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Identification of a new substrate effect that enhances the 
electrocatalytic activity of dendritic tin in CO2 reduction  
Ying Zhang,a,b Xiaolong Zhang,a Alan. M. Bonda,b† and Jie Zhang a,b†  

In this study, a selective Sn based catalytic system that electrochemically reduce CO2 to formate has been developed based 
on a new substrate effect. Dendritic Sn catalysts were synthesised by the hydrogen gas bubble assisted electrodeposition 
on Pt, Cu, Sn or In substrates and applied to electrocatalytic reduction of CO2. The four substrates exhibit a hydrogen 
evolution activitity that follows the order Pt > Cu > Sn > In. However, the Cu supported dendritic Sn provides the best 
selectivity towards formate formation (67.3% at -0.95 V vs. RHE). A substrate induced local pH change is proposed as the 
origin of formate selectivity. This was confirmed by the bulk electrolysis results obtained from two electrolyte solutions with 
different buffer capacities. The high buffer capacity phosphate buffer electrolyte solution provides minimal local pH change 
while an electrolyte with a low buffer capacity such as NaHCO3 maximises this effect to enhance the selectivity towards 
formate. The strategy reported here does not only focus on the catalyst, but also takes into consideration the local chemical 
environment. Hence, this work provides an optimal approach to improving the catalytic performance of electrocatalysts for 
electrochemical CO2 reduction.    

Introduction 
Heterogeneous catalysts are often immobilized onto a conductive 
substrate,1-3 when conducting electrocatalysis of processes, such as 
hydrogen or oxygen evolution and reduction of carbon dioxide. 
Although the properties of catalyst itself are crucial, consideration of 
the local chemical environment at the substrate-catalyst-electrolyte 
interface is another critical aspect of optimising the electrocatalytic 
process. 
 
Substrate effects have been widely explored to improve the catalytic 
activity of electrocatalysts. For example, various forms of carbon 
(e.g. carbon black, carbon cloth, carbon nanotubes, carbon 
nanofibers, graphene and graphene oxide) have been widely used as 
supporting materials to disperse and stabilize catalysts and 
simultaneously enhance the electrical communication between the 
catalysts and electrodes.4-8 This strategy has been introduced to 
fabricate novel metal electrocatalysts such as Pt/C, which is one of  
the commercial electrocatalysts used in the hydrogen evolution 
reaction (HER). In this approach, Pt nanoparticles are immobilized 
onto carbon black, which has a large surface area that facilitates 
dispersion of Pt nanoparticles and minimises the use of expensive Pt 
metal.9, 10 The substrate also can play more advanced roles in 
modifying the electronic properties of electrocatalysts. This is the 
case when a monolayer of metal catalyst is located on another metal 

substrate. The average bond length between the metal atoms in the 
supported monolayer surface are typically different from those in the 
substrate support, resulting in a strain effects. This and other effects 
can change the surface electronic and chemical properties to 
facilitate the binding of molecules or reaction intermediates, thereby 
promoting the catalytic performance.11-14 Catalytic properties can be 
further improved by introducing functional groups into the 
catalyst/substrate system. For example, Hwang et al. reported that 
cysteamine treated carbon assists the growth of Ag. The functional 
group of –SH in cysteamine introduce Ag-S interaction that changes 
the electronic structure of the Ag surface and decrease the 
overpotential of the CO2 reduction reaction (CO2RR).15  
 
Electrocatalytic CO2RR, which is the subject of this study, is often 
undertaken in aqueous electrolyte media with a low buffer capacity. 
Almost inevitably the HER competes with CO2RR at negative applied 
potentials. Surendranath et al. found that a mesoporous structured 
electrode inhibits HER, but in contrast promotes CO2RR because an 
advantageous diffusional limitation is induced by a local pH effect.16, 

17 In principle, this suggests that if a substrate with a high HER activity 
is partially covered by a porous CO2 electrocatalyst, depletion of H+ 
could occur resulting in an increase on the local pH which would 
simultaneously inhibit HER and promote CO2RR. However, 
systematic investigations of substrate effects of this kind have yet to 
be undertaken. In this work, dendritic Sn deposited on four different 
substrates have been prepared as catalysts. Sn was chosen since it is 
an excellent and well-studied CO2RR catalyst for converting CO2 to 
formate with high faradaic efficiency.18-23 Dynamic hydrogen (H2) 
bubble template assisted deposition was then employed to grow a 
porous dendritic Sn layer with a controllable pore size and layer 
thickness without organic or inorganic templates. At the same time, 
a partially covered substrate support was generated24-26, thus 
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allowing the substrate effect mentioned above to be explored. Pt, 
Cu, Sn and In metal substrates with different levels of hydrogen 
evolution activity were selected. Insights gained from these 
experiments were expected to provide a new substrate effect that 
uses a controllable chemical environmental change to promote the 
performance of electrocatalysts for CO2RR. 

Experimental Section 
Chemicals. Tin chloride (SnCl2) and deuterium oxide (D2O, 99.9 atom 
% D) from Sigma-Aldrich; sulphuric acid (H2SO4, 95%-97%), sodium 
bicarbonate (NaHCO3, ACS grade), sodium dihydrogen phosphate 
monohydrate (NaH2PO4 ･ H2O, ACS grade), di-sodium hydrogen 
phosphate (Na2HPO4, ACS grade), ethanol (99.7%), acetone (≥ 
99.0%), dimethylsulfoxide (DMSO, 99.9%) from Merck; platium (Pt), 
tin (Sn) and indium (In) foil (99.9%) from Zr-industrial, Shanghai, 
China; copper (Cu) foil (99.99%) from Good Fellow; nitrogen (N2, 
99.999%) and carbon dioxide (CO2, > 99.9%, Aligal) from Air Liquide, 
Australia, were used as supplied by the manufacturers. All aqueous 
solutions were prepared using high purity water obtained from a 
Milli-Q water (18.2 MΩ cm) purification system.  
 
Fabrication of dendritic Sn on different substrates. Dendritic tin was 
electrodeposited on Pt, Sn, In and Cu metal foil substrate, having a 
geometric area of 0.4 cm × 0.4 cm. Electrochemical experiments 
were undertaken in a standard three-electrode setup with the 
modified metal foil, Ag/AgCl (1 M KCl) and platinum wire as the 
working, reference and counter electrodes, respectively. The Pt foil 
was polished using an aqueous slurry of aluminum oxide power while 
Sn, In and Cu foils were polished using sandpaper to remove surface 
oxide. All foils were then cleaned by washing with acetone and 
water. The electrolyte solution containing 20 mM SnCl2 and 1.5 M 
H2SO4 was prepared freshly before each experiment. 
Electrodeposition experiments were performed under either 
galvanostatic (applied current density = -1.25 A cm-2) or 
potentiostatic (applied potential = -6 V vs. Ag/AgCl) condition for 60 
s. Either a high current density or a highly negative potential was 
chosen to generate the H2 bubble template used for the formation 
of porous tin. The porous tin modified electrodes fabricated in this 
way were rinsed with water and dried under vacuum for 
characterization or application. 
 
Electrochemical characterization. Cyclic voltammetric (CV) 
measurements were undertaken with a CHI 760E electrochemical 
workstation. A standard three-electrode setup was used in 
voltammetric measurements with the as-prepared dendritic Sn 
electrode as the working electrode together with the 
aforementioned reference and counter electrodes. All 
electrochemical experiments were undertaken at room temperature 
(22 r 2 qC). Bulk electrolysis experiments were undertaken in a gas-
tight H-shaped electrolysis cell using as-prepared Sn dendritic 
electrodes as the working electrode, a graphite rod as the counter 
electrode and Ag/AgCl (1 M KCl) as the reference electrode. The 
compartments of the electrolysis cell were separated by a glass frit. 

Each compartment contained 10 mL of 0.5 M electrolyte solutions 
(NaHCO3 or sodium phosphate buffer solution). The volume of the 
headspace was 20 mL. Before bulk electrolysis, the solutions in both 
compartments were bubbled with CO2 for at least 30 mins. After bulk 
electrolysis, gas and liquid products were analysed further. The 
formula used to convert potentials vs. Ag/AgCl (1 M KCl) to vs. RHE 
is: E vs. RHE = E (V) vs. Ag/AgCl (1 M KCl) + 0.222 (V) + 0.0586 (V) × 
pH (22 qC). 
 
Analysis of the bulk electrolysis products. The gaseous product(s) 
was collected in a gas-tight syringe (200 µL) and then analysed by an 
Agilent (7820 A) gas chromatography system equipped with a HP-
plot molesieve (5Å) column and a thermal conductivity detector 
(TCD). Specifically, H2 was detected using a 24 m length column with 
N2 as the carrier gas while CO was detected with a 4 m length column 
with He as the carrier gas. The liquid product(s) was analysed by 1H 
NMR spectroscopy using a Bruker DRX400 spectrometer at a 
frequency of 400.2 MHz. NMR samples were prepared by mixing 0.5 
mL of the product-containing electrolyte solution with 0.1 mL D2O 
solution containing 100 ppm (v/v) DMSO as the internal standard. 
Physical characterization. X-ray diffraction (XRD) data were collected 
with a Bruker D8 ADVANCED power diffractometer using Cu Kα 
radiation (λ = 0.15406 nm). Scanning electron microscopic (SEM) 
images and energy-dispersive X-ray (EDX) mapping were obtained 
with a FEI Nova NanoSEM 450 FEG SEM Instrument equipped with a 
Bruker Quantax 400 X-ray analysis system. 

Results and discussion 
Physical characterization of dendritic Sn catalysts 
The dendritic Sn catalysts on different substrates were prepared by 
the dynamic hydrogen bubble template method24 with details 
provided in the Experimental Section. In aqueous electrolyte 
solutions, especially acidic ones, when a sufficiently negative 
potential or a sufficiently large current density is applied, H+ is 
reduced to H2 and therefore bubbles are generated rapidly. The flow 
of H2 bubbles acts as a soft template and guides the depositing Sn2+ 
ions to favour dendritic growth. The morphology of deposited Sn is 
highly dependent on the rate of H2 evolution, which is dependent on 
the type of working electrode (substrate) used and the overpotential 
applied. Based on the HER volcano plot, the HER activity of the 
substrate supports used in this study follows the sequence of Pt 
(exchange current density is 10-3.1 A cm-2) > Cu (10-5.4 A cm-2) > Sn (10-

10.0 A cm-2) > In (10-11.8 A cm-2).27, 28 SEM images of the tin modified 
electrodes obtained by the potentiostatic method (Figure S1) 
confirm that the morphology of the tin deposit is strongly influenced 
by the identity of the substrate. With an applied potential of -6 V vs. 
Ag/AgCl, the rate of H2 evolution is slowest on In foil which leads to 
the formation of a continuous Sn film with a low porosity. The rate 
of HER on highly active Pt foil is so fast that Sn metal was blown off 
the surface, leaving only a loosely covered Pt surface. In contrast, Cu 
and Sn substrates provide a more suitable rate of HER for the 
formation of porous tin. To uniformly grow a layer of dendritic Sn 
with the same morphology as needed for ease of the comparison of 
the effect of the substrate HER activity on the tin catalysed CO2RR, 
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the galvanostatic method was used to provide better control of the 
HER rate. By applying a constant current density of -1.25 A cm-2 for 
60 s, porous dendritic Sn with the same uniform morphology (Figure 
1), comparable loading and thickness of 75±5 µm (Figure 2) was 
deposited on all substrates (denoted as dendritic Sn/M, M = Pt, Cu, 
Sn or In). Additional evidence was provided by measuring the 
capacitance value of dendritic Sn/M (Figure S3). With the 
capacitance value of 0.51±0.04 mF cm-2, the specific surface area of 
four electrodes was confirmed to be similar. The EDX mapping of Sn, 
Pt, Cu and In elements is shown in Figure S4, which confirms that the 
dendritic Sn was electrodeposited on all substrates. 
 

Figure 1. SEM images of electrodeposited dendritic Sn catalysts on 
metal substrates obtained by the galvanostatic method. 
 

Figure 2. Cross-section SEM images of electrodeposited dendritic Sn 
catalysts on metal substrates obtained by the galvanostatic method. 
 
The XRD data for electrodeposited dendritic Sn/M shown in Figure 3 
reveal that dendritic Sn grown on each substrate all have 
characteristic diffraction planes for tetragonal Sn (89-4898) with no 
specifically preferred orientation. The XRD pattern from dendritic 
Sn/Sn shows slightly larger (101) and (211) peaks, attributed to the 
Sn foil which has stronger intensity (see Figure S2 in particular). It 
should also be noted that no typical XRD patterns are observed 
corresponding to SnOx. 
 
Electrochemical characterization and CO2 reduction activity of 
dendritic Sn 
Figure 4 shows the cyclic voltammograms obtained with dendritic 
Sn/M in both CO2 and N2-saturated 0.5 M NaHCO3. all potentials 
hereafter are given with respect to RHE unless otherwise stated in 
order to take into account the difference in solution pH under N2 and 

CO2 atmospheres; the conversion equation is provided in the 
experimental section. Cyclic voltammograms obtained with dendritic 
Sn/M in N2-saturated 0.5 M NaHCO3 show that the HER onset 
potential is substrate dependent (Figure 4a), implying that the 
substrate surface is not entirely covered by Sn (Figure 1). The redox 
features detected prior to the commencement of the HER on all 
electrodes are attributed to the reduction of Sn4+ to Sn and the 
oxidation of Sn to Sn2+ and Sn4+ based on literature.29, 30 The 
additional features observed with Sn/In result from the reduction of 
In3+ to In (-0.49 V) and the oxidation of In to In3+ (-0.17 V), confirming 
the existence of uncovered substrate surface. Under a CO2 
atmosphere, a slight positive shift in the onset potential along with 
an increased current density are evident at all scan rates examined 
(Figures 4b and S5) using dendritic Sn/M, indicative of the occurrence 
of CO2 reduction. 
 

Figure 3. XRD patterns of electrodeposited dendritic Sn on: (a) Pt foil, 
(b) Cu foil, (c) Sn foil and (d) In foil substrates. 
 

Figure 4. Cyclic voltammograms obtained with a scan rate of 50 mV 
s-1 in (a) N2 and (b) CO2-saturated 0.5 M NaHCO3 aqueous solution 
using electrodeposited dendritic Sn/Pt, Sn/Cu, Sn/Sn and Sn/In. 
 
To confirm that CO2 is involved in the reduction process, bulk 
electrolysis with product identification was undertaken. Since the 
onset potential for CO2RR at these dendritic Sn/M catalysts is about 
-0.6 V, potentials of -0.75 V, -0.95 V and -1.15 V were selected to 
conduct CO2 bulk electrolysis experiments. The gas and liquid 
products were analysed by GC and NMR, respectively. Three 
products, viz. formate, CO and H2, were obtained with all catalysts. 
Figure 5 provides details of the distribution and partial current 
density for formate and H2 obtained with dendritic Sn/M catalysts as 
a function of applied potential. Here we only compare the major 
products formate and H2, since CO formation is very low. Detailed 
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distribution and current density of all products using Sn/M are 
summarised in Table S1. Bulk electrolysis results for flat Sn foil, Cu 
foil and In foil are also provided for comparison (Table S2).    
 
Flat Sn foil predominately produces H2 with a FE of above 72% under 
all conditions. The highest partial current densities are -2.4 mA cm-2, 
-0.07 mA cm-2 and -6.7 mA cm-2 for formate, CO and H2, respectively, 
at an applied potential of -1.15 V (Figure S7). In contrast, the Sn/Sn 
electrode displays much higher partial current density for all 
products, which is as expected since it exhibits a much larger 
electroactive surface area compared to a flat Sn foil as shown in 
Figure 1. Importantly, in comparison with the Sn foil electrode, the 
Sn/Sn catalyst exhibits a significantly higher FE for the formation of 
CO and formate under all conditions, even though their chemical 
identities are the same. This outcome implies that the sub-micron 
structures of the electrode play an important role in the 
electrocatalytic reduction of CO2. This finding is consistent with 
previous studies by Surendranath et al.16 and our group31, which was 
attributed to the local depletion of H+ and consequently the 
suppression of HER, as explained in the Introduction Section.  
 
A strong substrate dependent product distribution was observed 
with Sn/M (Figure 5). This feature is unlikely to be due to direct CO2 
reduction at uncovered substrate since the partial current density for 
formate formation with a flat substrate is minimal (Table S2) in 
comparison with that found at a dendritic Sn modified substrate. This 
is not unexpected on the basis that dendritic Sn possesses a much 
larger electroactive surface area as shown in Figure 1. A plausible 
attribute to explain the substrate dependent product distribution 
could be the local pH effect, which is a function of the substrate HER 
activity.  In this study, Pt and Cu are more HER active than Sn and In, 
with Pt having the highest HER catalytic activity. According to this 
hypothesis, the partial current density for formate at Sn/Pt being 
higher than this found with Sn/Cu at lowest applied potential (-0.75 

V) because of the creation of higher local pH which supresses the HER 
at the dendritic Sn electrode more effectively. However, Pt is highly 
HER active, so on increasing the applied potential (-0.95 V and -1.15 
V), even though suppression of the HER occurs with dendritic Sn, the 
amount of H2 produced at Sn/Pt become very pronounced which is 
not desirable since CO2RR is the target reaction. On balance, Sn/Cu is 
a better electrode for CO2RR. Since Sn or In substrates are not more 
HER active than dendritic Sn, they are not expected to play a 
significant role in altering the local pH, particularly given their small 
surface area in comparison with the dendritic Sn. Consequently, 
partial current densities for all three products examined are 
comparable at Sn/Sn and Sn/In, but considerably lower than found 
with Sn/Cu. It should be noted that alloying may form at the interface 
between two metals. However, catalytic contribution from the alloy 
is negligible since it possesses a much lower electroactive surface 
area in comparison the deposited porous Sn layer.  
 
To further test the aforementioned hypothesis, two electrolyte 
solutions, 0.5 M NaHCO3 and 0.5 M phosphate buffer having a same 
pH (~7), but with different buffer capacities were investigated using 
the best performance dendritic Sn/Cu electrode. The buffer capacity 
of 0.5 M NaHCO3 is significantly lower than that of 0.5 M phosphate 
buffer based on the absolute difference between pH of the 
electrolyte solution and pKa of the relevant weak acid. The faradaic 
efficiencies of formate and H2 plotted as a function of applied 
potentials in CO2-saturated 0.5 M NaHCO3 and phosphate buffer 
electrolyte solutions are shown in Figure 6. The results reveal that 
the higher the buffer capacity, the poorer the CO2RR activity. In low 
capacity electrolyte solutions, the effect of local pH change is greater 
which favours more formate formation. This hypothesis predicts that 
substrate and electrolyte induced local pH change will both affect the 
performance of CO2RR at Sn based catalysts. 
 

 
Figure 5. Comparison of faradaic efficiency (left Y-axis, bar) and partial current density (right Y-axis, white dot) of (a) formate and (b) H2 
production on dendritic Sn/Pt, Sn/Cu, Sn/Sn and Sn/In catalysts at potentials of -0.75, -0.95 and -1.15 V using CO2 saturated 0.5 M NaHCO3 
aqueous solutions.  
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Figure 6. Comparison of faradaic efficiency of (a) formate and (b) H2 
production on dendritic Sn/Cu as a function of applied potentials 
using CO2 saturated 0.5 M NaHCO3 and 0.5 M phosphate buffer 
aqueous electrolyte solutions. 
 
In order to provide a semi-quantitative understanding of the change 
of surface (local) pH and CO2 concentration for the dendritic Sn/M 
catalyst during electrolysis, a simplified model modified from 
previous reports32, 33 (see SI for details) was used with the partial 
current density data being obtained at an applied potential of -0.75 
V in the calculations. Table 1 shows that a surface pH change from 
the initial value of 7.20 to 9.75 occurs for a less HER active substrate 
(such as Sn or In) to at least 9.84 for a more HER active substrate 
(such as Cu and Pt) in 0.5 M NaHCO3 electrolyte solutions during 
electrolysis, while the change in local CO2 concentration is much less 
significant. By contrast, neither the surface CO2 concertation nor the 
surface pH shows any significant change when using the phosphate 
buffer. These results are consistent with our above hypothesis, which 
suggests the ratio between the local proton and CO2 concentration 
is the key factor that determining the competition between HER and 
CO2RR and hence the selectivity of the catalyst towards formate. 
However, the true geometry of the electrodes studied in this work is 
far more complicated than that used in the simplified model. 
Therefore, only the trend of the changes is regarded as realistic.   
  
 
Table 1. Comparison of the calculated values for surface 
concentration of CO2 and pH at dendritic Sn/M catalysts in CO2 
saturated 0.5 M NaHCO3 and 0.5 M phosphate buffer aqueous 
electrolyte solutions at an applied potential of -0.75 V vs. RHE. 

Electrolyte Electrode surface 

concentration of CO2 

surface pH 

CO2-0.5 M NaHCO3 Sn/Pt 12.3 mol/m3 10.28 

Sn/Cu 17.9 mol/m3 9.84 

Sn/Sn 24.1 mol/m3 9.75 

Sn/In 24.5 mol/m3 9.77 

CO2-0.5 M 

phosphate buffer  

Sn/Cu 28.6 mol/m3 7.02 

 
 
Stability test of the dendritic Sn catalysts. 
To further assess the catalytic performance of CO2RR in this study, 
the dendritic Sn/Cu catalyst and an electrolyte of CO2-saturated 0.5 
M NaHCO3 were chosen to investigate the long-term stability. As 
shown in Figure 7, after 20 h bulk electrolysis under a constant CO2 

gas flow condition to minimise depletion of CO2 on this long-time 
scale, the performance remains unchanged. That is, the total current 
density is relatively stable during the 20 h of CO2 reduction and the 
faradaic efficiency of formate generation is not affected. 
Furthermore, the morphology of dendritic Sn/Cu remains unchanged 
after long term bulk electrolysis which is consistent with excellent 
catalytic stability. The performances of our Sn/Cu electrocatalyst and 
those reported in literature are summarized in Table S3. In 
comparison with other Sn based electrocatalysts, our dendritic Sn/Cu 
catalyst is advantageous for CO2RR due to its facile preparation and 
relatively high catalytic activity. 
 

Figure 7. (a) i-t curve and faradaic efficiency for formate production 
with dendritic Sn/Cu at a potential of -0.95 V in CO2 saturated 0.5 M 
NaHCO3 solution for 20 h and SEM images of dendritic Sn/Cu (b) 
before and (c) after 20 h bulk electrolysis. 

Conclusions 
In this study, dendritic Sn/Pt, Sn/Cu, Sn/Sn and Sn/In catalysts have 
been synthesised for electrochemical CO2RR using a dynamic 
hydrogen bubble template assisted electrodeposition method. Of 
the four catalysts utilized in bulk electrolysis experiments, dendritic 
Sn/Cu provides the highest selectivity towards formate formation. 
This investigation demonstrates that a relatively more HER active 
substrate can be used to tune the local pH and enhance CO2RR 
catalysis. HER active substrates can efficiently modify the local pH 
and consequently suppress the HER and improve selectivity towards 
CO2 reduction.  However, if the substrate has extremely high HER 
activity such as Pt, the CO2RR efficiency will be significantly 
diminished and HER will be the dominant reaction again. This local 
pH effect is a function of the buffer capacity of the electrolyte 
solution. Thus, an electrolyte with a high buffer capacity such as a 
phosphate buffer solution minimises the impact of the local pH 
change and is less effective than a weakly buffered bicarbonate 
system.  
 
Taking into account the impact of both substrate and electrolyte 
solution, Sn/Cu was identified as the optimal system for Sn catalysed 
electrochemical CO2RR in a 0.5 M NaHCO3 electrolyte solution with 
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the highest faradaic efficiency of 67.3% for formate achieved at a 
potential of -0.95 V with a reasonably high current density of -14 mA 
cm-2. Moreover, the catalytic performance remains constant in a 20 
h long-term stability test.  
 
In summary, this work suggests that strategy that not only focuses 
on material design but also considers the entire catalytic system that 
includes the chemical (local) environment is optimal and has led a 
new substrate effect being explored as a means of enhancing the 
electrochemical activity in CO2RR. 
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Figure S1. SEM images of electrodeposited dendritic Sn catalysts on Pt and Cu foil substrates 

obtained by the potentiostatic method at a constant potential of -6 V vs. Ag/AgCl for 60 s. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S2. Cyclic voltammograms obtained in N2 saturated 0.5 M NaHCO3 aqueous solution for (a, c, 

e, g) dendritic Sn on metal substrates over a potential range where double-layer charging and 

discharging are occurring. (b, d, f, h) display the double-layer capacitance behaviour of the dendritic 

Sn on metal substrates. 

 



 

Figure S3. EDX elemental mapping of dendritic Sn on metal substrates. 

 

 

 

 

 

 

 

 



 

Figure S4. XRD powder patterns for a bare Sn foil (substrate material). 

 

 



 

Figure S5. Cyclic voltammograms obtained with dendritic (a) Sn/Pt, (b) Sn/Cu, (c) Sn/Sn and 

(d) Sn/In electrodes in CO2 and N2 saturated 0.5 M NaHCO3 aqueous electrolyte solution at 

scan rates over the range of 30 to 100 mV s-1. 

 

 

 

 

 

 

 

 

 



Semi-quantitative estimation of the local pH and CO2 concentration during electrolysis. 

 

Figure S6. A simplified electrode geometry adopted for the estimation of surface pH and CO2 

concentration at a dendritic Sn/M electrode. 

 

During electrolysis, both the HER and CO2RR processes change the surface pH and CO2 

concentration, will both having an impact on the CO2RR performance of the Sn/M electrode. 

Overall reactions are given in Eqns S1 and S2 for the bicarbonate medium and S3 and S4 for 

the phosphate buffer cases: 

𝐻𝐶𝑂3− + 𝑒− ⇌ 1
2
𝐻2 + 𝐶𝑂32−                                       (S1)  

𝐶𝑂2 + 2𝑒− + 𝐻𝐶𝑂3− ⇌ 𝐻𝐶𝑂𝑂− + 𝐶𝑂32−                   (S2) 

𝐻2𝑃𝑂4− + 𝑒− ⇌ 1
2
𝐻2 + 𝐻𝑃𝑂42−                                   (S3)  

𝐶𝑂2 + 2𝑒− + 𝐻2𝑃𝑂4− ⇌ 𝐻𝐶𝑂𝑂− + 𝐻𝑃𝑂42−               (S4) 

For simplicity, the CO formation reaction is not considered since it is much less significant in 

comparison with the formate formation reaction.  

To calculate the surface concentrations, the electrode geometry needs be known. However, due 

to the complexity of the electrode geometry, performing a rigorous calculation is difficult. 

Therefore, the simplified, but meaningful geometry for a porous electrode (Figure S6) was used. 

The model was further simplified by making the following assumptions: 

(1) Hydration of CO2 to form H2CO3 is negligibly slow, while other coupled homogeneous 

reactions involving CO2 species and acid-base reactions are fast (reversible).     

(2) Electron transfer reactions (Eqns S1-S4) only occur inside the pores, which is a 

reasonable assumption due to the much large surface area associated with this portion 

of the electrode. 

(3) The CO2RR (to formate) only occurs at Sn, while the HER only occurs at M.  



(4) When X > L (where X is the distance from the surface of the substrate electrode and L 

is the thickness of the Sn layer), the concentration of each species remains at its bulk 

value since the solution is stirred during electrolysis. 

(5) Inside the pore, the mass transport associated with HCO3- or H2PO4- is governed by 

linear diffusion if only the HER is considered.  

(6) CO2 consumed on the surface of Sn (the wall of the pore in Figure S6) will be replaced 

by the CO2 outside of the pores. Therefore, an accurate calculation of CO2 

concentrations will require consideration of CO2 mass transport in both X and R (radial) 

directions, which is complicated. Same complexity is also present in the calculation of 

the concentration of HCO3- or H2PO4- consumed during the CO2RR. To simplify the 

calculation of the substrate effect, the CO2RR was also assumed to occur on the surface 

of M with an apparent flux density (FD). The trend, but not the exact concentrations 

are therefore predicted.   

On the basis of the above assumptions, the flux density (FD) associated with acid (HA 

represents either HCO3- or H2PO4-) can be estimated using Eqn S5 since both HER and CO2RR 

consume HA, 

𝐹𝐷𝐻𝐴 = 𝐷𝐻𝐴
([𝐻𝐴]𝑏𝑢𝑙𝑘−[𝐻𝐴]𝑠𝑢𝑟𝑓)

𝐿
= −(𝑗𝐻𝐸𝑅

𝐹
+ 𝑗𝐶𝑂2𝑅𝑅

2𝐹
)                   (S5) 

while the flux density associated with CO2 can be estimated using Eq S6, 

𝐹𝐷𝐶𝑂2 = 𝐷𝐶𝑂2
([𝐶𝑂2]𝑏𝑢𝑙𝑘−[𝐶𝑂2]𝑠𝑢𝑟𝑓)

𝐿
= − 𝑗𝐶𝑂2𝑅𝑅

2𝐹
                             (S6) 

where D is the diffusion coefficient, j is partial current density and F is the Faraday constant. 

Since the surface concentration of HA or CO2 is the only unknown parameter in these equations, 

their values can be calculated using the partial current density values given in Table S2 and the 

values for other parameters given in Table S4. The surface pH can be calculated using the 

following equation once the surface concentration of HA is known,  

𝑝𝐻𝑠𝑢𝑟𝑓 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔 [𝐴−]𝑠𝑢𝑟𝑓
[𝐻𝐴]𝑠𝑢𝑟𝑓

                                                 (S9)   

Since the assumption (6) is superior, but even then only approximately correct when the rate 

of the CO2RR is moderate, only the current density values obtained at -0.75 V were used in the 

calculation and the results obtained are given in Table 1. 

 

 

 



Table S1. Summary of bulk electrolysis data obtained for CO2 reduction using dendritic Sn/Pt, 

Sn/In, Sn/Sn and Sn/Cu electrodes. The electrolysis was undertaken in a CO2 saturated 0.5 M 

NaHCO3 aqueous electrolyte solution. 

Applied Potential [E / V vs. RHE] -0.75 -0.95 -1.15 

Sn/Pt FE (formate) [%] 36.2 16.3 11.5 
FE (CO) [%] 5.2 1.9 1 
FE (H2) [%] 48.1 64.3 81.2 

Current density -29.8 -40.5 -56.5 
Partial current density (formate) -10.8 -6.6 -6.5 

Partial current density (CO) -1.5 -0.8 -0.6 
Partial current density (H2) -14.4 -26.2 -45.8 

Sn/In FE (formate) [%] 39.8 42.5 41.4 
FE (CO) [%] 3.6 1.3 0.7 
FE (H2) [%] 54.8 48.9 57.2 

Current density -12.0 -25.9 -46.6 
Partial current density (formate) -4.8 -11 -19.3 

Partial current density (CO) -0.4 -0.3 -0.3 
Partial current density (H2) -6.6 -12.7 -26.6 

Sn/Sn FE (formate) [%] 43.8 45.8 37.6 
FE (CO) [%] 5.6 2.3 1.5 
FE (H2) [%] 50.9 48.9 56.4 

Current density -11.4 -26.9 -44.4 
Partial current density (formate) -5 -12.3 -16.7 

Partial current density (CO) -0.6 -0.6 -0.7 
Partial current density (H2) -5.8 -13.1 -25 

Sn/Cu FE (formate) [%] 51.1 61.1 50.9 
FE (CO) [%] 7.6 2.9 1.2 
FE (H2) [%] 39.2 37.2 43.1 

Current density -15.7 -28.2 -44.8 
Partial current density (formate) -8 -17.2 -22.8 

Partial current density (CO) -1.2 -0.8 -0.5 
Partial current density (H2) -6.1 -10.5 -19.3 

 

 

 

 

 

 

 

 

 



Table S2. Summary of bulk electrolysis data obtained for CO2 reduction using In, Sn and Cu 

foils. The electrolyses were undertaken in a CO2 saturated 0.5 M NaHCO3 aqueous electrolyte 

solution. 

Applied Potential [E / V vs. RHE] -0.75 -0.95 -1.15 

In foil FE (formate) [%] 30.9 49.5 28.3 
FE (CO) [%] 6.5 1.3 0.6 
FE (H2) [%] 65.1 56.4 74.7 

Current density -0.3 -3.4 -6.5 
Partial current density (formate) -0.09 -1.7 -1.8 

Partial current density (CO) -0.02 -0.04 -0.04 
Partial current density (H2) -0.2 -1.9 -4.9 

Sn foil FE (formate) [%] 5.4 17.9 25.5 
FE (CO) [%] 2.8 1.3 0.8 
FE (H2) [%] 87.8 75.6 72 

Current density -0.9 -3.2 -9.3 
Partial current density (formate) -0.05 -0.6 -2.4 

Partial current density (CO) -0.03 -0.04 -0.07 
Partial current density (H2) -0.8 -2.4 -6.7 

Cu foil FE (formate) [%] - - - 
FE (CO) [%] - - - 
FE (H2) [%] 87.2 98.7 102.6 

Current density -0.7 -2.2 -5.1 
Partial current density (formate) - - - 

Partial current density (CO) - - - 
Partial current density (H2) -0.6 -2.2 -5.2 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Summary of electrocatalytic performance for CO2 reduction using Sn catalysts in 

aqueous solutions.  

Electrode Electrolyte Applied 
potential (V vs. 

RHE) 

Total Current 
density (mA 

cm-2) 

FE of formate 
(%) 

Ref. 

Sn/SnOx 0.5 M NaHCO3 -0.7  ～ -2 ～38  1 

SnO2 on carbon 
cloth 

0.5 M NaHCO3 -0.88  
 

-45 87  2 

Reduced nano-
SnO2 on graphene 

0.1 M NaHCO3 -1.16 -10.2 93.6  3 

Annealed Sn 
dendritic 

0.1 M KHCO3 -1.36 -17.1 71.6  4 

Sn foam  0.1 M NaHCO3 -1.31 -23.5 90  5 

SnOx/CNT 0.1 M KHCO3 -0.76 ~ -8 64  6 

SnOx(100–8) nano- 

catalyst 
0.5 M KHCO3 -0.92 ~ -10 87.1  7 

Electrodeposited 
Sn 

0.1 M KHCO3 -0.76 -15 91  8 

Dendritic Sn on Cu 0.5 M NaHCO3 -0.95 -14 67.3 This 
work 

 

 

 

 

 

 

 

 

 

 



 Table S4. Parameters* employed for calculation of the concentration of CO2 and pH on the 

surface of Sn/M electrodes.  

* All values were taken from literature9,10,11 and were measured at 298 K. All the diffusion 
coefficient values were further corrected for the electrolyte concentration dependent viscosity 
using the Stokes–Einstein equation (D𝜂/T = constant at T = 298 K, 𝜂 is viscosity). A small 
systematic error may be present in the estimated values for the concentration of CO2 and pH 
since our measurements were undertaken at 295 K. 

 

 

 

 

 

 

 

 

 

 

  

Initial equilibrium values for CO2 in 0.5 M NaHCO3 electrolyte solution 34.2 mol/m3  

Initial equilibrium values for HCO3- in 0.5 M NaHCO3 electrolyte solution 500 mol/m3  

Diffusion coefficient for CO2 1.79×10-9 m2/s 

Diffusion coefficient for HCO3- 8.65×10-10 m2/s 

Thickness (L) 70 µm 

pKa for HCO3- (step 2) 10.33 

Diffusion coefficient for H2PO4- 8.03×10-10 m2/s 

pKa for H2PO4- (step 2) 7.21 
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