a molecular film breaks the scaling relationship to promote C2+ product formation.

File list (2)
Manuscript.pdf (778.62 KiB)

view on ChemRxiv

download file

SI.pdf (2.65 MiB)

view on ChemRxiv

download file

Breaking Scaling Relationships in CO2 Reduction on Copper Alloys with Organic Additives
Yungchieh Lai,# Nicholas B. Watkins,# Alonso Rosas-Hernández, Arnaud Thevenon, Gavin P. Heim, Lan
Zhou, Jonas C. Peters,* John M. Gregoire,* Theodor Agapie*
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA, USA.
#
These authors contributed equally to this work. *e-mail: jpeters@caltech.edu; gregoire@caltech.edu;
agapie@caltech.edu
Abstract
Boundary conditions for catalyst performance in the conversion of common precursors such as N2, O2,
H2O, and CO2 are governed by linear free energy and scaling relationships. Knowledge of these limits offers
an impetus for designing strategies to alter reaction mechanisms to improve performance. Towards a
more sustainable carbon economy, understanding the basis of catalytic selectivity for CO2 conversion to
chemical feedstocks/fuels is key. Herein, high-throughput experimentation on 14 bulk copper bimetallic
alloys allowed for data-driven identification of a fundamental linear scaling relationship between methane
and C2+ products that constrains the Faradaic efficiency for C–C coupling. We have furthermore
demonstrated that coating the electrodes with a molecular film breaks the scaling relationship to promote
C2+ product formation.

Introduction
The development of high-performing catalysts for sustainable and economically viable transformations
remains a central goal of the chemical industry.1 Chemical transformations are controlled by
thermodynamic and kinetic rate laws that manifest as linear scaling relationships. Such relationships
relating structure, activity, and reaction conditions, are established for a range of reactions, including H2O
oxidation and N2, O2, CO2, and H2O reduction performed on both heterogeneous and homogeneous
catalysts.1–7 Because they provide theoretical or empirical trends for a particular chemical process, these
scaling relationships not only help explain chemical reactivity but also guide the rational design of new
and improved catalysts. Determining the underlying connections in chemical processes is particularly
desirable toward deconvoluting fundamental selectivity limitations and targeting specific products.2,8 CO2
reduction (CO2R) on Cu electrodes is one particular example where mechanistic complexity has hindered
catalyst optimization and warrants further investigation.9
As strategies to transform CO2 at scale are considered for a more sustainable carbon economy, exploiting
the unique ability of Cu to reduce CO2 to C2+ hydrocarbons and oxygenates makes it an attractive catalyst
for optimization. The complex pathways towards a myriad of reduced products of CO2R on Cu stymie
efforts for producing carbon-coupled products with high selectivity and has prompted investigation into
the mechanism of the transformation.9 Systematic trends affecting selectivity have been shown with
respect to adsorption energy scaling relationships and pH variation at the electrode surface.10–13 Promising
strategies for improving CO2R selectivity for C2+ products include changing catalyst morphology14–17 and
electrolyte composition,12,18 employing bimetallic systems and alloys,19–21 and adding organic modifiers.22–
27
However, identifying empirical scaling relationships from the published data is challenging due to
substantial variation in catalyst preparation and electrochemical testing conditions across independent
studies, highlighting the need for studies that systematically and broadly vary select parameters.
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We have developed a high throughput screening system for accelerated catalyst discovery whose
improved automation and operation make it particularly well suited for this application.28,29 We have
identified bulk alloying of Cu as an underdeveloped, though promising strategy for catalyst optimization,
with a large parameter space available based on the metal identity and composition.30,31 Additionally,
organic additives represent an attractive orthogonal parameter of catalyst design. They can impact
performance in a manner that has seldom been achieved by tailoring inorganic electrocatalyst
composition or morphology alone.32
Inspired by recent success using molecular films to enhance the selectivity of catalysts for CO2R,27,33–35
herein we describe the generation of a uniquely broad and systematic CO2R catalyst database by
combining a Cu bimetallic alloying strategy with the use of organic additives. Selectivity analysis reveals
scaling relationships for the alloys that is broken upon coating with an organic additive, demonstrating a
fundamental limitation of CO2R on Cu and a strategy to overcome it through hybrid inorganic-organic
interfaces.
Results and Discussion
To elucidate scaling relationships in CO2R, experiments were designed to observe a large dynamic range
of catalyst properties while mitigating conflation with experiment parameters such as electrolyte
composition and mass transport conditions. For the present work, we varied catalyst composition, applied
potential, and molecular additive presence. The choice of Cu alloys was guided by our previous discovery
that the alloying elements In, Co, Mn, and Zn alter the activity and selectivity of Cu in different ways,
although that study was limited to detection of H2, CH4, and C2H4.29 Studying Cu alloys with each of these
elements and with different concentrations that span face-centered cubic (fcc) alloys and intermetallic
phases, we sought to obtain a more comprehensive map of the reactivity of Cu-based alloy catalysts and
to identify any systematic trends. The molecular additive, N,Nʹ-ethylene-phenanthrolinium dibromide (1Br2), was selected based on its ability to enhance Faradaic efficiency (FE) and partial current densities for
C2+ products upon forming a well-defined film on polycrystalline Cu, primarily composed of a para,para
isomer of the one-electron reduced and dimerized phenanthrolinium (Equation 1).33

Equation 1: The electrochemical reductive coupling of two 1-Br2 molecules results in a mixture of two products.
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Figure 1: The high throughput catalyst screening system where a select catalyst is positioned under a recirculating electrochemical
batch reactor. After electrocatalyst operation, a robot sample handler (RSH) uses a syringe (orange) to extract aliquots from the
headspace and then catholyte, with each aliquot injected into the respective analytical instrument (green, syringe positions in
translucent orange) for gas or high-pressure liquid chromatography (GC, HPLC). The reference electrode (RE) is placed in the
electrolyte inlet to the working electrode (WE) chamber, which is separated from the counter electrode (CE) chamber by a bipolar
membrane (BPM).

Catalyst performance with or without the additive was evaluated by chronoamperometry (CA) at a series
of up to 6 potentials with subsequent product analysis using the batch reactor flow system illustrated in
Fig. 1. This system uses rapid electrolyte flow, as opposed to vigorous CO2 bubbling, to generate suitable
and reproducible mass transport conditions. The rapid concentration of reaction products enhances
measurement throughput by enabling shorter electrolysis and faster chromatography compared to
traditional methods. Hybrid metal-organic electrodes were prepared via electrodeposition of organic films
on the polycrystalline metal electrode from an aqueous 0.1 M KHCO3 buffered electrolyte containing 0.1
mM 1-Br2. In total, experiments with 14 alloy catalysts and pure Cu provide electrochemical and partial
current densities for 137 unique combinations of catalyst composition, additive presence, and applied
potential, as shown for select Mn-doped catalysts in Figs. 2a-2b and for all catalysts in Figs. S1-S2.
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Figure 2: Illustration of acquired data and correlation analysis. The electrochemical and partial current densities are shown for
5 electrolysis experiments with Cu0.98Mn0.02 and 6 electrolysis experiments with Cu0.84Mn0.16 catalysts, both a) without additive
and b) with 1-Br2. Select products or product categories were considered for correlation analysis. For A = CH4 and B = C2+, a)
contains 8 electrolysis experiments with partial current densities for both A and B above 1 μA cm-2. The corresponding 8 points
are shown in c) and used to calculate the Pearson correlation coefficient to represent additive-free Cu-Mn alloys. This analysis
was applied to all 6 pairwise combinations of the products HCOOH, CO, CH4, and C2+ and repeated for pure Cu and each Cu-M
alloy system. The resulting set of correlation coefficients is shown in d). The printed numbers in each cell indicate the number of
electrolysis experiments used in the calculation, for example 8 for the A = CH4, B = C2+, M = Mn cell corresponding to the plot in
c). This analysis was also applied to electrolysis experiments from all compositions, first with and then without 1-Br2 additive, to
assess the impact of the additive on the 6 pairwise correlation coefficients, as shown in e). For A = CH4 and B = C2+ in e), the data
underlying the correlation analysis is shown in f) without additive and in g) with 1-Br2, where points are colored according to their
composition. The data in f) follow the scaling relationship indicated by the dashed line, which is also depicted in g) to show the
extent by which the data with 1-Br2 deviate from this scaling relationship.
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Pairwise relationships of the partial current density and the FE for representative products (Fig. S3)
highlight the effect of the combined strategy of alloying and organic films. The intrinsic modification of
catalyst selectivity can be detected through analysis of the Pearson correlation coefficient of the logarithm
of partial current densities. A close-to-unity positive correlation indicates that selectivity between the two
products cannot be tuned with the parameters under consideration, which is indicative of a free-energy
scaling relationship. A substantially negative correlation indicates a trade-off in selectivity, wherein
enhanced formation of one product occurs at the expense of the other, which is indicative of kinetic
competition for a shared reaction intermediate.
The large dataset provided here via high throughput experimentation enables study of correlation
coefficients and their modification (Fig. 2). Previous work on polycrystalline Cu indicates that the kinetic
regimes that govern the CO2R product distribution differ with applied potential due to modulation of
energy landscape as a function of overpotential as well as second-order effects such as CO2 mass transport
and changes to the pH at the catalyst surface.36,37 To facilitate observation of how the catalyst itself affects
selectivity, we aim to mitigate the influences from the extrinsic effects by limiting the overpotential range
(-0.84 to -1.1 V vs RHE) and using rapid electrolyte flow over flat catalyst films with a maximum current
density of 15 mA cm-2, which promotes uniform mass transport and limits pH gradients in the
electrochemical reactor. This potential range includes the onset of substantial partial current density for
highly reduced products, making alteration of correlation coefficients in this range a prime target for
controlling product selectivity with catalyst modification. We first demonstrate Pearson correlation
analysis to ascertain the extent by which high correlation coefficients can be lowered via variation in
catalyst composition. For example, the box in Fig. 2d with A = CH4 and B = C2+ shows a high correlation
coefficient of 0.99 for these products when considering a series of 7 electrolysis experiments with a
polycrystalline Cu catalyst in which partial current densities for both CH4 and C2+ products varied from
approximately 1 µA cm-2 to 3 mA cm-2. The analogous analysis for polycrystalline Cu-M alloys is
summarized by the boxes with A = C2+ and B = CH4, where the correlation coefficient was calculated for
each alloying element using various combinations of alloy composition and applied potential. The source
data and its utilization of correlation analysis are illustrated for the Cu-Mn system in Figs. 2a and 2c.
The total number of electrolysis conditions and range of alloy compositions (x in Cu1-xMx) are as follows:
7 conditions with M = Co and x = 0.02 or 0.16; 10 conditions with M = In and x = 0.02 or 0.17; 16 conditions
with M = Zn and x = 0.04, 0.13, 0.21, or 0.51; 8 conditions with M = Mn and x = 0.02 or 0.16. Despite the
variation in composition and potential within each of these Cu-M systems, each correlation coefficient
remains in excess of 0.98, and in total the correlation coefficient for all Cu-M alloys is not meaningfully
changed from that observed with pure Cu.
Fig. 2f shows the aggregation of data for Cu and its alloys, demonstrating that a power-law scaling
relationship is closely followed over a broad range of composition and applied potential. This striking
relationship over three orders of magnitude in partial current densities, strongly suggests that on these
bulk alloy catalysts there is a common branching point, or combination of branching points, that
consistently partition between and CH4 and C2+ products (Fig. 3a). Preservation of the CH4 / C2+ ratio as
observed here represents a newly discovered fundamental limitation for efforts to improve selectivity
through bulk bimetallic alloying alone.
A simple rationale for the observed scaling relationship is challenged by the complexity of the mechanism
of CO2R.38 Also, the alloying elements substantially alter other aspects of the product distribution, making
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this collection of catalyst electrodes particularly well-suited for inferring intrinsic reactivity trends; the
catalyst morphology is kept relatively constant with respect to the compendium of results in the literature.
9,12,14,15,18–20,22–24,30,39
For example, through study of well-defined Cu surfaces, Hori and others identified
that the relative production of CH4 and C2H4 is highly facet-dependent.13 The distribution of exposed facets
of a polycrystalline fcc-phase metal electrode could be altered via alloying due to changes in growth
kinetics and/or relative surface energies upon addition of the alloying element, which would in principle
provide a method to break the CH4-C2+ scaling relationship by tuning catalyst composition. The
observation that the scaling relationship holds over a broad range of alloy compositions indicates that
either no such facet selectivity was obtained, or any surface promoted by the alloy composition is highly
selective for 2e- products, such that the impact on CH4 vs. C2+ partial current densities is negligible.
CO2R to highly-reduced products such as CH4 and C2+ products proceeds via a common *CO
intermediate.40,41 Methane synthesis is proposed to proceed via a Langmuir-Hinshelwood pathway, where
a surface *H couples with *CO to form a *CHO or *COH intermediate that is further hydrogenated towards
methane.40,42,43 Meanwhile, the production of C2+ products occurs via the coupling of two precursor *CO
molecules, potentially involving intermediate *CHO adsorbates.40,41 Although the specific mechanism/s
remain debated and may involve multiple pathways depending on morphology or crystal facet, the
observed scaling relationship between CH4 and C2+ indicates that the relative kinetics at the branching
point(s), remarkably, remain rigorously locked at the same ratio over the many catalysts and applied
potentials tested herein. Breaking this dependence is highly desirable for improved selectivity for C2+
products.
The Pearson correlation analysis was extended to the impact of the 1-Br2 additive (Fig. 2e), where the
correlation coefficient for each set of conditions includes the aggregation of all catalyst compositions and
potentials. Coating the catalysts using 1-Br2 lowers the correlation coefficient for CH4 and C2+ from 0.99 to
0.74, a striking alteration whose implication is that, within the range of catalyst compositions considered
in the present work, tuning the selectivity between CH4 and C2+ is only achieved in the presence of the
additive, underscoring the importance of multi-modal catalyst development.44
The basis by which the additive disrupts the linear relationship between CH4 / C2+ (Fig. 2f) by increasing
C2+ production and suppressing CH4 formation (Fig 2g) is of particular interest. Fig. 3a illustrates the
portion of the CO2R reaction network wherein branching ratios dictate whether the common CO*
intermediate results in the generation of CO, CH4 or C2+ products. Fig. 3b highlights how catalyst
modification with the organic additive moves product distribution almost completely away from CH4, to
the CO-C2+ vector of the graph. While accessing the CO-rich portion of the graph is commonplace in CO2R
electrocatalysis, the C2+-rich portion of the graph is only accessed in the presence of 1-Br2.9 The maximal
selectivity was obtained with a Cu0.85Zn0.15 catalyst where 96% of the CO* intermediate was reduced to
carbon-coupled products.
The breaking of the scaling relationship in the presence of 1-Br2 cannot be explained by morphological
changes, as no nanostructuring was observed (Figs. S5-S6), therefore suggesting that the molecular
additive improves selectivity via changes in the microkinetic pathway/s in this system. The organic additive
may affect CH4 - C2+ branching point(s) by i) alleviating a rate limitation of the formation of the bound
*CHO/*COH intermediate and lowering the barrier towards C–C coupling or ii) promoting dimerization of
the bound *CO relative to hydrogenation toward CH4. In either case, kinetic competition for the *CO
would be enhanced in the presence of the additive, which is consistent with the observation of a large
6

and negative Pearson correlation between C2+ and CO (Fig. 2e). We additionally note that neither of these
explanations for the mechanism underlying the scaling law disruption has implications for the selectivity
within the set of C2+ products. As shown in Fig. S4, additional scaling relationships among these products
are observed both in the absence and in the presence of the molecular additive, motivating future tuning
of the catalyst system to tackle other branching points in the reaction network for enhanced control over
product selectivity.

Figure 3: a) Possible reaction mechanisms, where pathways are highlighted with respect to their products in Fig. 3b. There are
two branching points between CH4 and C2+ products that could be responsible for the relationship observed in Fig. 2. The strong
relationship between the grey and green pathways is broken with the addition of molecular additives, implying a potential change
in mechanism. b) Summary of molar selectivity for reduction of the CO* intermediate. Measured partial current densities for CO,
CH4 and C2+ products are converted to molar flux of CO* required to produce the respective products, whose normalization
provides the ternary composition for inclusion in this figure. Each electrolysis experiment produces 1 data point that indicates
the catalyst’s selectivity with respect to the three reaction pathways highlighted in part a) that start from the common CO*
intermediate.

Conclusion
High throughput screening of the CO2R activity and selectivity of Cu alloys with Co, In, Mn, and Zn revealed
the propensity of organic additive 1-Br2 to enable development of hybrid electrocatalysts that can reduce
CO2 to high order products with improved activity and selectivity. The large data set led to the observation
of a CH4-C2+ scaling relationship that demonstrates a particularly robust link between these products over
a large range of conditions. The CH4-C2+ relationship represents an intrinsic limitation of selectivity tuning
through alloying. However, it can be disrupted to favor C2+ products by the presence of the organic
additive, highlighting the potential of hybrid organic-inorganic catalysts to tune branching ratios in the
CO2R reaction network. These observations highlight the importance of data-driven identification of
relationships that provide mechanistic insights to guide study of complex reactions and catalyst
development. Disentangling the possible explanations of the combined mechanistic influence of the
additive and alloying elements will require substantial further investigation that will be guided by the
observed data relationships elucidated in this study.
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1

Material Synthesis
Cu thin film electrocatalysts were fabricated using DC magnetron sputtering of a 2” Cu metal target at 50
W in 6 mTorr Ar onto a 100 mm-diameter Si wafer with an approximately 170 nm SiO2 diffusion barrier
and 10 nm Ti adhesion layer, using a previously described sputter system with 10-5 Pa base pressure.1
After deposition, the films were stored in a nitrogen purge box until the day of electrochemical testing,
although no other catalyst treatment was performed prior to electrocatalyst screening. The Cu-X (X: Co,
Zn, Mn, In) thin film electrodes were deposited under similar conditions from elemental metal targets
with DC power adjusted to obtain designed composition in the wafer center. All the metal targets were
pre-cleaned in the presence of 6 mTorr Ar for 10 min to remove any contaminants from the target surface.
The non-confocal sputtering geometry provided a continuous composition gradient across the Si wafer
with the composition variation within each 5 mm diameter electrode being less than 1% for the most Curich catalysts and about 2% for the most Cu-poor catalysts.
Electrochemistry
ANEC Analytical and Electro-chemistry (ANEC) is an analytical electrochemistry system previously
published by our group that can efficiently detects a wide range of CO2R product.2 This system is applied
in this study to further explore those Cu-X catalysts that are representative of the primary conclusions.
Prior to the electrolysis, the electrolyte 0.1 M Potassium bicarbonate (>= 99.95% trace metals basis) with
or without 0.1mM 1-Br2 was purged with CO2 (99.999%, Airgas) for at least 30 min. A bipolar membrane
(Fumasep® FBM single film, Fumatech) was used to separate the working and counter electrodes.
Platinum wire (99.9%, Sigma Aldrich) was used as the counter electrode. The surface area of the counter
electrode was about 0.25 cm2, while the working electrode surface area was 0.32 cm2. Electrolysis was
carried out with a Gamry Reference 600™ potentiostat. The uncompensated solution resistance was
measured by performing electrochemical impedance spectroscopy (EIS) in the frequency range of 100 Hz
to 500 kHz with an amplitude of 10 mV at the open circuit potential of a Pt-Pt Working Electrode-Counter
Electrode system. The uncompensated resistance, Ru, was measured by using a Nyquist plot of the EIS
spectra and was found to be 70 Ohms. All electrochemical data was collected vs. a Ag/AgCl reference
electrode (LF2, Innovative Instruments) and converted to a reversible hydrogen electrode (RHE) scale.
Prior to electrolysis, a constant potential at -1 V vs RHE (without IR compensation) was conducted 15 min
as pretreatment for each composition of the library. Electrolyses were then performed at constant
potentials (chronoamperometry) mostly between -0.9 to -1.3 V vs RHE (without IR compensation). The
duration for electrolysis typically ranging from 5 to 15 mins depends on the total current of each test to
maximize the concentration of reaction product while maintaining high throughput experimentation. At
the end of each electrolysis, gaseous and liquid products were sampled by the robotic sample handling
system (RSHS) and analyzed by GC (Thermo Scientific™ TRACE™ 1300) and HPLC (Thermo Scientific
UltiMate 3000). Detailed product detection (method) can be found at the previous publication.2 The cell
and all solution handling lines are purged with fresh electrolyte and CO2 between electrolysis to avoid
cross-contamination. The actual (compensated) potential shown in this manuscript was corrected with
the uncompensated resistance Ru measured above prior to further data analysis.

2

Material Characterization
The bulk compositions of the Cu-X alloys were characterized via x-ray fluorescence (XRF, EDAX Orbis
MicroXRF). The composition of all the alloys screened is shown in table S1.
Table S1: Alloy compositions tested in ANEC cell for performance in CO2 reduction.
Cu

CuMn

CuIn

CuZn

CuCo

–

26.5 : 73.5

–

29.5 : 70.5

–

–

48.5 : 51.5

–

48.7 : 51.3

–

–

–

–

79 : 21

–

–

84 : 16

83.5 : 16.5

87 : 13

83.5 : 16.5

100: 0

98 : 2

97.8 : 2.2

95.8 : 4.2

97.8 : 2.2

SEM:
Synthetic Procedures
Synthesis of N,N’-ethylene-phenanthrolinium dibromide (1-Br2) In a round bottom flask charged with a
magnetic stir bar, phenanthroline (500 mg, 2.8 mmol, 1 equiv.) was dissolved in dibromoethane (5 mL,
67.4 mmol, > 24 equiv.) and the final mixture was heated to 110 °C for 18 h. The precipitate formed was
collected by filtration and washed with hexane (3 x 10 mL) and acetone (3 x 10 mL) to afford the final
product. Yield: 970 mg (94 %, 2.6 mmol). 1 H and 13C NMR spectra were in accordance with reported
values.3-6

3

Raw Data

Figure S1. Cu alloy product distribution in the absence of additive.

Figure S2. Cu alloy product distribution with 0.1 mM 1-Br2.

4

Fig. S3: Visualization of the pairwise relationships in the current density (bottom-left) and FE (upper-right). Each data point
corresponds to a single catalyst composition and potential. The pairwise relationships are shown for representative reaction
products, and in the current density plots the total cathodic current density is also shown.

5

Fig. S4: For the 5 prominent C2 and C3 products, the 10 pairwise relationships of the partial current densities (mA cm-2) are shown,
illustrating a high degree of correlation among these products, both in the presence and absence of the additive, which is
expected given common initial pathways for formation of each product.

6

Fig. S5: SEM of catalysts before (left column) and after (right column) catalysis with molecular additives. a) CuZn samples b) CuMn
samples c) CuIn samples d) CuCo samples. Due to being deposited on SiO2 disks, charging of the surface with SEM was notable.
In the second column with molecular additives, the dark charging regions correspond to additive on the surface. No significant
surface restructuring was observed for any catalyst tested. Any texture observed in the right column corresponds to thicker
regions of the film on the surface of the catalyst.

7

Fig. S6: SEM of Cu catalyst after catalysis without molecular additives - no notable nanostructuring is observed.

2 µm
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