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structures for the electrochemical reduction of CO2 to CO 
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A B S T R A C T   

Ag is a cost-effective alternative to Au as a catalyst for the electrochemical reduction of CO2 into CO, but a 
reduction in the accompanying overpotential is required to make Ag viable. In this study we use B to modulate 
the catalytic performance of Ag towards the electrochemical reduction of CO2 to CO. Initial DFT simulations 
discloses a deviation from the linear scaling relations with the inclusion of B that stabilizes the *COOH inter-
mediate while weakening the binding strength of *CO. A magnetron co-sputtering process is used to develop a 
catalyst based on B-induced crystal growth of highly textured Ag (111) films. Incorporation of B facilitates the 
formation of Ag (111) coherent twin boundaries, which gives rise to unique nano-tentacle structures. The Ag-B 
catalyst achieves a faradaic efficiency of CO production of 97.9% at − 0.9 V vs RHE with a partial current density 
that is four times higher compared to pristine Ag. Thus, the inclusion of B into Ag offers a facile approach for 
circumventing the linear scaling relations, allowing for the design of electrocatalysts with high faradaic effi-
ciencies and current densities.   

1. Introduction 

The ever-increasing atmospheric concentrations of carbon dioxide 
(CO2) poses a formidable threat to modern society due to the severe 
effects on the climate. Development and utilization of carbon neutral 
renewable energy technologies is necessary to reduce our dependency 
on fossil fuels. One such technology is the electrochemical reduction of 
CO2, which can directly tackle the CO2 emission while acting as a potent 
energy storage method when combined with intermittent renewable 
energy sources based on e.g., wind and solar power. However, the 
electrochemical reduction of CO2 requires the use of stable catalysts that 
offer high selectivity for a given reaction product. Achieving such a high 
selectivity while maintaining good reaction rates and low overpotentials 
remains a challenge due to the slow kinetics of the CO2 reduction re-
action at standard conditions as well as the presence of the competing 
hydrogen evolution reaction (HER). 

One desirable reaction product of CO2 reduction is carbon monoxide 
(CO), which is attractive because CO can be used as a feedstock in the 
Fischer-Tropsch process to produce hydrocarbons. Both Au and Ag 
catalysts offer high faradaic efficiencies (FE) in the generation of CO due 
to low inherent binding strength of *CO, which permits an efficient 
desorption of the molecule from the catalyst surface [1]. While Ag would 

be the preferred choice due to its significantly lower cost, it requires 
considerably higher overpotentials than Au to reach high FE(CO). 
Theoretical studies have indicated that the overpotential is directly 
linked to the binding energy of the *COOH intermediate, and that 
increasing the binding energy effectively reduces the overpotential [2]. 
However, the linear scaling relations of the chemisorption energies be-
tween *CO and *COOH makes it difficult to individually tune their 
binding energies. Meaning that increasing the binding strength of 
*COOH also increases that of *CO, which may impair its desorption and 
lead to a reduction in FE. To circumvent these linear scaling relations 
there needs to be a decoupling between the d-band center and the 
binding energies of the *COOH and *CO intermediates [3]. Implantation 
of p-block elements into Ag has emerged as a viable strategy to achieve 
this decoupling effect [4–6]. Of the p-block elements, Boron (B) has been 
widely utilized as a dopant in transition metals to produce stable cata-
lysts with enhanced performance toward CO2 reduction [7,8]. Recent 
work has also achieved a high uptake of B in Ag [9], with concentrations 
of 15 at%, showing good compatibility between the materials. 

In this study, B was evaluated as a p-block element modifier in Ag 
through a combination of simulations and experiments. The simulations 
suggested that B could enhance the formation of CO by lowering the 
activation barrier of *COOH formation while weakening the binding 
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strength of *CO to facilitate rapid desorption from the Ag surface. The 
methodology developed for synthesizing Ag-B catalysts in this study 
shows that the incorporation of B in Ag through a magnetron co- 
sputtering process induces growth of highly textured Ag (111) films 
that exhibit 97.9% FE for the electrochemical reduction of CO2 to CO. 
This is accompanied by a four-fold increase in the partial current density 
compared to pristine Ag. The unique nature of the co-sputtering process 
enables good control of the B content within the Ag films. Structural 
characterization reveals that the introduction of B into the crystal lattice 
of Ag induces twin boundary growth and gives rise to unique nano- 
tentacle structures. The significant improvement in catalytic activity is 
attributed to a combined contribution of Ag (111) twin boundaries and 
incorporation of B, which lowers the activation barrier for *COOH 
formation. 

2. Methods 

2.1. DFT simulations 

To investigate the effect of B heteroatoms and twin boundaries on 
the electrochemical CO2 reduction mechanisms of Ag, an Ag (111), Ag- 
B (111) and TB-Ag slabs were built. DFT calculations of these slabs were 
computed by using a generalized gradient approximation (GGA) of 
exchange-correlation functional in the Perdew, Burke, and Ernzerhof 
(PBE). A plane-wave energy cut off of 400 eV was used together with 
norm-conserving pseudopotentials, and the Brillouin zone was sampled 
with a 2 × 2 × 1 Monkhorst–Pack grid. The structure was fully optimized 
until the force on each atom was less than 10− 3 eV/Å. To avoid periodic 
interaction, a vacuum layer of 30 Å was incorporated into the slabs. The 
free energy (ΔG) was computed from: 

ΔG = ΔE+ ZPE − TΔS (1)  

where ΔE was the total energy, ZPE was the zero-point energy, the en-
tropy (ΔS) of each adsorbed state were yielded from DFT calculation, 
and ΔU was applied potential, whereas the thermodynamic corrections 
for gas molecules were taken from standard tables. 

2.2. Catalyst synthesis 

4″ wafers of soda-lime glass were diced into 2.5 × 0.5 cm2 pieces 
using a dicing saw (Disco DAD 3220). These samples were cleaned ul-
trasonically for 10 min in acetone using an ultrasonic cleaner before 
being rinsed in isopropanol. Next, the samples were loaded into a plasma 
cleaner, where they were subjected to 10 min of oxygen plasma at a 
power of 300 W with an Ar flow rate of 50 sccm and an O2 flow rate of 
100 sccm at 58 Pa. The samples were then loaded into the sputtering 
chamber that also contained an e-beam evaporation unit. First a 15 nm 
Cr layer was deposited using e-beam (current of 10–15 mA). Then, Ag 
was deposited using a DC power of 100 W while simultaneously 
depositing B with an RF power of 0–150 W at room temperature. The 
resulting films were approximately 1.7 µm thick. 

2.3. Material characterization 

Low angle XRD (Thermo Fisher Equinox 1000) equipped with a Cu- 
Kα radiation source with a wavelength of 1.54 Å were used to obtain the 
XRD spectra. The surface morphology of the samples was investigated by 
FE-SEM (Hitachi SU 8230). XPS measurements and ion beam milling 
were performed using a Thermo Fisher ESCALAB 250Xi using a mono-
chromatic Al X-ray source. Ion milling was performed using Ar ion en-
ergies of 0.5 and 2 keV. The TEM and STEM images were obtained at 
200 kV using a FEI Titan Themis 200 TEM. The AFM measurements were 
conducted with a Park Systems XE-200 AFM in non-contact mode using 
an ACTA-200Si probe with a tip radius of <10 nm. 

2.4. Electrochemical measurements 

The electrochemical measurements were conducted with a CHI660E 
electrochemical workstation in a custom-made H-cell made of glass 
(Adams and Schittenden). A Nafion 117 proton exchange membrane 
separated the anodic and cathodic compartment, which were both filled 
with 75 mL of 0.5 M KHCO3 electrolyte saturated with CO2 (pH of 7.4). 
iR compensation was performed before each measurement by moni-
toring the resistance vs. the open circuit potential. All electrochemical 
measurements were performed in a three-electrode configuration using 
a Pt wire counter electrode and an Ag/AgCl (3 M KCl) reference elec-
trode. The catalysts were tested at each potential for 20 min and fresh 
electrolyte was used for every catalyst. All catalysts were tested three 
times. Subsequently, all potentials were converted to the RHE scale 
using the Nernst equation: 

E vs RHE = E vs Ag/AgCl(3MKCl)+ 0.209V + 0.05916 × pH (2)  

2.5. Product analysis and quantification 

The gaseous reaction products were quantified using a Shimadzu-GC- 
2010 PLUS gas chromatograph (GC) equipped with a ShinCarbonST 
column and a dielectric-barrier discharge ionization detector (BID). The 
gas was sampled every 20 min with the setup connected in an on-line 
configuration [10]. The Faradaic efficiency (FE) was calculated using 
the formula in equation (3), where m is the number of moles of product 
derived from the GC measurement, nx is the number of electrons 
required for reduction to product ×,F is Faraday’s constant (96500C/ 
mol), and Q is charge (C). In our case the charge was calculated as the 
time it takes to fill the sample loop multiplied by the current. 

FE =
m*nx*F

Q
*100 (3)  

3. Results and discussion 

DFT simulations were performed to determine the effect of B on the 
catalytic performance of Ag. The Ag (111) surface was used in the 
simulations, with B placed interstitially into the lattice according to 
figure S1. An upshift in the d-band center (εd) towards the fermi level 
(Ef) of 0.24 eV is observed for the partial density of states (PDOS) with 
the addition of B (Fig. 1a-c). According to the d-band center theory, the 
bonding strength of an adsorbate to a transition metal surface is dictated 
by the filling of the bonding and antibonding states. Shifting of the d- 
band towards the fermi level (Ef) is accompanied by emptying of the 
antibonding states as they are forced above Ef. Therefore, the d-band 
center can rather accurately predict the bonding strength and interac-
tion of an adsorbate at a transition metal surface, where a εd that is close 
to the Ef, exhibits a stronger reactivity. Therefore, in the case of Ag, 
where the antibonding states are always filled, a stronger chemisorption 
can occur by reducing the filling of the antibonding states. Thus, the 
observed upshift should cause a stronger reactivity for Ag-B relative to 
the pristine Ag (111) surface. Next, we calculated the free energy profile 
for the two surfaces (Fig. 1d). In both slabs, the formation of *COOH is 
the rate determining step (RDS), but the B-doped Ag surface exhibits an 
activation barrier (Ea) of 1.33 eV, that is 0.25 eV lower than the pristine 
Ag (111) surface due to strengthening the *COOH binding. Thus, the 
stronger binding of *COOH to the Ag-B surface is in line with the 
observed shift in εd. Interestingly, *CO binds weaker to the Ag-B surface 
than the pristine Ag (111) by ~0.15 eV. A more rapid desorption of *CO 
is thus expected for the Ag-B catalyst. The destabilization of the *CO 
intermediate is interesting as it cannot be explained by the shift in the d- 
band center. However, the preferential stabilization of *COOH over *CO 
is consistent with the trend observed in high-throughput screening of p- 
block dopants in Ag [6]. The phenomenon has been attributed to a 
covalency-aided electrochemical reaction (CAER) mechanism, which 
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arise due to a difference in the σ-binding mechanisms between the 
COOH and CO intermediates. More precisely, the CO intermediate re-
quires additional energy to form a covalent bond since it first needs to 
empty the pz orbital of the dopant site. Based on the DFT simulations we 
determined that B was promising candidate for enhancing the electro-
catalytic performance of Ag, and therefore proceeded to synthesize B- 
modified Ag catalysts. 

Thin film catalysts (~1.7 µm film thickness) were synthesized 
through a co deposition of Ag and B by magnetron sputtering as depicted 
in Fig. 2a. The B concentration was controlled by adjusting the RF power 
of the B target while keeping the DC power of the Ag target constant. 
Films with three different concentrations of B were made. These were 
labelled based on the RF power used for the B deposition as Ag (0 W), 
Ag-B-1 (100 W), and Ag-B-2 (150 W). The structural properties of the 
films were investigated by X-ray diffraction (XRD), with the respective 
patterns seen in Fig. 2b. The pristine Ag film displayed a polycrystalline 
FCC crystal structure, commonly obtained through magnetron sputter-
ing deposition of metal films. However, the co-sputtering of B induced a 
significant increase in Ag (111) peak intensity while simultaneously 
reducing the intensity of other peaks. The Ag (111) peak intensified 
with increased B concentration and becomes totally dominant for the 
Ag-B-2 film. There were no peaks associated with the AgB2 phase, which 
tend to be prevalent at ~28◦ [11]. Furthermore, it was observed that the 
Ag (111) peak shifts to lower angles (Fig. 2c) with increasing concen-
trations of B, suggesting that B causes an expansion of the lattice. To 
understand the transformation in crystal structure, a set of scanning 
transmission electron microscopies (STEM) and high-resolution trans-
mission microscopy (HRTEM) were performed on the Ag-B-2 film 
(Fig. 2d). The cross-sectional images show densely stacked columnar 

grains aligned in the growth direction. HRTEM performed on these 
columns reveals a high density of 5–10 nm wide Ag (111) coherent twin 
boundaries (TB) aligned perpendicular to the growth direction. The 
lattice spacing is measured to be 2.385 Å, which is larger than the ex-
pected value for Ag (111) of ~2.360 Å. The selected area electron 
diffraction (SAED) shows a spotted pattern, which is indicative of a 
single crystal structure. Additionally, the pattern consists of duplicate 
points, which is a characteristic of twinned crystals [12]. Thus, the co- 
deposition of B facilitates Ag (111) TB growth, whose numbers in-
crease with increasing B concentration, and is visible by a dominant Ag 
(111) peak in the XRD spectra. Growth of TB’s is highly related to the 
stacking fault energy (SFE) [13], where metals exhibiting a low SFE tend 
to form TBs more easily. While Ag is one of the FCC metals with the 
lowest SFE, the formation of TBs through sputter deposition is usually 
only observed for epitaxially grown Ag [14]. In contrast, by adding 
metals and in some cases non-metals to Ag in low concentrations [15], a 
further reduction in the SFE can be achieved. It is therefore likely that B 
reduced the SFE of Ag, which favored the observed formation of TB’s. 

The surface morphology of the films can be seen in Fig. 2e. A gran-
ular structure, with ~100 nm wide grains is observed for the pristine Ag 
film. Introduction of boron gives rise to tentacle structures, with each 
tentacle being approximately 30–50 nm wide and 100–200 nm long. A 
mixture of tentacles and grains is attained for the Ag-B-1 film, whereby a 
full transition into tentacle structures is observed for the Ag-B-2 film. 
Atomic force microscopy (AFM) was used to gain information about the 
surface topography. The AFM images display a film morphology that is 
identical to the SEM images (figure S2) and shows an increase in 
roughness when B is introduced into the films, from ~7.2 nm for the Ag 
film to 12.0 nm for Ag-B-2 film. However, there is only a minor 

Fig. 1. Theoretical simulations for the B-doped Ag (111). PDOS for (a) Ag-B and (b) Ag (111), and (c) comparison of the d-band of the two structures. (d) Free 
energy diagram for Ag-B and Ag (111). 

K.R. Gustavsen et al.                                                                                                                                                                                                                           



Electrochemistry Communications 156 (2023) 107600

4

difference in roughness between the Ag-B-1 and Ag-B-2 films (<1 nm). 
X-ray photoelectron spectroscopy (XPS) and Auger electron spec-

troscopy (AES) were performed to gain insight into the chemical struc-
ture of the films. The XPS spectra display strong peaks for Ag3d (Fig. 3a), 
and the B1s peak is found at ~188 eV for Ag-B-1 and Ag-B-2 (Fig. 3b). 
According to the XPS data, the atomic ratio of B/Ag was 7 at% for Ag-B-1 
and 19 at% for Ag-B-2. While a positive peak shift of ~0.2 eV is detected 
for the Ag-B films relative to the pristine Ag film (Fig. 3c), the shift 
correlates with the difference in oxygen concentration at the surface, 
which was found to be 38.3, 14.6, and 25.2 at% for the Ag, Ag-B-1, and 
Ag-B-2 samples, respectively. Attempts at removing approximately 200 
nm of the top surface layers by ion milling prior to the XPS measure-
ments yielded no B1s peak for any of the samples. AES performed on two 
different points of the Ag-B-2 film gave a B to Ag concentration of 28 and 
25 at% (Fig. 3d), which is higher than that obtained from the XPS. These 
values were reduced to 12 and 0 at% respectively following ion milling 
of the samples for 6 s and 18 s prior to the measurement (figure S3). Due 
to the nature of the co-sputtering process used to synthesize the films, it 
is expected that B is evenly distributed throughout the material. Thus, it 
is highly unlikely that the B is primarily located near the top surface, 
which could be interpreted from the XPS and AES measurements 
following the ion milling. Instead, a difference in the sputtering yield for 

the elements could explain the disappearance of B after ion milling. This 
could further be exacerbated due to the existence of TB’s, which can 
strengthen the mechanical properties of Ag, and potentially reduce its 
sputtering yield further. In fact, the preferential removal of B from ion 
milling has previously been observed for various transition metal bo-
rides, where increasing the Ar+ energy was shown to promote this effect 
[16]. However, reducing the Ar+ energy of the ion beam from 2 keV to 
0.5 eV did not make any noticeable changes, and the B1s peak remained 
undetectable. 

The catalytic performance of the catalysts towards the electro-
chemical CO2 reduction was evaluated in an H-cell, with all potentials 
referenced to a reversible hydrogen electrode (RHE). The tests were 
conducted in the potential range from − 0.6 to − 1.0 V, where the anal-
ysis of the gaseous reaction products showed that the catalysts mainly 
produced CO and H2. The FE(CO) obtained at each potential can be seen 
in Fig. 4a. The pristine Ag catalyst displays a gradual increase in FE(CO) 
as the potential increases, reaching a peak FE (CO) of 86.5% at − 1.0 V. 
In the potential range of − 0.6 V to − 0.7 V the FE(CO) is below 30% for 
Ag, but nearly doubles as the potential reaches − 0.8 V. The Ag-B-1 
catalyst show a similar behavior, but generally exhibit higher FE(CO) 
than Ag. On the other hand, the Ag-B-2 catalyst shows much higher 
selectivity towards CO at lower overpotentials, with four times the FE 

Fig. 2. Synthesis and structural characterization of the Ag-B films. (a) Schematic of the sputtering setup. (b)-(c) XRD spectra of the films. (d) STEM and HRTEM of the 
Ag-B-2 sample. (e) SEM images of the films. 
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(CO) of Ag at − 0.6 V, while achieving a FE(CO) of ~79% at − 0.7 V. 
Moreover, the FE(CO) reaches 97.9% at − 0.9 V, considerably higher 
compared to Ag, which attains 79% at the same potential. Fig. 4b shows 
the CO partial current density (JCO) for the catalysts, where an increase 
in JCO can be seen the Ag-B catalysts. A substantial increase in JCO is seen 
for Ag-B-2 at all potentials compared to the Ag catalyst. At − 0.9 V the 
Ag-B-2 catalyst exhibits a JCO of − 5.6 mA/cm2, more than 4 times that of 
the Ag catalyst (− 1.3 mA/cm2). Next, we tested the stability of the Ag-B- 
2 catalyst by extending the reaction period to ten hours at a potential of 
− 0.9 V. The FE(CO) and current density were plotted as a function of 
time (Fig. 4c), showing a FE(CO) close to 98% for the first six hours, 
whereas a slight decline and instability is observed, but the FE(CO) re-
mains above 90% for the entirety of the test. Similarly, a slight decrease 
in current density is observed over time, but this can be explained by 
water evaporation due to the continuous flow of CO2, which reduced the 
liquid level in the glass cell and hence the effective surface area of the 
catalyst that was in contact with the solution. 

Since the increase in B concentration is accompanied by a change in 
morphology and crystal structure, it makes it hard to pinpoint the main 
contributing factor to the observed enhancement in catalytic activity. 
However, based on previous studies on single crystals, Ag (111) should 
exhibit the largest activation barrier (Ea) for *COOH formation 
compared to Ag (100) and Ag (110) [17]. Therefore, we reason that the 
presence of Ag (111) is not responsible for the observed improvement. 
However, the Ag-B-2 catalyst show a significant number of coherent 

twin boundaries, which have been identified as important active sites for 
CO2 reduction for both Cu and Ag [12,18]. We therefore employed DFT 
simulations to determine the effect of these TB’s using a model con-
sisting of a single coherent Ag (111) TB (figure S4). The free energy 
profile (Fig. S4b) shows that the formation of *COOH remains the RDS, 
but the Ea is decreased from 1.58 eV to 1.37 eV for TB-Ag. While *COOH 
exhibits a stronger binding on TB-Ag (1.094 eV) than Ag-B (1.216 eV), 
the Ea for *COOH formation is slightly higher on TB-Ag by 0.04 eV due 
to strengthening the binding of *CO2. Furthermore, the desorption of 
*CO does not readily occur for TB-Ag as *CO binds stronger on TB-Ag 
than on the pristine Ag (111) surface by ~0.27 eV, making the 
desorption of *CO have a barrier of 0.16 eV. In general, all the in-
termediates bind stronger to the TB-Ag surface compared to the pristine 
Ag (111), displaying dependence of the linear scaling relations. From 
these findings the TBs should be beneficial for the electrochemical CO2 
reduction to CO. Therefore, considering the collective contribution of B 
and TB’s, it is reasonable to assume that the activation barrier for 
*COOH formation will be reduced for the Ag-B-2 catalyst, since both the 
TB’s and the incorporation of B strengthens the binding of *COOH. On 
the other hand, *CO binds stronger on TB-Ag and weaker on Ag-B 
relative to the pristine Ag (111), which could suggest that their com-
bined contribution could leave the binding strength of *CO relatively 
unaffected. Additionally, the catalyst benefits from the enhanced 
adsorption of CO2 observed on the TB’s. Thus, introduction of B into the 
Ag effectively allows for strengthening the binding energy of the *COOH 

Fig. 3. Characterization of the chemical properties of the films. XPS spectra obtained from the Ag-B-2 sample with (a) Ag3d and (b) B1s. (c) Ag3d XPS spectra of the 
films. (d) AES spectrum of the Ag-2-B sample. 

K.R. Gustavsen et al.                                                                                                                                                                                                                           



Electrochemistry Communications 156 (2023) 107600

6

intermediate independent of *CO and thereby circumventing the scaling 
relations. 

4. Conclusion 

In summary, we have investigated the use of B as a modifier in Ag for 
the purpose of enhancing the electrochemical reduction of CO2 to CO. 
Theoretical simulations show that the introduction of B into the Ag 
lattice can lower the activation barrier for *COOH formation while 
simultaneously reducing the binding strength of *CO to allow for rapid 
desorption. Thin film Ag-B catalysts were synthesized through a 
magnetron co-sputtering process, where the incorporation of B facili-
tated the growth of coherent Ag (111) twin boundaries due to lowering 
the SFE, leading to highly textured Ag (111) films. The surface 
morphology, as revealed by SEM, undergoes drastic changes when 
increasing the B concentration, from granular to unique nano-tentacles 
structures. These Ag-B catalysts exhibit considerably improved catalytic 
properties for electrochemical CO2 reduction, with a faradaic efficiency 
of 97.9% for CO at − 0.9 V vs. RHE. The unique ability to increase the 
binding strength of *COOH while destabilizing *CO offers a potent 
strategy for the development of highly selective catalysts for the elec-
trochemical reduction of CO2. 
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