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HIGHLIGHTS

A novel method of SELF-CAT was

reported to rapidly identify a

proper catalyst

Catalysts with specific

morphology were synthesized

because of CO2 introduction

Intermediate of CO2RR binds to

the as preferred facet stronger

As-prepared SELF-CAT exhibits

superior catalytic performance for

CO2RR
We developed a novel one-step simple method that introduces reactant during

the synthesis process of metal nanoparticle. Taking the CO2 electrochemical

reduction reaction as an example, crystal morphology is modulated by

intermediates generated from CO2 reduction reaction, and the as-prepared

material exhibits superior electrochemical catalytic performances toward CO2RR.

Computational results confirm that the reaction intermediates of CO2RR could

favorably stabilize the chosen facets, thus shaping the catalyst particles and

facilitating the entire reduction reaction.
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Context & Scale

Catalysts are of vital importance

for many chemical processes.

Crystal facets have been known to

exert a significant influence on the

catalytic activity and selectivity.

To tailor the surface morphology

and select the optimal shape,

traditional methods introduce

additives and crystal modifiers

during the materials synthesis

process. In this work, we propose

a novel strategy for rapid catalyst

screening by having the chemical

reaction select its own catalyst.
SUMMARY

Catalysts play a significant role in many chemical processes to accelerate the

reactions. However, the screening of a specific catalyst for one particular reac-

tion usually requires elaborate procedures. Herein, we propose a novel concept

of self-selective catalyst (SELF-CAT) to rapidly identify the proper catalyst for a

certain chemical reaction by having the target reaction itself select its own

catalyst. Electrochemical reduction of carbon dioxide (CO2) is used as an

example to demonstrate this method. Gaseous CO2 is introduced and provides

a surface-controlling agent to self-select and direct the crystal growth during

the electrodeposition process, which is demonstrated by lead and copper.

These resulting metal crystals thus possess a unique arrangement of crystal fac-

ets, which selectively binds the CO2 reduction intermediates, exhibiting supe-

rior electrochemical catalytic performances. The preferential exposure of facets

in the presence of CO2 is furthermore suggested by density functional theory

analysis.
The resulting modified metal

crystals thus possess a unique

arrangement of crystal facets,

which selectively binds the

reaction intermediates, exhibiting

superior catalytic performances,

which is demonstrated by lead

and copper used in

electrochemical CO2 reduction

reaction. Therefore, we anticipate

this proposed screening approach

searching for a proper catalyst will

be applicable to a wide range of

chemical processes in addition to

CO2 reduction, holding great

potential for the future catalyst

discovery and improvement.
INTRODUCTION

Catalyzed reactions form the basis of many industrial chemical processes. The

selection of a proper catalyst for a particular chemical process remains

challenging. We propose a novel strategy for rapid catalyst screening by having

the chemical reaction select its own catalyst. Since the catalyst is selected by the

target reaction itself, this screening strategy is self-selective. The resulting

catalyst is defined as a self-selective catalyst (SELF-CAT). The self-selective

method tends to stabilize the facets that bind the reactant intermediates

the strongest since the adsorption of the reactants tends to lower the

relative surface energies of these facets. In general, such an approach is

applicable whenever stronger-binding or less coordinated facets are more

active toward a particular reaction than the weaker-binding or more coordinated

facets.

In order to demonstrate this concept of SELF-CAT, we now focus on an important

chemical reaction: CO2 reduction. Global climate change and energy demands

underpin tremendous interest in the reductive transformation of carbon dioxide

(CO2) and water (H2O) into value-added fuels and chemicals in a sustainable

fashion.1,2 Electroreduction of CO2 into reduced carbon products powered by

renewable electricity in aqueous electrolyte offers a cheap and environmentally

benign route toward a carbon-neutral society.3–8 Thus, of all the extensively investi-

gated chemical processes, electrochemical reduction of CO2 is studied as a starting

point and example in this work.
Joule 3, 1–10, August 21, 2019 Published by Elsevier Inc. 1
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Most catalysts for CO2 reduction are transition and post-transition metals,9–20 and

the crystal facets have been known to exert a significant influence on the electroca-

talytic activity and selectivity.15,16,21–26 To tailor the surface morphology and select

the optimal shape, traditional methods introduce electrolyte additives and crystal

modifiers during the materials fabrication process.21,27 Some successful examples

using these additives include surfactants-controlled nanoparticles28–31 with well-

defined structures and better CO2 catalytic performance, such as cubic copper

(Cu) catalysts from the Anders Nilsson group32 and a series of well-controlled shapes

of nanoparticles from the Beatriz Cuenya group.29 However, choosing a proper sur-

factant for specific material with a certain structure has many uncertain factors. These

synthesis processes normally should be performed under harsh conditions. In

addition, eliminating the residue surfactants after fabrication requires complex pro-

cedures and may result in notorious catalyst poisoning.33 Instead of using extrinsic

additives, our self-selective method can avoid the above problems by directly using

the reactant itself (gaseous CO2) and the resulting reduction intermediates to select

the catalyst shape and achieve the optimum without further procedures.

In this present work, we apply our self-selective method on cost-effective transition

metals for CO2 reduction, such as lead (Pb) and Cu. These materials show weak-to-

intermediate binding strengths for CO2 reduction intermediates and hence are

good candidates for this approach. As shown in Figure 1, to have CO2 select its

proper catalyst, the metal catalysts are synthesized by electrodeposition, and CO2

is bubbled into the electrolyte till saturation to tune the particle facet exposure.

We report herein the first observation of a morphology evolution during electrode-

position of the metal catalysts driven by the pre-adsorbed CO2 molecules or its in-

termediates on the catalyst surface. This design was illustrated using Pb as an

example. Specifically, in our experiment, metallic Pb grown with the aforementioned

CO2 modification in PbNO3 electrolyte gradually evolves into octahedral

morphology with a significant portion of (111) facets exposed, which is the first

report on the synthesis of octahedral Pb nanoparticle. We therefore reasoned that

during the electrodeposition of metal catalysts, CO2 molecules are easily converted

into some reduced intermediates on the catalyst surface under negative potentials

as a surface-controlling agent. These adsorbed species such as polar carboxyl adsor-

bates, which are the intermediates of the CO2 reduction reaction (CO2RR), can have

preferential binding effects with certain specific surfaces over others of the growing

catalyst crystals and could function in the same way as that of the surfactant covered

on metal nanocrystals. Therefore, they gradually tune the surface facet exposure in

the entire catalyst synthesis process, giving rise to highly active and stable catalysts

for CO2 reduction. Under CO2 reduction conditions, these self-selective Pb catalysts

(SELF-CAT-Pb) with the CO2’s chosen facets, (111), exhibit a great increase in activity

compared with the normal Pb without CO2 tuning, from many perspectives, and

outperforming state-of-the-art CO2 electrocatalysts based on the same metal.34

Moreover, density functional theory (DFT) calculations were conducted, and the

simulations confirm that the Pb(111) facet selected by CO2 itself stabilizes carboxyl

species (CO2RR intermediates) more effectively and can be more favorable for liquid

product formation.
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RESULTS AND DISCUSSION

The material characterizations of SELF-CAT-Pb and the corresponding catalytic

performance of CO2 reduction are shown in Figure 2. The tested samples are elec-

trodeposited onto three-dimensional carbon fiber papers under a saturated argon

(Ar) condition for normal Pb and a saturated CO2 condition for SELF-CAT-Pb.
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Figure 1. Schematics of the SELF-CAT with Particular Surfaces Favoring CO2RR

This design is illustrated using metallic lead as an example. Specifically, lead crystals were electrodeposited onto a conductive substrate from a Pb2+

cation containing electrolyte continuously purged with CO2. Meanwhile, the adsorbed CO2 molecules under this electrodeposition potential will be

slightly reduced to polar carboxyl species. These resulting carboxyl adsorbates selectively interact with specific facets of the growing metal crystal and

function as surface-controlling agents. The as-formed CO2-tuned lead crystals with a unique shape exhibit excellent activity when used as catalysts for

CO2 reduction.
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Morphology for both samples was investigated by scanning electron microscopy

(SEM) (Figures 2A–2D), indicating that the particle shape is highly dependent on

the electrodeposition atmosphere. Pb particles formed in the absence of electrolyte

additives under Ar atmosphere (normal Pb) possess irregular shape with a random

combination of several facets (Figures 2A and 2B). In contrast, Pb particles prepared

under saturated CO2 atmosphere (SELF- CAT-Pb) feature a well-defined octahedral

shape with sidewalls corresponding to the Pb (111) facet (Figures 2C and 2D), which

can be confirmed from a comparison between typical SELF-CAT-Pb particles and a

standard octahedron (Figure S1). Specifically, several typical SELF-CAT-Pb particles

at random orientation were chosen, and a standard, well-defined octahedron with

eight (111) surfaces was used to match the above SELF-CAT-Pb particles. The sur-

faces of these SELF-CAT-Pb particles can therefore be proved to be Pb(111) facets

from this perfect match (Figure S1). These octahedral particles can be observed

clearly under high magnification as displayed in the inset image of Figure 2D.

Furthermore, the SEM images under low magnification (Figure S2) clearly show

that Pb particles are well distributed on the carbon fiber paper. To further confirm

this morphology evolution and analyze the exposed facets of SELF-CAT, Pb crystals

were deposited and studied by X-ray diffraction (XRD). For normal Pb and SELF-

CAT- Pb, it is clear that both patterns match well with the standard Pb peaks (Joint

Committee on Powder Diffraction Standards [JCPDS] No. 65-2873). Nevertheless,

the relative peak intensities of the three most intense reflections (111), (200), and

(220) differ from each other (Figure 2E). Furthermore, the texture coefficient (TC)

of the three major reflection planes (111), (200), and (220) was calculated to quanti-

tatively predict the degree of preferred crystal orientation according to Harris for-

mula.35 The TC value of Pb(111) increases from 0.18 to more than 1 (Figure S3)

from normal Pb to SELF-CAT-Pb. These results reveal that during the electrodepo-

sition, CO2 molecules could function as a surface-controlling agent and gradually

stabilize an octahedral morphology for Pb, selectively exposing primarily (111) fac-

ets. Moreover, instead of fabricating the Pb particles from a Pb2+-containing solu-

tion, we also tested electrochemical reduction of solid Pb precursor such as lead ox-

ide (PbO) in several different liquid electrolytes, confirming the feasibility of this self-

selection method under various environments. The morphology of Pb particles

formed under the Ar versus CO2 condition using an electrolyte other than PbNO3

was presented as Figure S4. All the Pb particles exhibit similar tendency in
Joule 3, 1–10, August 21, 2019 3



Figure 2. Morphology and Corresponding Electrocatalytic Properties of Lead-Based Catalysts for CO2 Reduction

(A and B) Low-magnification (A) and high-magnification (B) SEM images of normal Pb particles.

(C and D) Low-magnification (C) and high-magnification (D) SEM images of SELF-CAT-Pb particles.

(E) XRD pattern of normal Pb particles and SELF-CAT-Pb particles.

(F) Comparison of formate FE for lead-based catalysts under various potentials.

(G) Comparison of calculated formate partial current density based on geometric surface area of lead-based catalysts under various potentials.

Scale bars in Figures 2A and 2C, 2 mm. Scale bars in Figures 2B and 2D, 1 mm. Scale bars in the inset, 200 nm.
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morphology evolution under the influence of CO2, regardless of the electrolyte envi-

ronment, as well as the precursor, which proves that the function of CO2 applies

effectively in a universal way. In addition, the possibility of carbonate species,

pH changing, combined gases, electrodeposition voltage, and electrodeposition

time thus suggests that the morphology evolution cannot be attributed to these

factors (Table S1; Figures S5–S9).

According to the above SEM and XRD studies, Pb(111) facets are the preferred

crystal facets as a result of the selection by CO2. Electrocatalytic characterizations

were then carried out to examine the catalytic activity of this chosen crystal plane.

All the testing potentials are referenced to the standard calomel electrode (SCE)

(conversion into reversible hydrogen electrode [RHE] is shown in the Supplemental

Information). Figure S10 shows cyclic voltammetry (CV) curves for Pb-based
4 Joule 3, 1–10, August 21, 2019
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catalysts. The SELF-CAT-Pb catalyst exhibits larger total current densities relative

to its counterparts, and this difference increases in the more negative voltage range

(< �0.9 V versus RHE), suggesting the improved CO2 reduction activity.23

Controlled potential electrolysis was performed in CO2-saturated potassium bicar-

bonate electrolyte under applied potentials from�0.9 to�1.3 V versus RHE in order

to further examine the CO2 reduction behavior. Liquid products were quantified by

nuclear magnetic resonance (NMR) spectroscopy, and the gas products were

analyzed by gas chromatography (GC). The major CO2RR products of Pb catalysts

are C1 products, including formate and hydrogen (competitive proton reduced

gaseous product). The faradic efficiency (FE) of reduction products is shown in Fig-

ure 2F (formate) and Figure S11 (hydrogen). The SELF-CAT- Pb shows higher

formate FE compared with normal Pb of the entire examined potential window. At

�1.2 V versus RHE, the SELF-CAT-Pb displays optimal performance for formate

(FE = 90.5%) and significantly suppressed hydrogen evolution (FE of hydrogen

evolution < 10%) (Figure S11). Since product selectivity can be rationalized through

the binding energy differences of intermediates,36 the poor hydrogen evolution

behavior can be attributed to the weak interaction between protons and Pb(111) (Ta-

ble S2), suggesting a more favored CO2RR on this chosen facet. Nevertheless, at the

same applied reduction potential, normal Pb catalyst exhibits a formate FE of 69%,

and a more than 30% charge was devoted to hydrogen production (Figure 2F). This

enhancement can be quantified as shown in the NMR analysis (Figure S12).

Figure 2G presents the geometric partial current density of formate. This partial

current density was calculated from the total current density (Figure S13) and

formate selectivity (Figure 2F). For SELF-CAT-Pb, the obtained formate current

density (jformate) at�1.2 V versus RHE reached to around 22mA/cm2, whereas jformate

of normal Pb was only 10.4 mA/cm2 at the same applied potential. The increased

formate partial current density indicates an enhanced CO2 reduction ability of

SELF-CAT-Pb with the CO2’s chosen facets.37 The electrochemical active surface

area (ECSA) for normal Pb and SELF-CAT-Pb was also compared by measuring

the capacitive current associated with double-layer charging from the scan-rate

dependence of CVs (Figure S14). As shown in Figure S14, the linear slopes are

almost the same for both normal Pb and SELF- CAT-Pb, indicating a similar

ECSA.38 Therefore, the differences in geometric current densities can be attributed

to differences in intrinsic activity (Figure S15).

The long-term catalytic behavior was also examined. Hydrogen evolution was

continuously monitored by GC over the entire process at �1.2 V versus RHE as an

indicator of formate selectivity. Although the formate selectivity shows a slight

decrease with increasing catalysis time, the overall formate FE over the course of

6 h stays around 86% (Figure S16). In addition, the total reduction current density

remains relatively stable at �22 mA/cm2 (Figure S16), indicating the excellent

long-term stability of this SELF-CAT-Pb with the CO2’s chosen (111) facets. Another

critical measure for the long-term catalytic stability is the post-catalysis SEM charac-

terization. As shown in Figure S17, the octahedral shape of the SELF-CAT-Pb is well

maintained even after 6 h of catalysis, which may explain the stable reduction current

and formate selectivity. To conclude, the improvement of CO2 reduction catalytic

activity and, specifically, the formate selectivity, is consistent with our hypothesis

suggesting facile CO2 reduction energetics on the CO2-selected Pb(111) facets.

This hypothesis will then be confirmed by computation studies in the following part.

To further confirm our hypothesis on the morphology evolution and performance

enhancement resulted from the self-selection, as well as examine the energetics of
Joule 3, 1–10, August 21, 2019 5



Figure 3. Free-Energy Diagrams for the Energetics of CO2RR

(A) Free-energy diagram of CO2RR on Pb(111) facet.

(B) Free-energy diagram of CO2RR on Pb(100) facet.

(C) Free-energy diagram of CO2RR on Pb(211) facets. The red lines represent energy diagram at 0 V versus RHE, and the blue lines represent energy

diagram at the corresponding limiting potentials, which are the minimum potentials required to initiate the CO2RR on each facet. Each step along the

horizontal axis refers to the transfer of a proton from electrolyte and an electron from the electrode to the adsorbates.

(D) Wulff shape evolution as a function of potential arising from the surface energy changes shown in Figure S18. The facets are color coded as such:

light blue (111), gray (100), and pink (211).

Please cite this article in press as: Wang et al., Self-Selective Catalyst Synthesis for CO2 Reduction, Joule (2019), https://doi.org/10.1016/
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the chosen facets, computational studies using DFT and the computational

hydrogen electrode were carried out. Binding energies were calculated with H2O

as the oxygen reference species, H2 as the hydrogen reference species, and CO2

as the carbon reference species. Revised Perdew-Burke-Ernzerhof (RPBE) functional

was chosen as the exchange-correlation functional, as it has been shown to yield ac-

curate chemisorption energetics over a large number of well-known, experimentally

measured chemisorption cases.39 Typically, in the face-centered-cubic (FCC) Pb sys-

tem, (111) and (100) are the dominating crystal planes according to the Crystalium.40

In addition, we also consider (211) as a model facet for stepped sites. The resulting

free-energy diagrams (Figures 3A–3C) show the CO2 reduction pathways on the

above three facets toward CO and HCOOH, the two possible 2-electron products.

In general, COOH is the intermediate toward CO, while HCOOH can be formed

from either COOH or OCHO. The OCHO is thermodynamically more favorable

than COOH on all three facets, suggesting the OCHO species to be the critical re-

action intermediate for CO2RR and rationalizes the high selectivity toward HCOOH

versus CO. The trend showing OCHO as the preferred pathway is in agreement with

past literature41 despite binding energy strengths differing by around �0.5 eV

because of exchange-correlation functional differences. The binding energy of

OCHO was found to be strongest with Pb(111) where the oxygen atoms bind atop

2 closely packed Pb surface atoms. The binding energy of OCHO was found to be

weaker on (100) and (211) presumably because the size of Pb atoms leaves larger
6 Joule 3, 1–10, August 21, 2019
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bonding distances for OCHO molecules to adsorb well over these facets. The resul-

tant limiting potentials on the (111), (100), and (211) facets are �0.42, �0.86, and

�0.78 V, respectively, versus RHE, suggesting the Pb(111) facet to be the most

active for HCOOH production.

We further considered the variation in surface energy of the various facets in the

CO2-rich environment during the synthesis. Our method allowed us to estimate

the coverage of intermediates as a function of potential. Since surface reconstruction

is driven by chemisorption,42 we then modified surface energetics to reflect the

coverage at a given potential. Figure S18 shows the variation of surface energies

with *OCHO at intermediate coverages of 12.5% and 25% as a function of potential.

The corresponding evolution in Wulff particle shapes is shown in Figure 3D. While

the *OCHO coverage is ultimately determined by kinetics, the current analysis

suggests that the presence of CO2 and a reducing applied potential would favor

the formation of Pb(111) facets. Figure S19 shows the evolution in the Pb(111)

area fraction with applied potential. The theoretical analysis suggests that under a

CO2 atmosphere and applied potential of �0.5V versus RHE, the area fraction of

Pb(111) is nearly doubled.

Besides Pb, the concept of SELF-CATwas also applied to Cu to show its feasibility as

a universal strategy. Figure 4A shows the normal Cu particles with a random shape,

while Figure 4B shows the SELF-CAT- Cu particles. It is clearly shown that there is a

large portion of Cu steps in the SELF-CAT-Cu compared with its counterpart. This

existence of Cu steps as a result of CO2’s selection can also be confirmed from

the XRD pattern (Figure 4C). Compared with standard Cu pattern (JCPDS No.

4-836) for normal Cu, intensities of diffraction peaks indexed as Cu(111), Cu(220),

and Cu(311) are largely increased for SELF-CAT-Cu, indicating the Cu steps as the

CO2’s chosen morphology.43 According to the literature,44 carbon monoxide, as a

CO2RR intermediate, is proven to have strong interactions with Cu-stepped

surfaces. We thus reasoned that polar CO molecules can function as a surface-con-

trolling agent to modify the Cu particle shape, which is analogous to the effect of

OCHO on Pb. Under this assumption, the shape evolution can be demonstrated

from the Wulff shape as shown in Figures 4D and 4E. The Wulff shapes of the Cu

nanoparticles are based on a previous manuscript that followed similar computa-

tional steps in creating Wulff shapes.45 Figure 4D presents the clean Cu particle

with various facets. Figure 4E presents the shape after being exposed under a min-

imal CO partial pressure of around 4.4 3 10�9 bars. It is clearly shown that the

portion of Cu steps increases noticeably in the presence of CO.43,44 As for the elec-

trocatalytic performance, according to the CV curves (Figure S20), this modified

SELF-CAT-Cu exhibits a larger current density compared with normal Cu, indicating

an enhanced catalytic activity. Moreover, this SELF-CAT-Cu also shows a superior

liquid product selectivity with formate FE increasing from 27% to 54.5% at �0.7 V

versus RHE and a higher selectivity with C2+ products from 20.9% to 42.2% at

�1.0 V versus RHE in comparison with its counterpart, the normal Cu (Figure 4F).

The SELF-CAT-Cu would suppress the hydrogen obviously, which agrees with

previous studies revealing that CO2RR is more favored on Cu steps than other

surfaces.44 The ECSA measurements then reveal a similar electro-active surface

area for both normal Cu and SELF-CAT-Cu, proving the intrinsic nature of this activ-

ity improvement (Figures S21 and S22). Besides, long-term catalysis (�1.0 V versus

RHE) was also performed (Figure S23), and the morphology after a 6 h CO2RR

(Figure S24) was examined for both normal and SELF-CAT-Cu catalysts. The electro-

catalytic and structural stability of this SELF-CAT-Cu can therefore be confirmed

from the stable current curve as well as the intact morphology after reduction.
Joule 3, 1–10, August 21, 2019 7



Figure 4. Material Characterizations and Electrocatalytic Properties of Copper-Based Catalysts for CO2 Reduction

(A) SEM images of normal Cu particles.

(B) SEM images of SELF-CAT-Cu particles.

(C) XRD patterns of normal Cu and SELF-CAT-Cu.

(D and E) Wulff shape of copper crystals showing the shape evolution under effect of CO, where p(CO) is around 4.4 3 10�9 bar. (D) Clean copper crystal.

(E) Simulated copper crystal after exposed with CO.

(F) Comparison of reduction product FE for copper-based catalysts under various potentials. Scale bars in Figures 4A and 4B, 500 nm. Scale bars in the

inset, 100 nm.
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Therefore, in addition to Pb, the resulting SELF-CAT-Cu also exhibits a unique shape

and superior catalytic activity using this method. The self-selection strategy applies

well to Cu.

In summary, for a CO2 reduction catalyst, its catalytic performance depends highly

on the catalyst morphology. Instead of synthesizing and examining multiple candi-

dates, we herein report an innovative and easily scalable approach (self-selection)

enabling CO2 itself to select its preferred catalyst. This self-selective method tends

to stabilize the catalyst’s facets that bind the reactant intermediates the strongest

since the adsorption of the reactants tends to lower the relative surface energies

of these facets. The as-formed catalyst exhibits a significant portion of the chosen

crystal planes, selected by the reaction intermediates, and converts CO2 into useful

liquid products during reduction effectively. We have demonstrated a novel

approach to maximize the exposure of a certain facet for the desired CO2 reduction

path tested by two catalytic materials (Pb and Cu). In addition, computational results

confirm that the reaction intermediates of CO2RR could favorably stabilize the

chosen facets, thus shaping the catalyst particles and facilitating the entire reduction

reaction. In general, such an approach is applicable whenever stronger-binding or
8 Joule 3, 1–10, August 21, 2019
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less coordinated facets are more active toward a particular reaction than the weaker-

binding or more coordinated facets. We therefore anticipate this proposed

screening approach to searching for a proper catalyst will be applicable to a wide

range of chemical processes as a general way to tune and improve a metal catalyst

with desired properties, holding great potential for future catalyst discovery and

improvement.

EXPERIMENTAL PROCEDURES

Details of all experimental procedures can be found in the Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.

2019.05.023.
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