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Carbon Foam Decorated with Silver Nanoparticles for Electrochemical CO,

Conversion

Sichao Ma,™ " Jianfeng Liu,” Kazunari Sasaki,” Stephen M. Lyth,*/"! and Paul J. A. Kenis*[*"!

Electrochemistry is a promising method to recycle CO, into
useful carbon feedstock and for storing intermittent renewa-
ble energy. To date, Au and Ag nanoparticles are the most
active catalysts for electrochemical conversion of CO, to CO.
However, agglomeration reduces the activity and the high
cost slows widespread commercialization. Suitable support
materials are thus needed to improve catalyst utilization. We
explore carbon foam (CF) as a catalyst support. Compared
with carbon black or graphene nanoplatelets, CF has higher
surface area, larger pores, and more defects, resulting in im-
proved uniformity of Ag nanoparticle distribution as well as
higher activity and efficiency for CO, conversion to CO.

Atmospheric CO, levels have increased significantly, and this
has been linked to climate change, erratic weather patterns,
increasing temperatures, and rising sea levels. Renewable
energy sources such as wind and solar are being implement-
ed at large scale to lower carbon emissions."! However, the
intermittency of such technologies hinders their widespread
adoption as they are not always available when demand is
high. Electroreduction of CO, to CO using off-peak renewa-
ble energy has potential to directly reduce CO, emissions,
create fuels or chemical precursors, and act as an energy stor-
age medium to smooth out supply and demand.”) Noble
metals such as Ag and Au are highly active for the electro-
chemical conversion of CO, to CO.”*3 However, suitable
catalyst support materials with high electrical conductivity,
suitable porosity, and good stability are necessary to improve
catalyst utilization and reduce cost.! We previously devel-
oped carbon foam (CF) as a Pt catalyst support for fuel
cells.”) Large surface area and good nanoparticle (NP) distri-
bution resulted in high electrochemical surface area and
oxygen reduction reaction activity. Such CF may thus also be
suitable as an Ag support for the electroreduction of CO..
Here, we report the synthesis of silver-decorated CF for elec-
troreduction of CO, to CO.
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Scanning electron microscope (SEM) images (Figure 1)
show that CF has a highly porous carbon network with um-
scale voids and thin, graphene-like cell walls. In contrast,
commercial graphene nanoplatelets (CG) comprise pm-scale
agglomerates of restacked graphene sheets whilst carbon
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Figure 1. SEM images of (a,b) CF, (c,d) CG, and (e, f) CB. Scale bars corre-
spond to 50 (a, ¢, €) and 5 um (b, d, f).

black (CB) forms ~5-20 um agglomerates with a primary
particle size of ~40 nm. Brunauer-Emmett-Teller (BET) ni-
trogen adsorption reveals surface areas of 904, 652, and
237m?g ! for CF, CG, and CB, respectively. CF has by far
the highest surface area. CB and CG have broad pore-size
distribution (Figure 2a) whereas CF mainly has pore radii of
<2nm in addition to the micrometer-scale pores observed
by SEM.

Raman spectra for CF, CG, and CB are shown in Fig-
ure 2b. The G peaks at 1592, 1574, and 1582 cm™!; the G-
peak full-width-at-half-maximum (FWHM) of 85.8, 63.4, and
88.9 cm™'; and the I/l ratios of 0.99, 0.95, and 1.04, respec-
tively, indicate that CF has a high degree of disorder similar
to CB whereas CG is a more crystalline material.[”]

The morphology and distribution of Ag nanoparticles
formed on the support surface was investigated using trans-
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Figure 2. (a) Pore-size distributions and (b) Raman spectra of the CF, CG, and CB samples.

mission electron microscopy (TEM, Figure 3). The sheet-like (a) 150

structure of both CF and CG is clearly observed whereas CB y =AgICF
is formed 'of sph'er01dal carbon NPs with ~40 nm dl.am.eter. g 120 =AgICG
Ag NPs with a diameter of ~5 nm are formed and distribut- « =Ag/CB
ed uniformly across the surface of Ag/CF (several larger par- E
ticles are also observed). In contrast, the NPs are much 8 90 -
larger (>20 nm) and have poor distribution in both Ag/CG 2
and Ag/CB. The difference in Ag distribution is attributed to % 60 4
the larger surface area of CF and the higher degree of disor- a
der providing numerous anchoring sites for NP nucleation at @ 30 -
edges and defects. 5
The catalytic activity towards electrochemical CO, reduc- ©
tion was measured in a flow reactor.*** Figure 4a shows par- b) 1 Og E——
tial current densities for CO production (j,). Ag/CF has by (b) i -AgiCE -AGiCB
far the highest (~120mAcm™> at —2.06 Vg a.c), followed ]
by Ag/CG (=58 mAcm™?), and Ag/CB (~30 mAcm™?). The = 801 Open symbol: H,
differences are mainly driven by the Faradaic efficiency (FE, E. ' Filled symbol: CO
Figure 4b). Ag/CF has the highest FE (84% at —1.82V,, § 60 -
agc1), but this drops at more negative potentials, possibly due é
to Ag agglomeration during operation for high loadings."*"! '-'6' 40 -
The improved performance of Ag/CF is attributed to the po- g
rosity, large surface area, and improved NP distribution, g 20 |
leading to increased mass transport and larger triple-phase L
boundary.’! Ag/CG performs better than Ag/CB due to its
higher electrical conductivity and surface area. Additional[lzi 0_2.10 v _1.-90 T -1..70 T -1..50 . -1..30 ; R

some Ag NPs may be trapped in the deep pores of CB.
Cyclic voltammetry was performed from 0 to —1.8 V vs. Ag/
AgCl in a standard three-electrode cell with 0.5M KHCO, Figure 4. Flow-cell results for Ag/CF, Ag/CG, and Ag/CB: (a) partial current
electrolyte (data not shown). This showed that Ag/CF has  density for CO and (b) Faradaic efficiency.

Cathode Potential / V vs. Ag/AgCI

Figure 3. TEM images of (a) Ag/CF, (b) Ag/CG, and (c) Ag/CB.
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the highest double-layer capacitance, which may contribute
to enhanced desorption of key reaction intermediates, fur-
ther promoting CO formation and resulting in the improved
performance.

In summary, carbon foam (CF) was utilized as a high-per-
formance Ag catalyst support for electrochemical CO, con-
version to CO, far outperforming CG and CB, with high par-
tial current density and Faradaic efficiency. The improved ac-
tivity is attributed to the large surface area and porosity as
well as to the improved catalyst nanoparticle distribution.

Experimental Section

CF was synthesized by thermal decomposition of sodium ethox-
ide (Wako) in air.>! The resulting powder was crushed, soni-
cated, and washed in deionized water to remove NaOH, then py-
rolysed at 600°C for 2h under N, flow. The citrate-protecting
method was used for Ag decoration.**!*!] CF or CG (Graphene
Supermarket, Grade 4; 80 mg) were mixed with AgNOj; solution
(188.6 mg AgNO; in 18.5 mL H,0, AgNO; solid from Sigma-Al-
drich), and stirred for 30 min. Sodium citrate solution (Fisher
Chemicals, 131 mm, 18.5 mL aqueous solution) was added drop-
wise, then NaBH, solution (Sigma-Aldrich, 30 mm, 37.5 mL
aqueous solution) was added while stirring vigorously in an ice-
bath to reduce Ag™ to Ag. After gentle stirring overnight, the
product was centrifuged, washed, and dried under vacuum at
80°C for 4 h. Ag/CB was used as? (60 wt %, E-Tek). Characteri-
zation was done by SEM (S-5200, Hitachi), TEM (JEOL 2100
CRYO, 200 kV), BET nitrogen adsorption (Belsorp mini II-VS,
Bel Japan, Inc.), and Raman spectroscopy (DM2500M, Renish-
aw, UK, 1=532 nm). Ag loading was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) (Perki-
nElmer-Optima 2000DV) to be 57.4% for CF and 53.3% for
CG.

Cathode catalyst inks were prepared by sonicating Millipore
water (200 pL), electrocatalyst powder (2 mg), Nafion® solution
(2.6 uL, 5 wt %, Fuel Cell Earth), and isopropyl alcohol (200 pL)
for 15 min. The ink was painted onto Sigracet 35 BC gas diffusion
layers (GDLs, Ion Power, 1cm?) with a loading of 1 mgem 2
The anode loading was also 1 mgcm ™2 (IrO,).["! The flow reactor
was operated under ambient conditions.***! A potentiostat (Au-
tolab PGSTAT-30, EcoChemie) operating in steady-state chro-
noamperometric mode was used to measure the current.[**"
Seven cell potentials were applied, and the product gas was sam-
pled after a steady state was reached (200s). The current was
then averaged over 180s before changing the potential. Elec-
trode potentials were measured with multimeters (AMPROBE
15XP-B) connected to each electrode and an Ag/AgCl reference
electrode (RE-5B, BASi) downstream. CO, was introduced at
7sccm, and 1M KOH electrolyte was supplied at 0.5 mLmin™".
Gaseous products were extracted through the GDL by vacuum
and quantitatively analyzed by gas chromatography (GC,
Thermo Finnegan Trace, thermal conductivity detection mode,
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He carrier gas). The only cathode products detected were CO
and H,.'"" Partial current densities were calculated by multiply-
ing the total current density by the Faradaic efficiency.
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