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7 ABSTRACT: Electrochemical reduction of CO2 is a promising method to
8 convert CO2 into fuels or useful chemicals, such as carbon monoxide (CO),
9 hydrocarbons, and alcohols. In this study, nanostructured Ag was obtained by
10 electrodeposition of Ag in the presence of a Keggin type polyoxometalate,
11 [PMo12O40]

3− (PMo). Metallic Ag is formed upon reduction of Ag+.
12 Adsorption of PMo on the surface of the newly formed Ag lowers its surface
13 energy thus stabilizes the nanostructure. The electrocatalytic performance of
14 this Ag−PMo nanocomposite for CO2 reduction was evaluated in a CO2
15 saturated dimethylformamide medium containing 0.1 M [n-Bu4N]PF6 and
16 0.5% (v/v) added H2O. The results show that this Ag−PMo nanocomposite
17 can catalyze the reduction of CO2 to CO with an onset potential of −1.70 V versus Fc0/+, which is only 0.29 V more negative
18 than the estimated reversible potential (−1.41 V) for this process and 0.70 V more positive than that on bulk Ag metal. High
19 faradaic efficiencies of about 90% were obtained over a wide range of applied potentials. A Tafel slope of 60 mV dec−1 suggests
20 that rapid formation of *CO2

•− is followed by the rate-determining protonation step. This is consistent with the voltammetric
21 data which suggest that the reduced PMo interacts strongly with CO2 (and presumably CO2

•−) and hence promotes the
22 formation of CO2

•−.
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1. INTRODUCTION

24 Carbon dioxide (CO2) is a notorious gas which contributes to
25 the global warming. With the implementation of carbon capture
26 technology, CO2 is now widely considered as a cheap and
27 abundant C1 feedstock for the synthesis of fuels and other
28 valuable chemicals. Because of its high stability, catalysts have
29 been developed and studied in the reduction of CO2 to fuels or
30 useful chemicals by photochemical,1−4 thermochemical,4 and
31 electrochemical methods.5−8 Photochemical conversion of CO2

32 suffers low efficiency, whereas the thermochemical route
33 requires high temperature and pressure, which is not energy
34 efficient for large scale production.4 In contrast, electrochemical
35 reduction of CO2 is a promising method to convert CO2 into
36 fuels or other useful chemicals, because the reaction can be
37 conducted under ambient conditions with reasonably high
38 energy efficiency, the reaction rate can be controlled by varying
39 the applied potential, and the CO2 reduction products
40 generated at the cathode can be easily separated from the
41 oxidation products of the counter reaction at the anode by
42 using a two-compartment electrolysis cell. Moreover, electro-
43 chemical conversion of CO2 can provide an appealing
44 mechanism to store intermittent energy from renewable
45 sources, such as solar and wind, potentially as part of a closed
46 cycle.
47 Bulk metal catalysts have been investigated for CO2
48 reduction extensively in the past decades5,7,9,10 and have
49 shown great potential in electrochemical conversion of CO2

50into fuels and useful chemicals. A variety of products such as
51carbon monoxide (CO), hydrocarbons, and alcohols have been
52obtained depending on the catalyst materials and the reaction
53media.7,9 CO is an important product, because it is a key
54starting material in bulk chemicals manufacturing, for example,
55aldehydes and acetic acid,11 and is often used as the feedstock
56in the Fischer−Tropsch process, a well-known and well-
57characterized process that has been used in the industry to
58produce chemicals and synthetic fuels from synthesis gas, a
59mixture of CO and H2 with an appropriated ratio, for many
60decades. Among all bulk metallic catalysts, Au is a superior CO
61formation electrocatalyst.9 However, silver is of particular
62interest and has received much attention, because it can reduce
63CO2 to CO with good selectivity under moderate over-
64potentials in comparison to other metallic catalysts7,9,10,12 and
65also costs much less than other precious metal catalysts, such as
66Au. Furthermore, first principles calculation by Back et al.13

67suggests that, unlike Au, reducing the size of Ag enhances its
68activity toward CO formation without increasing the kinetics of
69the unwanted hydrogen evolution reaction (HER). Con-
70sequently, the Ag nanoparticle is a better electrocatalyst than
71the Au nanoparticle in this regard. To create stable nano-
72structured Ag, several strategies have been developed. Notably,
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73 Jiao and coworkers have synthesized a nanoporous Ag
74 electrocatalyst with a highly curved internal surface, which
75 produced CO with a faradaic efficiency of 92% at a rate over
76 3000 times higher than the polycrystalline Ag electrode at
77 overpotentials smaller than 0.5 V in aqueous media.14 The
78 much enhanced performance at lower overpotential was
79 ascribed to the greater stabilization of the intermediate
80 CO2

•− at the highly curved surface. Smith and coauthors
81 achieved a CO faradaic efficiency of 80% in aqueous media at a
82 moderate overpotential of 0.49 V with an oxide-derived Ag
83 electrode and attributed the improved catalytic activity to the
84 enhanced stabilization of COOH• intermediate and the high
85 local pH near the highly nanostructured catalyst surface which
86 facilitates the catalytic activity for the reduction of CO2 while
87 suppressing the HER.15 Kim et al. reduced CO2 to CO in
88 aqueous HCO3

− media with high selectivity and efficiency
89 using 5 nm diameter Ag nanoparticles supported on carbon as
90 the electrocatalyst.16 To further enhance the catalytic activity of
91 Ag nanocatalysts, the Kenis group has synthesized Ag
92 nanoparticles supported on TiO2 (Ag/TiO2) and studied its
93 catalytic activity toward CO2 reduction. Ag/TiO2 showed a
94 similar activity at lower overpotential at a loading of only one-
95 fourth of the unsupported Ag nanoparticles.17 It was proposed
96 that Ag promotes the formation of CO while TiO2 stabilizes the
97 intermediate and serves as a redox electron carrier to assist CO2
98 reduction. Hsieh et al. reported that the adsorbed Cl− ions
99 significantly enhance the activity and selectivity of CO2
100 reduction catalyzed by AgCl-derived Ag nanocoral electrodes.18

101 Polyoxometalates (POMs) are a class of molecular oxides
102 with high negative charges, which consist of group five or six
103 transition metal oxyanions linked by shared oxygen atoms.
104 They have a wide structural versatility and rich electrochemistry
105 and can undergo multiple electron reduction without
106 decomposition. In recent years, they have been used as the
107 reducing agent and stabilizer for the formation of nano-
108 particles/nanocatalysts.19,20 For example, Zhang et al. have used
109 a Keggin type POM [α-SiW12O40]

4− (SiW) for the synthesis of
110 palladium nanoparticles.21 Nadjo et al. have used a MoV−MoVI

111 mixed-valence POMs to synthesize nanostructured Ag,22 and a
112 Keggin type POM [PW12O40]

3− (PW) for the synthesis of
113 silver with hierarchical dendritic structures.23 In the previous
114 study,24 we have used [α-SiW12O40]

4− as an electron transfer
115 mediator to facilitate the electrocatalytic reduction of CO2 by
116 bovine serum albumin stabilized silver nanoclusters and found
117 that SiW has strong interaction with CO2, and the more
118 electron-reduced form has stronger interaction with CO2.
119 However, SiW does not catalyze CO2 reduction.
120 Evidently, there has been growing interest in recent years in
121 the development of oxide-derived/supported nanocatalysts to
122 explore the synergistic effect of oxides and metals for CO2
123 reduction.25−27 In this paper, we report the electrodeposition of
124 the Ag−[PMo12O40]

n− (Ag−PMo) nanocomposite using PMo
125 as the stabilizer and its application as an electrocatalyst for the
126 reduction of CO2 in dimethylformamide (DMF) solution
127 containing 0.1 M [n-Bu4N]PF6 as the supporting electrolyte in
128 the presence of 0.5% (v/v) added water as the source of
129 protons. DMF was chosen as the solvent medium for CO2
130 reduction in this study, because (1) the solubility of CO2 in
131 DMF is high (∼0.23 M at 1 atm),28 (2) the proton source can
132 be readily controlled in DMF, so that the competing HER can
133 be minimized, and (3) PMo is not stable in aqueous solutions
134 at neutral pH.29,30 The electrodeposited Ag−PMo nano-
135 composites show an onset potential about 0.70 V more positive

136than that observed on a polycrystalline Ag electrode and are
137able to reduce CO2 to CO with a faradaic efficiency of around
13890% over a wide potential range. Mechanistic investigation
139suggests that PMo facilitates the adsorption and stabilization of
140the intermediate CO2

•−, which in turn lowers the overpotential
141required for the reduction of CO2.

2. EXPERIMENTAL SECTION
1422.1. Materials. AgNO3 (99%), phosphomolybdic acid
143(H3[PMo12O40], PMo, 99.9%), silicotungstic acid (H4[α-SiW12O40],
144SiW, 99.9%), phosphotungstic acid (H3[PW12O40]·xH2O, PW,
14599.995%), ferrocene (Fc, ≥ 98%), and sulfuric acid (H2SO4, 95−
14698%) from Sigma-Aldrich, and CO2 (Food grade, ALIGAL, Air
147Liquide) were used as supplied. DMF (99.8%, Merck) was dried over
1484 Å molecular sieves for at least 2 days before use. Tetrabutylammo-
149nium hexafluorophosphate ([n-Bu4N]PF6, GFS) was recrystallized
150twice from hot ethanol. Deionized water from a Milli-Q-MilliRho
151purification system (resistivity 18 MΩ·cm) was used to prepare all
152aqueous solutions. Unless otherwise stated, DMF solutions used for
153the experiments contain 0.5% (v/v) added H2O.
154To synthesize [n-Bu4N]3[PMo12O40] that is soluble in DMF,
155aqueous solutions of [n-Bu4N]Cl and H3[PMo12O40] were mixed with
156a molar ratio of 3.2:1. This ratio is slightly higher than the
157stoichiometric ratio to ensure high yield of [n-Bu4N]3[PMo12O40].
158Upon mixing, a light yellow precipitate was formed, which was then
159separated using a centrifuge at a rotation rate of 3000 rpm. The solid
160[n-Bu4N]3[PMo12O40] product obtained was washed a few times with
161ethanol and deionized water to remove unreacted precursors and then
162dried in an oven at 110 °C for 3 h.
1632.2. Electrochemistry. All electrochemical experiments were
164undertaken at 22 ± 2 °C using a CHI 760E electrochemical
165workstation (CH Instruments, Austin, TX). A standard three-electrode
166electrochemical cell arrangement was employed using a glassy carbon
167(GC) working electrode and a Pt wire counter electrode. A Pt wire
168placed in DMF (0.1 M [n-Bu4N]PF6), but separated from the analyte
169by a glass frit, was used as a quasireference electrode for studies carried
170out in DMF solutions. The reference potential was calibrated against
171that of the Fc/Fc+ (Fc = ferrocene) redox couple as an internal ref 31
172from measurements made on the oxidation of 1.0 mM Fc present in
173the same solution. For electrodeposition of Ag−PMo and other silver
174nanocomposites in aqueous solution, a Pt wire separated from the
175analyte by a glass frit was used as a quasireference electrode. This
176reference electrode setup provides a highly stable reference potential
177with a variation within ±2 mV in the measurement timescale. This
178quasireference electrode was used instead of the more commonly used
179Ag/AgCl reference electrode to avoid the formation of AgCl
180precipitate because of the transfer of Cl− from the reference electrode
181to the electrolyte solution. The potential of this quasireference
182electrode is calibrated against that of an Ag/AgCl (3 M KCl) reference
183electrode.
184Prior to voltammetric experiments or electrodeposition, the
185working electrode was polished with 0.3 μm alumina on a clean
186polishing cloth (Buehler, USA), rinsed with water, sonicated in water
187thoroughly to remove alumina, rinsed successively with water and
188acetone, and finally dried under nitrogen gas.
189For electrochemical studies (except bulk electrolysis), the solution
190was purged with nitrogen or carbon dioxide for at least 15 min before
191measurement, and then, the electrochemical cell was kept under a
192slightly positive pressure of nitrogen or carbon dioxide at all times.
193Controlled potential bulk electrolysis was carried out in an airtight
194H-cell with two compartments separated by a frit. The solution was
195purged with CO2 for 30 min and then sealed properly. Two pieces of 2
196cm long graphite rods (2 mm diameter) modified with Ag−PMo
197nanocomposites were connected together and used as the working
198electrode and a large Pt mesh as the counter electrode, along with the
199same reference electrode as used in voltammetric studies. The gas
200products, that is, carbon monoxide and hydrogen, obtained by
201controlled potential bulk electrolysis were analyzed by the gas
202chromatographic technique on an Agilent 7820 gas chromatograph
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203 with a HP-PLOT Molsieve/5 Å column equipped with a thermal
204 conductivity detector. Helium gas of 99.99% purity was used as the
205 carrier gas for CO detection, whereas nitrogen gas (99.99%) was used
206 as the carrier gas for H2 detection. The liquid products were analyzed
207 by 1H NMR on a Bruker DRX400 at a frequency of 400.2 MHz with
208 added dimethyl sulfoxide as the internal standard.
209 2.3. Electrodeposition of Ag−PMo Nanocomposites. The
210 electrodeposition of Ag−PMo nanocomposite was carried out in an
211 aqueous solution typically containing 2.0 mM AgNO3 and 5.0 mM
212 PMo (pH ≈ 1.75) where PMo is stable,29 at a constant potential to
213 reduce Ag+ to Ag and PMo to PMon− simultaneously for typically 100
214 s to obtain films with optimal catalytic activity and stability. For the
215 deposition on ITO glasses or graphite rods for the purposes of
216 scanning electron microscopy (SEM), transmission electron micros-
217 copy (TEM), X-ray Diffraction (XRD), and bulk electrolysis, a
218 deposition time of 500 s was used. The modified electrodes were then
219 rinsed thoroughly with water and dried in air before use. Other silver
220 composites formed with SiW, PW, or PMo with a different
221 concentration were synthesized in a similar manner.
222 The electroactive surface area of the Ag−PMo nanocomposite
223 modified electrode was determined using a well-established lead (Pb)
224 underpotential deposition (UPD) method reported in the literature.18

225 In brief, a solution containing 1.0 mM Pb(acetate)2, 1.0 mM HClO4,
226 and 0.50 M NaClO4 was used, together with a Hg/Hg2SO4 (saturated
227 K2SO4) electrode (CH Instruments) as the reference electrode. The
228 Pb UPD was carried out by scanning the potential between −0.6 V
229 and −0.85 V or −1.0 V versus Hg/Hg2SO4 (saturated K2SO4)
230 electrode at a scan rate of 10 mV s−1. The Pb UPD desorption peak in
231 the potential range of −0.85 to −0.65 V was integrated, and the
232 electroactive surface area was calculated using the value of 420 μC
233 cm−2 for Ag-based samples.18

234 2.4. Characterization of Ag−PMo Nanocomposites. SEM
235 images and energy-dispersive X-ray spectra (EDX) of the electro-
236 deposited Ag−PMo and other silver nanocomposites modified ITO
237 glasses were obtained using an FEI Nova NanoSEM 450 FEG SEM
238 equipped with a Bruker Quantax 400 X-ray analysis system. EDX
239 analysis was conducted at 10 keV. High-resolution TEM images were
240 obtained on an FEI Tecnai G2 T20 TWIN TEM. XRD measurements
241 were undertaken with a Bruker D2 X-ray powder diffractometer (Cu
242 Kα1 radiation) using a scan rate of 0.5° per min.

3. RESULTS AND DISCUSSION
243 3.1. Electrodeposition and Characterization of Ag−
244 PMo Nanocomposites. To obtain the information about the
245 reduction potentials of Ag+ and PMo needed for electro-
246 deposition of Ag−PMo nanocomposites, cyclic voltammetric
247 experiments were undertaken in an aqueous solution containing
248 2.0 mM AgNO3 and 5.0 mM PMo using a GC electrode. The
249 speciation distribution of PMo is highly pH-dependent. In this
250 aqueous solution (pH ≈ 1.75), [PMo12O40]

3− and its
251 protonated forms are the dominant species.29,30 Typical

f1 252 voltammograms obtained are shown in Figure 1. The
253 magnitude of the peak current associated with the two
254 chemically reversible redox processes (I/I′ and II/II′) observed
255 at the potential between 0.56 and 0.26 V (vs Ag/AgCl, 3 M
256 KCl) are too small for dissolved PMo in comparison with the
257 values estimated based on the Randles−Sevcik equation.32 A
258 linear increase of their peak currents with the scan rates in the
259 range of 20−200 mV s−1 suggests that they are associated with
260 the PMo adsorbed on the electrode surface. A stronger
261 interaction of the reduced forms of PMo with the electrode
262 surface causes a positive shift in the reversible potentials of
263 these surface-confined processes in comparison with the
264 processes associated with their dissolved counterparts. This
265 observation is consistent with the previous results obtained by
266 other researchers, which suggests that PMo can strongly adsorb
267 to electrode surfaces because of its high charge density.33 These

268surface-confined processes due to the strong adsorption of
269PMo were also observed on other electrode materials such as
270Au and Ag (results not shown) and are expected to occur on
271the nanostructured Ag surface. The reduction process with a
272peak potential of about 0.17 V (process III), which is absent in
273the solution containing only 5.0 mM PMo, is due to the
274reduction of Ag+ to Ag(0), while other reduction processes are
275assigned to the reduction of PMo in the solution phase coupled
276with proton transfer.34

277Ag−PMo nanocomposites were electrodeposited potentios-
278tatically in an aqueous solution containing 2.0 mM AgNO3 and
2795.0 mM PMo. Different deposition potentials in the range
280between 0.26 and −1.44 V were employed to generate a series
281of reduced forms of PMo with different capping and reducing
282power to assist the formation of nanostructured Ag. When the
283deposition potential was more positive than 0.26 V, no Ag was
284deposited. When the applied potential is between 0.24 and 0.15
285V, a shiny silver film was obtained, indicating the deposition of
286bulk metal rather than nanostructured Ag. Nanostructured
287materials were obtained judging based on the color of the
288deposits when the deposition potential was more negative than
2890.06 V (after the 1st PMo reduction process IV). In this
290potential region, both heterogeneous reduction of Ag+ at the
291electrode surface and homogeneous reduction of Ag+ by the
292electroreduced PMo (PMon−) occur simultaneously. PMon− are
293expected to be better stabilizing agents for Ag nanostructures as
294compared to the initial oxidized form because of their high
295charge density which favors a strong electrostatic interaction
296with Ag. However, when the applied potential was more
297negative than −0.64 V (Figure 1), rapid formation of bubbles
298on the electrode surface was observed because of the hydrogen
299evolution process. This may cause some detachment of the
300deposited nanocomposite film.
301To obtain morphological information of the electrodeposited
302materials, SEM characterization was undertaken. The SEM
303 f2image (Figure 2a) of the Ag−PMo nanocomposite obtained at
304a deposition potential of -0.24 V in a solution containing 2.0
305mM AgNO3 and 5.0 mM PMo shows the formation of
306dendritelike Ag nanostructure with uniform nanocrystals of size
307about 20 nm. This type of dendritelike nanostructures is usually
308obtained in the presence of surfactants or hard templates.35,36

309This result suggests that PMo plays an important role in
310controlling the morphology of the nanostructures. It is well-
311known that bare nanoparticles are not stable because of their
312high surface energy and hence have a tendency to lower their
313very high surface energy by coagulation and agglomeration or
314by sorption of molecules, such as PMo, from their

Figure 1. Cyclic voltammograms obtained at a GC electrode (3 mm
diameter) in an aqueous solution containing 2.0 mM AgNO3 and 5.0
mM PMo (), and 5.0 mM PMo only () in the absence of other
added supporting electrolyte. Scan rate: 100 mV s−1.
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315 surroundings. Therefore, the strong adsorption of PMo on the
316 newly formed Ag nanoparticles can facilitate the nanoparticle
317 formation and stabilize them. To study the effect of PMo
318 concentration on the formation of the well-defined nanostruc-
319 ture, electrodeposition was also carried out in a solution
320 containing 2.0 mM AgNO3 and different concentrations of
321 PMo (0.02−5.0 mM) at the same applied potential (−0.24 V).
322 In the presence of PMo at a concentration as low as 0.02 mM,
323 the dendritelike nanostructure was again obtained (Figure 2b),
324 which is similar to that obtained in the presence of 5.0 mM
325 PMo, indicating that the nanostructure is not strongly
326 influenced by the PMo concentration in this range. The SEM
327 image of the deposited Ag films obtained when PMo was
328 absent or was replaced with an equal concentration of H2SO4
329 [Figure S1 (see the Supporting Information)] shows the
330 absence of well-defined nanostructure. This result again
331 confirms that PMo plays an important role in controlling the
332 morphology of the nanostructures.
333 The EDX spectra (Figure S2a,b) were also recorded to
334 obtain the elemental composition of the nanocomposites,
335 which confirm the presence of both silver and molybdenum on
336 the deposited films obtained in the presence of both
337 concentrations of PMo. To further reveal the morphological

f3 338 information of the films, high-resolution TEM images (Figure
f3 339 3) were taken from the nanocomposites obtained by electro-

340 deposition in solutions containing 2.0 mM AgNO3 and either
341 0.02 mM or 5.0 mM PMo. Oval-shaped nanoparticles with the
342 size of 20 nm × 30 nm were observed, which was not strongly
343 dependent on the concentration of PMo and is in agreement
344 with the SEM results (Figure 2).
345 XRD spectra were also recorded to obtain the crystal facet
346 information of the films. XRD patterns (Figure S3a) show
347 predominantly the Ag(111) facet with a small amount of

348Ag(200), (220), and (311) facets. Average crystallite size was
349calculated to be around 28 nm using the Scherrer equation,37

350which is consistent with the results obtained from SEM and
351TEM. XRD spectrum obtained with Ag electrodeposited in an
352aqueous solution containing 2 mM AgNO3 and 0.02 mM
353H2SO4 (instead of 0.02 mM H3PMo12O40) shows similar
354patterns (Figure S3b) and thus suggests that the presence of
355PMo does not greatly influence the preferred crystal orientation
356of Ag deposits.
3573.2. Electrocatalytic Reduction of CO2 in DMF (0.1 M
358[n-Bu4N]PF6) in the Presence of 0.5% Added H2O.
359Electrocatalytic activity of Ag−PMo nanocomposites for CO2
360reduction were then investigated in DMF in the presence of
3610.5% (v/v) added H2O. The amount of added H2O of 0.5% (v/
362v) was chosen to provide adequate proton source because its
363molar concentration is 0.275 M, which is comparable to that of
364CO2 (∼0.23 M) in CO2 saturated DMF,28 and is the optimum
365amount for the generation of CO2 reduction products.38 Under
366a N2 atmosphere, two surface-confined redox processes are
367observed at potentials of about −0.96 and −1.65 V versus Fc0/+

368 f4scale (Figure 4). These are the characteristic redox processes of

369PMo, which again confirm the presence of PMo in the
370molecular form in the modified film and its stability in organic
371solvents or organic solvent-water mixtures.39−41 Under a CO2
372atmosphere, much larger capacitive current was observed
373(Figure 4), indicating the change of local dielectric environ-
374ment because of the strong interaction between PMo and CO2,
375presumably through the formation of a POM-bound mono-
376dentate carbonate species, similar to that reported previously
377for the CO2 reduction on a Sn/SnOx catalyst.

42,43 When the
378potential is scanned to more negative than the onset potential
379of about −1.7 V versus Fc0/+, a sharp increase in current was
380observed, which was not seen under a N2 atmosphere or under
381a CO2 atmosphere in the absence of Ag−PMo, and is assigned
382to the reduction of CO2 catalyzed by the Ag−PMo nano-
383composites. The results also showed that better catalytic
384activities were obtained when the deposition potential was
385between −0.14 and −0.64 V, which implies that nanostructured
386Ag is more catalytically active than bulk Ag.
387To confirm the important role of PMo in the electrocatalytic
388reduction of CO2, a range of control experiments were
389undertaken: (a) the deposition of Ag was first carried out in
390a 2.0 mM AgNO3 solution in the absence of PMo at a few
391chosen potentials in the range between 0.26 and −1.44 V.
392Shiny silver films were obtained when the applied potential was
393more negative than the Ag+ reduction potential of about 0.26 V.

Figure 2. SEM images of Ag−PMo nanocomposite-modified ITO
glasses, obtained by electrodeposition at a potential of −0.24 V (vs
Ag/AgCl, 3 M KCl) for 500 s in an aqueous solution containing 2.0
mM AgNO3 and either (a) 5.0 mM or (b) 0.02 mM PMo.

Figure 3. TEM images of Ag−PMo nanocomposites obtained by
electrodeposition in aqueous solutions containing 2.0 mM AgNO3 and
(a) 5.0 mM or (b) 0.02 mM PMo at a potential of −0.24 V for 500 s.

Figure 4. Comparison of cyclic voltammograms obtained at an Ag−
PMo nanocomposite-modified GC electrode in DMF (0.1 M [n-
Bu4N]PF6) with 0.5% (v/v) added H2O under a CO2 () or a N2
() atmosphere. Scan rate: 100 mV s−1.
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394 The catalytic activities of the Ag films formed in the absence of
395 PMo were also studied in DMF. Much more negative onset
396 potentials for CO2 reduction were observed (Figure S4),
397 regardless of the potentials chosen for electrodeposition of Ag
398 films, as compared to the Ag−PMo nanocomposite modified
399 electrode, indicating much lower catalytic activities in the
400 absence of PMo; (b) the catalytic activity of the Ag films
401 deposited in the presence of 5.0 mM H2SO4 at −0.24 V was
402 also studied in DMF. Again, much more negative onset
403 potential for CO2 reduction in DMF was observed (result not
404 shown). The enhanced catalytic activity of Ag−PMo nano-
405 composite toward CO2 reduction is not attributed to the Ag
406 facet because the presence of PMo does not greatly influence
407 the preferred crystal orientation of Ag deposits, as discussed
408 earlier.
409 Because PMo plays an important role in electrocatalytic
410 reduction of CO2, voltammetric experiments were also
411 undertaken to investigate the effect of PMo concentration in
412 the deposition solution on the catalytic activity of Ag−PMo
413 nanocomposites toward CO2 reduction and to optimize the
414 performance of the Ag−PMo nanocomposite. An Ag−PMo
415 nanocomposite-modified electrode obtained in the presence of
416 PMo with a concentration as low as 0.02 mM in the deposition
417 solution showed a much more positive onset potential of about
418 −1.75 V and significantly increased catalytic current (16.7 mA
419 cm−2 at −2.5 V) compared to those obtained at Ag films
420 deposited in the absence of PMo (onset potential of −2.06 V,
421 2.8 mA cm−2 at −2.5 V) (Figure S4). This enhanced CO2
422 reduction performance may be attributed to the formation of
423 different morphological structure of Ag film and the presence of
424 PMo in the film, evidenced by the increase in capacitive current
425 and the presence of the characteristic redox processes of PMo
426 in the potential range of −0.7 to −1.1 V (inset of Figure S4). A
427 slight decrease in the magnitude of reduction current was
428 observed upon cycling of potential presumably because of the
429 slow dissolution of PMo under cyclic voltammetric conditions.
430 When the concentration of PMo is increased from 0.02 to 5.0
431 mM, the capacitive current further increases, along with the
432 increase in catalytic current for CO2 reduction. The onset
433 potential also shifts positively by ∼200 mV, even though the
434 morphology of the nanocomposite is not strongly influenced by
435 the concentration of PMo in this range. Further increase of
436 PMo to 10 mM does not lead to a further improvement of
437 catalytic performance of the modified electrode in terms of
438 either the magnitude or stability of catalytic current. Therefore,
439 5.0 mM PMo was used for Ag−PMo nanocomposite deposition
440 in the following studies.
441 To investigate whether other POMs also enhance the
442 performance of Ag for CO2 reduction, other types of POMs,
443 such as SiW and PW, were also used for the formation of Ag−
444 POM composites under similar conditions. In DMF (0.1 M [n-
445 Bu4N]PF6) solution with 0.5% added H2O under CO2
446 atmosphere, the Ag−SiW nanocomposite-modified electrode
447 also shows two pairs of surface-confined, characteristic redox
448 processes of SiW at potentials of about −1.04 and −1.56 V,
449 indicating the presence of SiW in the modified film (Figure S5).
450 These formal potential values (E0′, taken as the average of
451 oxidation and reduction peak potentials) are about 250 mV
452 more positive than those obtained on an AgNC@BSA-SiW
453 adduct-modified electrode under similar conditions (−1.28 and
454 −1.70 V).24 This is due to the fact that SiW in the Ag−SiW
455 composite is in a different environment than that in the
456 AgNC@BSA-SiW adduct. Under the same conditions, the Ag−

457PW nanocomposite-modified electrode also shows a few pairs
458of surface-confined characteristic redox processes of PW,
459confirming the presence of PW in the modified electrode
460(Figure S5). However, their catalytic activities toward electro-
461chemical reduction of CO2 are much lower than that of the
462Ag−PMo nanocomposites (Figure 4), with much more
463negative onset potentials of about −2.20 and −2.15 V for
464Ag−SiW and Ag−PW composites, respectively. The signifi-
465cantly improved catalytic activity of Ag−PMo nanocomposite
466for the reduction of CO2 compared to other Ag−POM
467composites could be attributed to the much higher charge
468density and stronger basicity associated with PMo, which
469promotes the formation and stabilizes the nanocomposite and
470also enhances the interaction between the catalyst and CO2 as
471discussed later. Compared with a bare polycrystalline silver disk
472electrode (Figure S5), the Ag−PMo nanocomposite-modified
473electrode has shown a 700 mV positive shift in the onset
474potential for the CO2 reduction (Figure 4).
475The stability of the Ag−PMo nanocomposites for the
476catalytic reduction of CO2 was examined by potentiostatic i−
477t curve at an applied potential of −1.9 V (Figure S6). A current
478density (i) of about 3.5 mA cm−2 was maintained throughout
479the experiment period of more than 3 h without obvious decay.
480To confirm the stability of PMo during this measurement,
481cyclic voltammograms were obtained in strong acid (0.1 M
482H2SO4 aqueous solution) before and after the potentiostatic
483experiment. The voltammograms (Figure S7) confirm the
484presence of [PMo12O40]

3− as the major PMo species in the
485Ag−PMo nanocomposites.44,45 The fact that similar character-
486istic surface-confined redox processes of [PMo12O40]

3− were
487obtained before and after the long-term potentiostatic experi-
488ment also confirms the stability of PMo. Under a N2
489atmosphere under similar conditions, an initial current spike
490is observed because of the double layer charging process. After
491that (∼10 s), the current decays to almost zero because there is
492no faradaic process present. These results also confirm that the
493current obtained under a CO2 atmosphere is indeed due to the
494catalytic reduction of CO2.
4953.3. Controlled Potential Bulk Electrolysis and
496Product Identification. CO2 reduction can undergo multiple
497reaction pathways to form a wide variety of products. To
498identify the pathway that the reaction undergoes under current
499conditions and to obtain the faradaic efficiency for the CO2
500reduction reaction, controlled potential bulk electrolysis was
501therefore undertaken in DMF (0.1 M [n-Bu4N]PF6) with 0.5%
502added H2O at different applied potentials. After electrolysis, the
503head-space gaseous products obtained were analyzed by GC.
504The results suggest that CO is the main product with a faradaic
505efficiency of 90 ± 5% over the potential range from −1.9 to
506−2.5 V versus Fc0/+. In addition to CO, H2 was also detected
507with a faradaic efficiency of 8 ± 3%. The liquid phase samples
508were also analyzed using both proton and carbon NMR;
509however, no CO2 reduction product was detected. The SEM
510images (not shown) obtained after controlled potential
511electrolysis show the same dendrite morphology with the
512presence of Mo in the EDX spectrum, suggesting that the
513catalyst stays intact during the long-term electrolysis. A bulk
514electrolysis in N2 saturated DMF in the presence of 0.5% added
515H2O was also carried out using the same catalyst at a more
516negative potential of −2.5 V versus Fc0/+ to obtain sufficient
517magnitude of current. Hydrogen was the only product
518obtained, and no CO was detected under our experimental
519conditions, which confirms that the CO product obtained
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520 under a CO2 atmosphere is indeed produced from the
521 reduction of CO2 catalyzed by the Ag−PMo nanocomposite
522 catalyst.
523 In CO2-saturated DMF (0.5 v/v % added H2O), H2CO3 is
524 the strongest acid with a pKa of 7.37. On this basis, the standard
525 potential for CO2/CO was theoretically estimated by Saveánt
526 and coworkers to be −0.690 V versus NHE28 or −1.41 V versus
527 Fc0/+, knowing that the potential of Fc0/+ is 0.72 V versus NHE
528 in this medium.46 It should be noted that Matsubara et al.47

529 recently found that the experimentally determined standard
530 potential in wet CH3CN is 0.28 V more negative than that
531 estimated by Saveánt and coworkers. Similar differences with
532 experimental and estimated values may also be expected in wet
533 DMF. The onset potential for electrochemical reduction of
534 CO2 to CO catalyzed by the Ag−PMo nanocomposite (Figure
535 4) was therefore only 0.29 V more negative than the reversible
536 potential for this process. This onset potential value is much
537 more positive (about 0.24 V) than that obtained at the AgNC@
538 BSA-SiW adduct-modified electrode under similar conditions.24

539 In the above discussion, the change of local proton availability
540 due to the consumption of proton in the formation of CO (or
541 H2 to a less extent) is omitted because of the low
542 electrochemical reaction rate (i.e. low current density) in the
543 potential region close to the onset potential.
544 Controlled potential bulk electrolysis under a CO2
545 atmosphere was also conducted at the Ag nanoparticle-
546 modified graphite rods deposited from a solution containing
547 2.0 mM AgNO3 and 5.0 mM H2SO4. A much more negative
548 potential was required to get a reasonable current magnitude
549 for electrolysis. At an applied potential of −2.5 V, the main
550 product obtained was CO, with a faradaic efficiency of 64 ± 5%,
551 which is considerably lower than that obtained at an Ag−PMo
552 nanocomposite-modified electrode at an applied potential of
553 −1.9 V, where twice the current magnitude was obtained. H2
554 was also detected with a faradaic efficiency of 29 ± 3%. The
555 liquid phase sample was again analyzed using NMR, and no
556 CO2 reduction product was detected.
557 3.4. Mechanistic Studies. The above results show that the
558 Ag−PMo nanocomposite is far more active than bulk Ag for
559 CO2 reduction. For example, the current density measured at
560 −2.5 V versus Fc0/+ is −20.3 and −0.4 mA cm−2 for Ag−PMo
561 modified GC and bare Ag electrodes, respectively. To
562 investigate whether this observed enhancement is due to the
563 increase in electroactive surface area associated with the
564 nanostructured Ag−PMo, the electroactive surface area was
565 determined by the Pb UPD method18 and calculated to be 0.64
566 cm2 using the charge of 420 μC cm−2 for the desorption of a
567 monolayer of Pb at Ag surface. This value is 9 times the
568 geometric area of the electrode. Therefore, the enhancement in
569 CO2 catalytic reduction property associated with Ag−PMo
570 nanocomposite cannot be solely attributed to the increase in
571 the electroactive surface area. It should be noted that the bulk
572 deposition of Pb at the Ag−PMo nanocomposite was hindered
573 as evidenced by the smaller amount of charge associated with
574 the stripping peak of the bulk Pb at the potential of −0.82 V
575 versus Hg/Hg2SO4 (sat. K2SO4) (Figure S8), suggesting the
576 presence of foreign species, that is, PMo, at the surface of Ag
577 nanoparticles. A similar behavior was also found previously in
578 the case of AgCl-derived Ag nanocatalyst.18

579 Previously, we found that one of the key roles of SiW in
580 AgNC@BSA-SiW nanocomposite in enhancing the catalytic
581 activity of Ag nanoclusters was to provide CO2 binding sites,
582 but SiW does not catalyze this reaction.24 To investigate

583whether this is also the case here, cyclic and near steady state
584rotating-disc electrode voltammetry of [n-Bu4N]3PMo were
585carried out under the same conditions as those for the Ag−
586PMo nanocomposites, that is, in DMF (0.1 M [n-Bu4N]PF6)
587with 0.5% (v/v) added H2O under N2 and CO2 atmospheres.
588Cyclic voltammograms obtained under a N2 atmosphere
589(Figure S9a) show three well-defined chemically reversible
590redox processes I/I′, II/II′, and III/III′ in the potential range
591of 0 to −2.6 V, with the reversible potentials of −0.25, −0.75,
592and −1.50 V, respectively. Some small processes observed may
593be attributed to the strong adsorption of PMo at the electrode
594surface and the acid−base chemistry of PMo in the presence of
5950.5% added water.48 PMo is stable in the potential range
596studied, because the two oxidation processes at potentials of
597−0.22 and −0.71 V stayed the same even when the potential
598was scanned to −2.6 V. Under a CO2 atmosphere, the first two
599redox processes remained almost unchanged, while the third
600one has now shifted about 560 mV more positive with two new
601additional well-defined redox processes 4/4′ and 5/5′ emerged
602in the potential range studied (Figure S9b). The positive shifts
603in redox potentials in the presence of CO2 are attributed to the
604increase of Lewis acid−base interaction between CO2 (and
605presumably CO2

•−) and PMo and its reduced forms.24

606Although PMo and its reduced forms are negatively charged,
607the charge density on PMo is low as it is a very large molecular
608oxide with a formula weight of about 1822. Moreover, they
609normally form ion pairs with the electrolyte cations. Thus, the
610electrostatic repulsion between CO2

•− and PMo is not expected
611to significantly weaken the interaction between them. However,
612no catalytic current was obtained under the CO2 atmosphere,
613suggesting that PMo has Lewis acid−base interaction with CO2
614but does not catalyze its reduction under the conditions
615studied.
616To provide further mechanistic insight, Tafel analysis was
617performed. To simplify the data analysis, the solution was
618stirred during voltammetric measurements to minimize
619concentration polarization and data only obtained in the
620relatively low overpotential region were used. The overall
621current density obtained from cyclic voltammetric experiments
622was used instead of the partial current density for CO for Tafel
623analysis to obtain the Tafel slope. It is valid to do so because
624the bulk electrolysis results suggested that the faradaic efficiency
625for CO formation is essentially potential-independent and is
626close to 100%. The Tafel plot of overpotential (η) versus
627current density by geometric area of the electrode for the Ag−
628PMo nanocomposite-modified electrode shows a slope of 60
629mV dec−1 over the overpotential range of 0.46−0.9 V (Figure
630S10).
631Based on literature reports,12,13,15,49 the mechanism for CO2
632reduction to form CO can be described in eqs 1−5 below

+ * ⇌ *CO CO2 2 633(1)

* + → *− •−CO e CO2 2 634(2)

* + → * +•− • −CO H CO HCO HCO2 2 3 2 3 635(3)

** + + → * + +• − −HCO H CO e CO HCO H O2 2 3 3 2
636(4)

* ⇌ + *CO CO 637(5)

638where * and superscript * denote an adsorption vacancy site
639and an adsorbed species, respectively. It is commonly assumed
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640 that adsorption of CO2 (eq 1) is followed by a one-electron
641 step to form adsorbed CO2

•− (eq 2). The standard potential of
642 the CO2/CO2

•− couple was estimated to −2.21 V versus
643 saturated calomel electrode (−2.41 V vs Fc0/+) in DMF
644 containing 0.1 M [n-Bu4N]ClO4 as the electrolyte.50 This
645 reduction process could occur at a less negative potential if the
646 interaction between the adsorbed CO2

•− radical anion and the
647 active atoms of the catalyst increases.18,51 This radical anion can
648 obtain a proton from H2CO3 to form HCO2

• (eq 3), which can
649 then undergo a further one-electron reduction to form CO.52 It
650 has been found that either the formation of CO2

•− (eq 2) or
651 the protonation of CO2

•− (eq 3) are the rate-limiting steps,
652 with an indicative Tafel slope of 117 or 59 mV dec−1 at 22
653 °C,53 respectively. The Tafel slope of 60 mV dec−1 is very close
654 to the theoretical value of 59 mV dec−1, suggesting that the
655 formation of CO2

•− is fast at the Ag−PMo nanocomposite-
656 modified electrode. This is attributed to a stronger interaction
657 between PMo and CO2

•−, which reduces the overpotential of
658 this reaction as suggested by the results shown in Figure S9.
659 Consequently, protonation of CO2

•− becomes rate-limiting. On
660 the basis of this mechanism, in principle, a reduction peak could
661 be observed at a sufficiently negative potential where depletion
662 of CO2 occurs. This reduction peak was not observed in our
663 study because voltammetric experiments were undertaken in
664 the potential region (i.e. >−2.5 V vs Fc0/+) where PMo is
665 stable.

4. CONCLUSIONS

666 An Ag−PMo nanocomposite has been synthesized by electro-
667 chemical deposition where PMo adsorbs to the surface of Ag,
668 serves as a stabilizing agent, and is responsible for the dendrite
669 morphology formed. The presence of PMo in the Ag−PMo
670 nanocomposite has significantly reduced the overpotential for
671 CO2 reduction and improved the current density. This catalyst
672 has demonstrated highly attractive properties for CO2
673 reduction to CO in water-containing DMF. High faradaic
674 efficiencies for CO formation of 90 ± 5% were obtained over a
675 wide potential range in CO2-saturated DMF (0.1 M [n-
676 Bu4N]PF6 and 0.5% (v/v) H2O). The onset potential of −1.70
677 V vs Fc0/+ obtained is 0.70 V more positive than that obtained
678 at a bulk Ag electrode and only 0.29 V more negative than the
679 estimated reversible potential (−1.41 V vs Fc0/+) associated
680 with the CO2/CO process in DMF (containing 0.1 M [n-
681 Bu4N]PF6 and 0.5% (v/v) H2O).

28 Voltammetric studies reveal
682 that the enhanced catalytic activity associated with Ag−PMo is
683 attributed to the strong interaction between the reduced PMo
684 and CO2 (and presumably CO2

•− as well), which lowers the
685 activation energy for CO2

•− formation. This is consistent with
686 the results obtained from Tafel analysis, which suggests that
687 rapid formation of *CO2

•− is followed by the rate-determining
688 protonation step.
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886Saveánt, J.-M. Mechanism of the electrochemical reduction of carbon
887dioxide at inert electrodes in media of low proton availability. J. Chem.
888Soc., Faraday Trans. 1996, 3963−3968.

(53) 889Fletcher, S. Tafel slopes from first principles. J. Solid State
890Electrochem. 2009, 13, 537−549.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b01042
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H


