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High Performance Cementitious Composite Using Coal-derived Carbon Additives

1. Characterization of Carbon Nanomaterials
Various characterizations were conducted on C1, C2 and C3. Lateral sizes and thicknesses were determined based on statistical TEM analysis. Some TEM and high resolution TEM images of C2 and C3 are shown in Fig. S1 and Fig. S2. The lateral sizes are summarized in Fig. S3 and Table S1. The elemental compositions were examined with XPS as shown in Table S2. 
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Figure S1. TEM images of C2.

	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]



Figure S2. TEM images of C3.



Table S1. Lateral Sizes (nm) of C2 and C3

	Object Number (arbitrary)
	C2
	C3

	1
	78
	78

	2
	108
	83

	3
	113
	88

	4
	136
	123

	5
	149
	131

	6
	152
	136

	7
	165
	157

	8
	173
	167

	9
	179
	164

	10
	183
	172

	11
	183
	177

	12
	195
	188

	13
	211
	189

	14
	220
	187

	15
	236
	207

	16
	292
	219

	17
	332
	219

	18
	339
	231

	19
	352
	243

	20
	365
	257

	21
	365
	259

	22
	395
	331

	23
	613
	361

	24
	796
	368

	25
	
	368

	26
	
	380

	27
	
	384

	28
	
	408

	29
	
	431

	Mean
	264
	231

	STD
	162.5
	102.8








Table S2. Elemental Composition of C1, C2, C3 and Commercial GO
	
	C1
	C2
	C3
	GO
(from Graphenea)

	Elemental Composition
(atomic%)
	C-62.9%
O-35.0%
Fe-0.8%
Al-0.6%
Si-0.5%
S-0.3%
	C-93.6%
O-5.0%
Al-0.9%
Si-0.2%
S-0.2%
Fe-0.1%
	C-91.38%
O-6.82%
Al-0.47%
Ca-0.53%
S-0.37%
Si-0.22
	C-49-56%
O-41-50%
S-2-3%
H-0-1%
N-0-1%




2. Agglomeration and Dispersion of Carbon Nanomaterials within Cement Matrix

Similar to carbon nanotubes (CNTs) and other nanomaterials, good dispersion of graphene type materials is particularly difficult to achieve due to their high surface energy and strong Van der Waals interactions. In addition, the highly hydrophobic property of some graphene derivatives, in particular graphene nanoplatelets (GNPs), further complicates their dispersion in aqueous media. As a result, graphene sheets display a high tendency to form irreversible agglomerates or even to restack to form thick structures. Although graphene oxide (GO), compared to other forms of graphene materials, can be better dispersed in aqueous media due to electrostatic repulsion and hydrophilicity, its dispersion in cement composites has been found to be challenging as well. Due to the high concentration of alkaline ions (i.e., Ca2+, Na+, K+) in the solution of fresh cement pastes, the repulsion between GO nanosheets is weakened which leads to crosslinking of the GO sheets. Consequently, severe aggregation is often observed in experiments in both simulated pore solution [1] and cement paste [2], hampering the full utilization of GO for the mechanical improvement of cement-based materials. Coal-based carbon nanomaterials, C1, C2, and C3 have similar secondary agglomeration issues as graphene materials. Figure S4, shown below, illustrates the aggregation behavior of C1 that occurs in cement pore solutions due to presence of alkaline ions.
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Figure S4. Secondary agglomeration of coal-derived C1 material in cement pore solution.

Polycarboxylate-ether based superplasticizer (SP), widely used as a water-reducing agent in concrete industry, has been a popular dispersing agent for carbon nanomaterials in cement matrix. The SP is able to cover the surface of the carbon nano-additive in the case of Ca2+ adsorption, and lower the free Ca2+ concentration due to the strong complexation which impedes the cross-linking of Ca2+ through steric hindrance effect. The ratio between SP and the carbon nanomaterials has to be carefully determined, where excessive SP could reduce the workability of fresh cement and impact the mechanical properties after the cement hardens. Figure S5 shows the effect of SP on delaying the agglomeration of carbon nanomaterials within the cement pore solution.
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Figure S5. Effect of SP on preventing the agglomeration of C1 in cement pore solution.

3. List of Reported Mechanical Properties Improvement of Carbon Enhanced Cement Composite (GNP: graphene nanoplatelet, GO: graphene oxide)

Table S3. Literature Reported Mechanical Property Reinforcement with Different Graphene Materials Synthesized from Graphite (at 28 days age)
	Filler
	Ref#
	Cement Composite
	Optimum Dosage
	Compressive Enhancement
	Flexural Enhancement

	GNP
	[3]	Paste
	0.06 wt.%
	11%
	27.8%

	GNP
	[4]	Paste
	0.05 wt.%
	24%
	8%

	GNP
	[5]	Mortar
	0.05 wt.%
	8.3%
	15.6%

	GNP
	[6]	Concrete
	0.05 wt.%
	22.4%
	--

	GNP
	[7]	Concrete
	0.025 wt.%
	17%
	6%

	GNP
	[8]
	UHPC
	0.5 wt.%
	43.5%
	39.1%

	GO
	[9]	Paste
	0.025 wt.%
	37%
	66%

	GO
	[10]	Paste
	0.02 wt.%
	29%
	--

	GO
	[11]	Paste
	0.1 wt.%
	26%
	21%

	GO
	[12]	Mortar
	0.01-0.03 wt.%
	5.16%
	21.86%

	GO
	[13]	Mortar
	0.022 wt.%
	22.6%
	24.6%

	GO
	[14]	Concrete
	0.08 wt.%
	21%
	21%

	GO
	[15]
	UHPC
	0.02 wt.%
	25.3%
	28.7%
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